
ABSTRACT: Residual Dipolar Couplings (RDCs) are averaged 
dipolar couplings between nuclear spins of atoms in a molecule that 
can be measured by nuclear magnetic resonance (NMR) spectroscopy 
upon partial alignment by a chiral alignment medium. The estimation 
of differences in alignment of enantiomers may, in principle, enable the 
determination of absolute configuration. H ere, w e u se molecular 
dynamics (MD) simulations to mimic the alignment of chiral 
molecules (i.e., isopinocampheol, quinuclidin-3-ol, borneol, and 
camphor) to the chiral poly-γ-benzyl-L-glutamate (PBLG) polymer 
to predict RDCs in silico and compare calculated and experimentally 
measured residual dipolar couplings for the four enantiomeric pairs. 
The aim is to validate the computational scheme for the prediction of
RDCs in chiral molecules and understand the interaction leading to the alignment in more detail. We determine the indispensable
importance of hydrogen bonds between a chiral molecule and the alignment medium on the overall quality of the simulated
alignment and interaction poses toward high agreement with experiments. A good correlation with experimental data is found for
camphor and isopinocampheol, while the correlation for quinuclidin-3-ol and borneol is lower. We attribute this observation to the
high difficulty of the RDC prediction for rather almost spherical molecules. The study reveals that the prediction of alignment with
small enantiomeric differences is possible with an MD-based approach; however, extended simulation times (e.g., 50−100 μs) are
required to sufficiently reduce the statistical uncertainty. This may be further used for the determination of the relative, as well as
absolute, configuration of chiral molecules.

INTRODUCTION
The chirality of organic molecules plays an important role in
many chemical reactions and biological processes. The
determination of absolute configuration of chiral organic
compounds is a crucial task in chemistry and is still
challenging. Although several methods for enantiomer differ-
entiation or even measuring enantiomeric excess exist, such as
X-ray diffraction for crystalline molecules,1,2 electronic or
vibrational circular dichroism (CD spectroscopy) for small
molecules,3,4 Coulomb explosion imaging or microwave three-
wave mixing in the gas phase5 and NMR spectroscopy on
chirally derivatized compounds,6 they all have severe
limitations7,8 and additional methods are in need. Chirally
aligned NMR spectroscopy has a high potential to become
such a method. In this type of NMR spectroscopy, a (chiral)
analyte is partially aligned by a (chiral) alignment medium,
which then allows the measurement of structurally valuable
anisotropic NMR parameters.9,10 The method already proved
in a large number of studies with mostly nonchiral alignment
media to be of high importance for the determination of
relative configuration of organic molecules.11−19 It is also well-
established that residual dipolar couplings (RDCs) upon
alignment to a chiral alignment medium may, in principle,
allow for the determination of the absolute configuration of the

analyte,20−22 without the requirement of chemical modification
of the analyte. As the average alignment in a chiral alignment
medium depends on the chirality of the molecule of interest,
different enantiomers result in different RDCs, making the
method very powerful for the measurement of enantiomeric
excess.23

For the special case that similar molecules with known
chirality are available, even the absolute configuration could be
determined24 using cross-fitting.25 A general approach based
on theoretical calculation allowing the reliable prediction of
RDCs in the chiral environment,is still missing however.22

RDCs are anisotropic NMR parameters, which depend on
the distance between nuclear spins and the angle θ of the
internuclear vector ri⃗j to the static magnetic field (see Figure
1a). They are proportional to ⟨(3 cos2(θ) − 1)/rij3 ⟩, where the
averaging expands over a full experimental free induction decay
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(FID), which is typically larger than 100 ms. The target is then
to predict the averaged alignment with a molecular model to
such accuracy that differences in alignment for a pair of
enantiomers are determined.

While RDCs are straightforwardly used for structure
prediction of proteins26,27 and other macromolecules,28 the
prediction of alignment for small molecules is far more
difficult, as the fine details of alignment medium to solute
interactions need to be treated accurately.

Simple methods for the prediction of RDCs by an alignment
medium include the averaging of the alignment by steric
exclusion and electroctrostatic interation with a (charged) wall
or cylinder (PALES)29,30 or approximations thereof.31−33

More recently, Opakua et al.16 demonstrated a relatively
simple model (called P3D) for the estimation of RDCs for
diastereomers of rigid molecules (e.g., 4,6-diacetylhygro-
phorone A, strychnine or isopinocampheol).16,34 There, the
correct assignment of diastereometers was accomplished by
using a precomputed electrostatic potential of the aligning
polymer based on the Poisson equation and steric exclusion by
modeling atoms as hard spheres. However, theoretical methods
reported have not shown conclusive differences in RDCs of
enantiomers usable for the assignment of absolute config-
uration.22,35

Other methods for alignment prediction are based on
molecular dynamics simulations. For the alignment of analyte
organic molecules in a nematic solvent, Pizzirusso et al.36 used
all-atom MD simulations to predict the order parameter ⟨P2 ⟩,
which was demonstrated to correlate with measured dipolar
couplings in NMR. Frank et al.37 have shown stochastic MD
simulations using Langevin dynamics of strychnine aligned by
a polystyrene/CDCl3 gel to predict RDCs. In the relatively
simple model, a single polymer strand fixed along the axis of
alignment (the z-axis) was used and a quite good correlation
between simulated and experimental values could be shown.

However, none of the approaches could show the differ-
entiation of enantiomers so far.

Here, we will show results of an attempt to predict the
alignment to an accuracy that allows the distinction of
enantiomers. It is based on the model of Frank et al.,37 but
expanded by careful choice of parameters and including explicit
solvent molecules. Among the different known chiral alignment
media,38−41 the most important one is the liquid crystalline
phase poly-γ-benzyl-L-glutamate (PBLG), which formed the
basis for most developments regarding the distinction of
enantiomers.42,43 We therefore chose a PBLG/CDCl3-based
model for our study and focused on solutes of a recently
accepted study of small rigid molecules performed in one of
the author’s laboratory with detailed access to experimental
data44 and on the similar, well-studied molecule isopinocam-
pheol.42,45 We will present the results of the various models
and analyze the important factors of intermolecular inter-
actions that are responsible for alignment.

THEORY
Residual Dipolar Coupling. For a pair of nuclear spins I1
and I2 in a molecule, the secular, weak coupling Hamiltonian in
a strong static magnetic field B aligned along the z-axis is given
by

H I I J D I I1 1 2 ( 2 )z z ij ij z z1 1, 2 2 1 2, 1, 2,= [ + + + ] (1)

Here, ωi = γiB(1 + δi) is the Larmor frequency of spin i with
gyromagnetic ratio γi and chemical shift δi. The secular
approximation assumes that the interaction with the large static
magnetic field dominates. Moreover, it is assumed that the
averaging of the molecular orientation occurs on a smaller time
scale (picoseconds to milliseconds46) than the relaxation time
scale. The last term in eq 1 introduces a coupling between the
two spins, which leads to a transfer of transverse magnetization

Figure 1. Schematic representation of RDC calculation and its application to PBLG polymer. In (a), a representation of the relative positions of
two nuclei i and j in a molecule is depicted. The RDC is determined by the average over their distance ri⃗j and the angle θ to the external magnetic
field. In (b), different poses of (−)-isopinocampheol near PBLG are illustrated. Through the interaction with the alignment medium, the overall
movement of the analyte and thus of the atom pairs within the molecule for which the RDCs are measured (here i and j as in (a)) becomes
anisotropic. Solvent molecules are not shown. Note that in the actual MD simulations, only one analyte molecule per box is present.
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and thus a measurable peak splitting of |Jij + 2Dij|.47 It consists
of the dipolar splitting contribution, 2Dij, i.e. through the direct
dipole−dipole interaction of the spins (the dipolar coupling
constant is half the splitting contribution) and the scalar (or J-)
coupling, Jij, mediated through chemical bonds.

If the molecular orientation is isotropically distributed, the
averaged dipolar couplings vanish. However, under anisotropic
conditions, e.g. by the interaction with an alignment medium,
they remain nonzero (albeit much reduced in magnitude
compared to a fully aligned solid). Given sufficiently weak
alignment, the Jij-coupling has negligible anisotropy and thus
remains unchanged.48 Therefore, the residual dipolar coupling
can be obtained directly by comparing the splitting between
the isotropic and anisotropic case. If |2Dij| < Jij, as is the case
for the experimental data referenced here, it can be uniquely
obtained from the measured |Jij + 2Dij|.

In addition to the experimental measurement of 2Dij using
NMR spectroscopy, the coupling Dij can be calculated from the
internuclear vector ri⃗j between the nuclei i and j of the
molecule studied using the following equation:49
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where θ is the angle between ri⃗j and the static magnetic field
(see Figure 1a), μ0 is the vacuum magnetic permeability and
P2(x) is the second Legendre polynomial. If the correlation
between rij and θ is assumed to be negligible, e.g. for bonded
nuclei where the time scale of bond vibrations is small,50 rij can
be replaced by its average value. In the present work, this
approximation is separately validated by taking rij from each
trajectory frame in MD simulations or from a fixed reference
structure. It is described in the Results section.
Alignment Tensor. In a rigid molecule, all angle

parameters can be expressed by a single symmetric and
traceless tensor of order 2. It is commonly called alignment
tensor A or Saupe matrix (if scaled by a factor 3

2
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where θ is the angle of r ⃗ to the external magnetic field (here
along the z-axis).49 Given the rotation matrix Rt from the
reference structure to the pose of the chiral molecule with
respect to the alignment medium at time t, the alignment
tensor is given as
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When considering a fixed reference structure of a rigid analyte
molecule, the five independent components of A can be fit by
linear least-squares to a set of RDCs.11,51 As the molecules in
this work are quite rigid, we have used a single optimized
structure optimized as a reference shown in Figure 2. They
were optimized by density functional theory (DFT) with the
B3LYP functional52 and the def2-SVP basis set,53 using
PySCF.54 To make a comparison between enantiomers
possible, we only optimized one enantiomer and used its
point reflection as the reference structure for the other
enantiomer.
Comparison to Experiment. The experimental RDCs are

determined by measuring the distance between doublet
components in CLIP/CLAP-HSQC (clean in-phase/clean
antiphase heteronuclear single quantum correlation)55 and
P.E.HSQC (primitive and exclusive HSQC)56 experiments,
which are split by the J-coupling and the RDCs.45 Their
uncertainty is estimated from experimental data by left and
right peak slope differences relative to the signal-to-noise ratio
of spectra as described in Kummerlöwe et al.25 The
concentration and exact degree of alignment along the
magnetic field of PBLG is unknown,42,45 but is strongly
correlated with the quadrupolar coupling.57 Thus, the
theoretical predictions, where the PBLG molecule is perfectly
aligned along the z-axis (as depicted in Figure 1b), can be
compared to the experimental values up to a constant factor as
long as the anisotropy is in the z-direction (as explained in the
Supporting Information, SI). This assumption was also applied

Figure 2. Visualization of one enantiomer for each of the four chiral molecules isopinocampheol (”(−)-IPC”), quinuclidin-3-ol (”R-
(−)-quinuclidinol”), camphor (”S-(−)-camphor”) and borneol (”S-(−)-borneol”). The respective other enantiomer is the point reflection of the
structure shown here. We use the same numbering as in Marxet al.42 and Sager et al.44
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for stretched gels as alignment medium,37 using a similar
simulation setup to the polymer studied here.

As the scaling factor between the two sets of RDCs, D⃗1 and
D⃗2, originated from in silico simulations and experiments,
respectively, would be rather hard to predict, because it
depends on the concentration and distribution of the PBLG
chains, their average orientation along the z-axis and the
fraction of time the analyte molecules interact with the PBLG
side chain, they can be compared by the cosine similarity:

S
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D D
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The Pearson correlation coefficient, which is commonly used
to compare predicted and measured RDCs,58 is not entirely
adequate for this purpose, because it is unchanged for a
constant offset between the two sets of RDCs, while they
should be related only by a constant factor without an offset.
Therefore, in the present study, we use the cosine similarity, as
only the values close to S = +1 indicate good agreement
between two sets of RDCs. We visualize S|S | instead of S in
the following to make the values near S = +1 better visible.

COMPUTAT IONAL DETAILS
Encouraged by previous MD simulations to calculate RDCs in
chiral analyte molecules aligned by an alignment medium,37,45

we simulated the alignment of the four pairs of chiral
molecules, i.e. isopinocampheol, quinuclidin-3-ol, borneol
and camphor (depicted in Figure 2) by PBLG in chloroform.
All four molecules represent small, bridged and therefore quite
rigid entities, that are readily available as enantiomerically pure
compounds. IPC is a well-known model compound for RDC
measurements42,59,60 and the other three compounds were
chosen in a study to look at the influence of H-bond donor and
acceptor groups.44,45 Additionally, quinuclidinol contains a
nitrogen H-bond acceptor as well.

It was shown experimentally that analyte molecules interact
with multiple chains of PBLG59,61 during the measurement
time, although this does not per se rule out large residence
times at the binding sites. We thus expect a significant number
of distinct interaction events in the course of a dwell time,
which is typically on the order of 100 μs. In addition, in Frank
et al.,37 it was suspected that the explicit treatment of solvent
molecules might be important for the accurate description of
the alignment. These previous calculations, using only
Langevin dynamics and no solvent molecules, showed that
the analyte molecules attach very strongly to the alignment
medium in the local energy minima. Even though the
difference of the alignment induced by PBLG of IPC in
several halogenated solvents was found to be relatively
small,37,59 it is known from NMR experiments that molecules
show fast exchange averaging on the acquisition time scale.59

For a more realistic description of the solvent effects, we chose
explicit solvation by chloroform for the simulations. The poses
of the chiral solute molecules in the presence of PBLG,
sampled in MD, were then used to calculate RDCs.
Simulated Molecular Systems. In nonpolar organic

solvents, the backbone of PBLG is considered to be highly
stabilized by the multitude of intrahelical H-bonds formed. As
such, specific H-bond interactions with the analyte are only
possible at the side chains and the simulation of a single PBLG
chain is expected to be a good approximation. For the PBLG
model, we used the approach described in Helfrich et al.62 and

Helfrich and Hentschke,63 where it is represented as a 18/5 α-
helix with 18 residues connected across periodic boundary
conditions. To build the PBLG polymer model, we first started
with a single benzyl-L-glutamate (BLG) monomer, capped by
COCH3 and NHCH3 groups (see Figure S1(a)). The
molecules were then optimized with the B3LYP functional52

and def2-SVP basis53 set using PySCF54 with the XCFun64

and the geomeTRIC65 libraries. Afterward, the bond lengths,
angles and dihedrals of the backbone were adjusted to fit the
experimentally determined structure of an 18/5 α-helix of α-
poly-L-alanine,66 see Figure S1(b). The PBLG molecule was
modeled as a sequence of 18 BLG repeat units of 2.7 nm
length,62,67 periodically connected across the periodic boun-
dary conditions to mimick an infinite long chain. After
equilibration, this resulted in the simulation box depicted in
Figure 3.

Force Field Parameters. The 3D structure of the capped
BLG monomer was generated using RDKit68 and subsequently
optimized by DFT in the same manner as the analyte
molecules. The partial charges for all molecules were obtained
by a restrained electrostatic potential (RESP) fit69 to the
electrostatic potential in vacuum obtained by the Hartree−
Fock calculation with PySCF54 using the 6-31G*basis set70−72

(consistent with the AMBER methodology). In the RESP fit,
the total charges of the BLG monomer and both caps were
restrained to zero, respectively.

All noncharged force field parameters were obtained using
AmberTools 21.73 The assignment of atom types in the
force field was done automatically using the antechamber,
parmchk2 and tleap programs from AmberTools. For
PBLG, the AMBER ff14SBonlysc force field was used, while
the GAFF (Generalized AMBER Force Field)73 force field was
used for the analyte molecules. For chloroform, we used the
parameters from Fox and Kollman.74 Since a single (capped)
monomer does not contain all force field parameters needed
for the polymer, the automatic assignment of the force field
parameters for PBLG with AmberTools was done for an
oligopeptide with three monomers and the same caps (shown
in Figure S1(c)). The values used for the polymer were then
taken from the parameters involving the atoms in the central
monomer.

Figure 3. (a) Simulation box of PBLG and chloroform along the z-
axis (without analyte molecule). For better visibility, only two
periodic images in the z-direction and every third chloroform
molecule are shown. The PBLG atoms are represented by their van
der Waals surface. (b) Chemical structure of PBLG indicating the two
potential hydrogen bond acceptors in the amino acid side chain. Only
the C�O acceptor is capable to form strong H-bonds with an
analyte.
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Molecular Dynamics Simulations. All MD simulations
were performed using GROMACS 2022.2.75 To convert and
construct the topologies with the force field parameters, the
ParmEd library76 was used. For all simulations, the time step
using the Velocity-Verlet integrator77 was set to 2 fs. For the
short-range electrostatic and van der Waals contributions, a
cutoff of 1.2 nm was chosen, while the long-range electrostatic
contributions were calculated with the particle mesh Ewald
method.78 To set the simulation temperature, the velocity
rescaling thermostat, as reported by Bussi et al.,79 was used
with a reference temperature of 300 K. Also, the length of
molecular bonds involving hydrogen atoms were constraint
using the LINCS algorithm80 with order 4.

An initial periodic cubic box of chloroform with dimensions
of 5.12 × 5.12 × 5.12 nm3 was created with a density of 1.48
g/cm3.81 It was subsequently minimized to a maximum force
of 100 kJmol−1nm−1 and equilibrated in the NVT ensemble
with fixed box vectors over 100 ps. Afterward, NPT
equilibration with the stochastic cell rescaling barostat82 over
200 ps and finally NPT equilibration with the Parrinello−
Rahman barostat83 over 1 ns was performed. For both NPT
simulations, a compressibility of 1.086 ·10−4 bar−1 and a
reference pressure of 1 bar were chosen and long-range
dispersion corrections for energy and pressure were applied.84

For the stochastic cell rescaling barostat, the relaxation time
constant was set to 1 ps to avoid instabilities due to the initial
state, while a time constant of 5 ps was chosen for the
Parrinello−Rahman barostat. The final density (which is
determined by the force field parameters) was 1.49 g/cm3,
slightly higher than the experimental value of 1.48 g/cm381 at
25 °C.

The remaining molecular systems were solvated using this
solvent box. This resulted in 172−174 chloroform molecules
finally included in the simulation box. Here, the thermostat
was applied separately to the solvent and the solutes (PBLG or

PBLG + analyte molecule). The energy minimization and
NVT equilibration were performed similarly as for the
chloroform box explained above, but the NPT equilibration
was done only with the Parrinello−Rahman barostat for 1 ns
for the periodic PBLG chain. For the systems with periodic
PBLG, the pressure coupling was only applied in the xy-
directions.

For the MD simulations involving PBLG, the box size was
chosen to preserve the feasible statistical convergence of
observables, avoiding significant interaction between periodic
images. It was defined by a hexagonal lattice in the xy-plane
with a spacing of ∼3.5 nm, whereas the z lattice vector was
orthogonal to the xy-plane and of length 2.7 nm. The size of
the simulated box was also selected in the way allowing the
chiral solute molecule to move freely within the box, avoiding
interactions with the periodic image. PBLG as a liquid
crystalline phase ordered along the magnetic field85 may
have stabilizing interhelical interactions. They should however
occur only sporadically, following the assumption that
interactions of the solute with a single PBLG chain are
dominant.86 Therefore, we have modeled the PBLG-based
alignment medium by a PBLG α-helix pointing along the z-axis
in a box of explicit chloroform. We confirmed this choice by
performing additional simulations with two PBLG α-helices in
the simulation box (as explained in the SI).

MD simulation runs with a total simulation time of 100 μs
for each analyte in the presence of PBLG were performed as
1000 parallel MD simulations with a respective length of 100
ns each. In each of the simulations, a single analyte molecule
was inserted randomly inside the PBLG/chloroform box using
the gmx insert-molecules command in GROMACS,
replacing overlapping solvent modules and avoiding clashes
with PBLG by retrying. The initial velocities of all atoms in
each simulation were prepared with a different pseudorandom
number generator seed. In all cases, the initial MD production

Figure 4. Residual dipolar couplings (2Dij) of the chiral analytes calculated for four pairs of enantiomers. The different ways the RDCs were
calculated (”Full”, ”Angles”, ”Distances” and ”A”) are described in the text. The RDC values obtained by replacing PBLG by a cylinder (i.e., without
force field, as implemented in the PALES model30) are shown in cyan. RDCs calculated based from MD data and the cylinder approximation of the
PBLG were scaled to the experimental RDCs (in orange) by the ratio of the sum of the squared RDCs, where the scaling for each enantiomer pair
was averaged. Thus, the scaling is the same for both enantiomers.

https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.4c00441/suppl_file/ct4c00441_si_001.pdf
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run was preceded by an energy minimization and NVT
equilibration over 200 ps as for the other systems. The
production MD simulations were then performed with
identical parameters as for the NPT equilibration of the
system with periodic PBLG alone, where the trajectory for the
analysis was saved every 10 ps. To reduce the bias due to the
nonensemble distribution from which the initial states are
prepared, each of the 1000 parallel MD chains was equilibrated
for 1.1 ns before the actual MD runs. This suffices, as there are
no large conformational changes of PBLG and the system
without an analyte molecule is invariant under a shift along and
a rotation around the z-axis by one monomer.
Automated Workflow. For automating the MD simu-

lations and analysis of the data obtained from 1000 parallel
runs, the Snakemake workflow management system87 was
used for all steps, including the preparation and the analysis
described below. The employed software was built with the
GNU Guix package manager.88 The workflow protocol
ensures consistent and self-contained calculation steps for all
molecules and the reproducibility of all simulations. It is
available under https://gitlab.kit.edu/david.elsing/RDCMD.

For reading the MD trajectories and fitting a rotation matrix
from the analyte molecular reference structure to their
orientation during the simulation, the MDAnalysis
library89,90 was used.
Calculation of RDCs from MD. RDCs were calculated

from the saved MD trajectories according to eq 2. To
investigate the importance of molecular flexibility, the rij and
angles were both taken from the trajectory directly or
alternatively from the rotated reference structure. This is
described in more detail below. Due to the fast rotation of the
CH3 groups,91 the RDCs were calculated based on the
orientation of the carbon atom and the neighboring non-
hydrogen atom instead (refer to the SI for more details). In
Marx et al.,42 the C8−C6, C9−C6 and C10−C2 couplings in
IPC (labels of atoms are depicted in Figure 2) were originally
measured as CH3 groups and then converted to C−C
couplings based on the prefactor in eq 2. To compare them
with the other RDC data only containing C−H couplings, we
converted them back to the C−H RDC values and used the
error estimate (scaled by the same factor) from Figure 4 in
Marx et al.,42 assuming a C−H bond length of 1.1 Å and a C−
C bond length of 1.54 Å. For quinuclidinol, borneol and
camphor, we use the assignment of the RDCs to the molecular
structure found in Sager et al.44 There is however a
discrepancy for the C8−C6 and C9−C6 couplings in
(+)-IPC between Marx et al.42 and Sinnaeve et al.60 (in this
report, they are called C8−H8 and C9−H9), where the
assignment is swapped. As there is little information on the
assignment in Marx et al.,42 the RDCs of the enantiomers
should be close and an alignment tensor fit to our reference
structure clearly favors the latter assignment, we swap the
assignment also for (−)-IPC.
Statistical Analysis. Since the partial alignment of chiral

molecules by PBLG is expected to be rather weak and the
average values of the RDCs are much smaller in magnitude
than their instantaneous values, a robust estimation of the
statistical uncertainty was necessary. We have used the
adjusted initial sequence estimator (”mISadj”) from Dai and
Jones92 to estimate the asymptotic covariance matrix of the
average, assuming the validity of the Markov chain central limit
theorem.93 It guarantees a positive definite covariance matrix
and a (slight) overestimation of the eigenvalues of the

covariance matrix, given that the state space is sufficiently
sampled. The estimator Σ̂ is based on the expression of the
covariance matrix in terms of the autocorrelation function γt
according to
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for t ∈{0, ..., n−1} . In eq 7, the Xi are the samples in the
Markov chain, n is the number of samples and μ̂n = ∑i=1

n Xi/n.
Although this estimator is only defined for a single Markov
chain, it can be trivially extended to multiple, independent
chains (like the 1000 independent MD trajectories in our case)
as long as the beginning and end of each chain are statistically
independent. This assumption is valid in the case studied here,
because the length of each chain (100 ns) is much longer than
the lifetime of the ”bound” configurations (i.e., interaction
pose with chiral molecule and PBLG, see SI). Moreover, the
system without the analyte molecule (i.e., PBLG by itself) is,
on average, symmetric upon moving along the polymer repeat
unit and rotating around the z-axis. Therefore, the estimator
for the autocorrelation function, used in eq 6, for N such
chains is
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where nk, Xk,i and μ̂k,nk are defined for chain k as in eq 7. This
analysis was used to determine the statistical uncertainty of the
calculated averages. Thus, it could be ensured that the
calculated RDCs are sufficiently converged.

RESULTS AND DISCUSSION
For this pioneering work, we have used four experimentally
studied chiral molecules, i.e. isopinocampheol, quinuclidin-3-
ol, borneol and camphor. Their two-dimensional and three-
dimensional structures are visualized in Figure 2. The
molecules were selected mostly due to the available
experimental RDC data for both enantiomers and that they
are rather rigid, which allows fitting of the alignment tensor
without the need for an accurate description of the flexibility of
molecules by the force field. Since the chiral molecules selected
are all spherical-like, the alignment is weak, which makes the
measurement of RDCs more feasible,94 but the in silico
prediction more challenging and computationally expensive.
Moreover, we aimed to estimate the role of the specific
interaction between the analyte and the alignment medium,
therefore, isopinocampheol, quinuclidin-3-ol and borneol were
selected due to the presence of a single O−H hydrogen bond
donor. It is expected to interact with the hydrogen bond
acceptor(s) in PBLG86 (see Figure 3), which may impact the
RDCs and induce differences between enantiomers. Addition-
ally, camphor was selected as another previously studied pair of
enantiomers with a very similar structure to borneol, except
with a carbonyl group instead of the hydroxyl group, i.e. the H-
bond donor is missing in this case. This allows for the
investigation of the influence of hydrogen bonds on the partial
alignment and the enantiomer specificity on the RDCs.

https://gitlab.kit.edu/david.elsing/RDCMD
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.4c00441/suppl_file/ct4c00441_si_001.pdf
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RDCs of Chiral Molecules. The RDC values for the chiral
molecules, shown in Figure 4, were calculated from MD
simulations using eq 2 in several ways: (i) taking both
distances and angles from the trajectory (labeled as ”Full”), (ii)
taking only the angles from the trajectory and the distances
from the DFT-optimized reference structure (labeled as
”Angles”), (iii) taking the distances from the trajectory and
the angles from the rotated reference structure (labeled as
”Distances”). In the last two cases, the rotation of the reference
structure was fitted to the positions in the trajectory by
minimizing the RMSD of the positions using the MDAnal-
ysis library, and the distances or angles were taken from the
rotated reference structure instead of the trajectory directly. In
addition, the RDCs obtained by using only the alignment
tensor (eq 4) averaged over the rotation of the reference
structure (labeled as ”A”) are shown in Figure 4 as well. To
compare RDCs originated from MD to the established PALES
approach,30 which is an approximation to predict the
alignment tensor representing the alignment medium as a
cylinder, we have calculated the RDC values from the
alignment by steric exclusion with a cylinder of radius 10 Å.
Here, we calculated the respective RDCs from the alignment of
the rigid reference structure using naive Monte Carlo
integration over rotations and translations. They are marked
in cyan in Figure 4 and labeled as ”Cylinder”. The RDCs from
experiment and the scaled RDCs from MD simulations
(”Full”) are also listed in Tables S1−S4 in the Supporting
Information.

It can be seen that replacing the bond lengths by their
optimized values (the ”Angles” approach) has a negligible
impact on the calculated RDCs. As the investigated molecules
are rather rigid, using the angles to the z-axis from the rotated
reference structure has no significant impact on most

couplings, except for the C3−H3, C4−H4s and C4−H4a
couplings in IPC, which are close to the H-bond donor. Thus,
the RDCs for the molecules considered can be well described
given only the alignment tensor and the reference structure,
justifying the analysis in Figure 5.

In Figure 4, we observe some agreement of the RDCs for
C1−H1, C3−H3, C4−H4a, CH3−8 and CH3−10 of (−)-IPC
with experiment (assuming the determined scaling is accurate).
Larger deviations (>10 Hz) occur for C2−H2 and C4−H4s,
where the experimental values are similar to (+)-IPC, but the
calculated values differ substantially. Both bonds are located
near the carbon atom linked to the OH group, capable of
forming H-bonds with the alignment medium. Thus, this
discrepancy may be caused by an overestimation of the
hydrogen bond with PBLG in the force field, which would
make the difference between enantiomers more pronounced
than in experiment. For (+)-IPC, the agreement is better, but
with large differences for C4−H4s and C5−H5. The cylinder
approximation matches experiment slightly better than the
simulation for (−)-IPC, while the agreement is similar for
(+)-IPC.

Higher discrepancies between calculated and experimental
RDCs are obtained for quinuclidinol. For both enantiomers,
the calculated RDCs do not match the experimental ones, with
agreement only due to arbitrary scaling. Interestingly, the
RDCs from MD are the closest to the cylinder approximation
for S-(+)-quinuclidinol after scaling, with a cosine similarity of
0.89 (see Figure S18). This shows that for this specific
enantiomer, the alignment by the poses with H-bond is close
to the alignment by a cylinder, as the alignment in simulation is
dominated by the hydrogen bond (as shown below in Figure 5
and in Figure S18). For the other molecules, this is not the
case however.

Figure 5. Eigenvectors and eigenvalues of the alignment tensor (defined in eq 4 and fitted for the experimental one) for the eight molecules aligned
by the PBLG polymer. The eigenvectors are indicated by the × markers on a hemisphere, while the corresponding eigenvalues are represented by
circles around the position of the eigenvectors. The area of the circles is proportional to the absolute value of the eigenvalue. Dashed lines indicate a
negative sign and solid a positive sign of the eigenvalue. The black and red colors indicate values from MD (”Full” and of poses with C�O donor)
normalized by the total simulation time, whereas the cylinder prediction is shown in cyan and experimental values are in purple.

https://pubs.acs.org/doi/10.1021/acs.jctc.4c00441?fig=fig5&ref=pdf
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For borneol, the agreement is similarly low. As the
agreement is not good enough for a proper estimation of the
scaling between simulation and experiment, we have found the
comparison of the individual RDCs not to be very meaningful.
The cylinder approach does not agree with experiment either,
but with a smaller deviation.

Even though camphor has no possibility to form the
directional noncovalent bonding with PBLG that should, in
principle, improve calculated RDCs due to stronger alignment,
the RDCs calculated from MDs of enantiomers of this
molecule have very good agreement with experimental data.
Only the prediction for the CH2−6″, CH2−2″ and CH3−11
couplings is worse (see Figure 4) with deviations around 10−
30 Hz. Interestingly, the cylinder approximation does not agree
with experiment at all, even though the alignment comes
mostly from the nonspecific interaction with the ends of the
PBLG side chains, as discussed above and demonstrated in
Figure S2.

To compare the orientational distribution of the RDCs and
to determine the importance of the interactions considering
different fragments of the PBLG side chain, the alignment
tensors were fitted to the reference structure of the analyte
molecules (see SI) using the RDCs from MD simulations and
from experiment. The eigenvectors and eigenvalues of the
alignment tensors are demonstrated in Figure 5. Here, the
Lambert azimuthal equal-area projection of a semisphere is
shown, on which the eigenvectors of the alignment tensors are
marked as crosses. The corresponding eigenvalues are
indicated by the circles around the eigenvectors, where the
line style marks their sign. For example, the alignment tensors
of (−)-IPC have good agreement between simulation (black)
and experiment (purple): Here, the eigenvectors are close
together and the eigenvalues agree in magnitude and sign. In
all cases, where hydrogen bonds are present, the eigenvectors
of the average over only poses with hydrogen bond agree with

the full average, while the magnitude of the eigenvalues is
smaller (as the remaining alignment is set to zero).

As mentioned above, the reference structures of a pair of
enantiomers are exact point reflections of each other, which
allows for a direct comparison between enantiomers. One
normalization constant of the eigenvalues was chosen for each
pair of enantiomers according to the maximal absolute
eigenvalue. The normalization constants of the experimental
values and the cylinder prediction were chosen separately,
while the one for the full average was also used for the average
over the poses with hydrogen bond to the C�O acceptor.
Note that partial circles at opposing edges of the semisphere
represent the two antipodes of the same eigenvector.

Based on analysis in Figure 5, we have noticed that for IPC,
quinuclidinol and borneol, the experimental and simulated
alignment tensors differ significantly between enantiomers,
while they are by definition identical for the cylindrical
prediction. Like the RDCs, the alignment tensors from
experiment (purple) and simulation (black) are close for
IPC, but disagree for quinuclidinol and borneol. As was
observed for the RDCs in Figure 4, the alignment tensors from
simulation are almost identical for S-(−)- and R-(+)-camphor,
while the eigenvectors of the fitted alignment tensors from
experiment differ slightly. Even though the RDCs agree very
well between experiment and simulation, the eigenvectors of
the alignment tensors differ noticeably. This indicates that
there still is a difference between the two, even though the two
different alignment tensors produce similar RDCs for the
available couplings.

The alignment tensor average, using only poses with a
hydrogen bond with the C�O acceptor in the PBLG side
chain, is shown in red for IPC, quinuclidinol and borneol in
Figure 5. It is clearly visible that they are very close to the full
average in all cases. This again confirms the importance of the

Figure 6. Fraction of time the analyte molecule is in contact with different parts of PBLG. The ”number of side chains” indicates the number of
different repeat units of PBLG, for which the analyte molecule is simultaneously in contact with the respective part. The contact types are depicted
on the right, where a single carbon atom in green indicates the analyte molecule. From top to bottom: ring side (near the center of the phenyl ring),
hydrogens of ring (near a hydrogen of the phenyl ring), side chain without ring (near the PBLG side chain, excluding the phenyl ring).

https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.4c00441/suppl_file/ct4c00441_si_001.pdf
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hydrogen bonds for the alignment of the analyte molecules
with PBLG.

The above-mentioned PALES prediction, with only steric
exclusion by a cylinder, is also shown in cyan in Figure 5. By
definition, it is the same for both enantiomers, while the
difference between enantiomers comes from the more detailed
chiral structure of PBLG. Only for IPC it agrees with
experiment to some extend (even though the actual RDCs
are determined by the poses with hydrogen bond).
Mechanism of Alignment and Impact of Hydrogen

Bonds. In Figure 6, the fraction of simulation time, where the
analyte molecule is in contact with different parts of the PBLG
chain, is demonstrated. The different contact types are
depicted on the right side in the figure. A ”ring side” contact
is defined as an atom of the analyte molecule being within the
distance of 3 Å of the carbon atom in the phenyl ring, while a
”hydrogen of ring” and ”side chain without ring” contacts are
defined as an atom j of the analyte molecule being within 1.5
σij of a ring hydrogen i or nonring side chain atom i of PBLG,
respectively. Here, σij is the Lennard-Jones distance parameter
of the AMBER/GAFF force field for the atoms i and j. The
”number of side chains” is the number of side chains in PBLG
for which the analyte molecule is simultaneously in contact
with the respective part simultaneously.

IPC and borneol show similar contacts, i.e. mostly via the
poses with hydrogen bond to the C�O hydrogen bond
acceptor of PBLG, with simultaneous contacts to the ring
hydrogens of one or more side chains (in green). From the
analysis of the hydrogen bond depicted in Figure S3 and
Figure S4 in SI, we clearly see that the O−H ···O H-bond with
the C�O acceptor is the most stable and populated H-bond
between IPC, quinuclidinol, borneol and the PBLG polymer.
Moreover, the highest fraction of H-bonds of this type occur

for quinuclidinol with the average lifetime of ∼58 ps, while a
slightly lower fraction of H-bonds with lower lifetimes of
around 46 ps was found for IPC and borneol (see Figure S5).

For quinuclidinol, the hydrogen bond to PBLG was found to
have a higher occurrence during the simulations then for IPC
or borneol (see the distribution in Figure S3), and the fraction
of multiple side chains being involved is even higher than for
the other analytes. If the hydrogen bonds as described in MD
are too strong compared to experiment, this may be one of the
reasons for lower agreement of RDCs in quinuclidinol
compared to the other molecules studied (see below; except
for S-(−)-borneol). However, the near-perfect similarity of the
contacts between enantiomers and between IPC and borneol is
notable (see the upper and lower panel in Figure 6). This
indicates that their behavior near PBLG is practically identical
(i.e., mostly free movements, except for a frequent formation of
hydrogen bonds to PBLG for IPC, quinuclidinol and borneol).
For the hydrogen bonds, the RDCs differ between the different
configurations, while the interaction with PBLG is essentially
the same and the hydrogen bond donor is oriented the same
way for both enantiomers. The hydrogen bonds formed with
the C−O−C acceptor (Figure 3) in PBLG and the interaction
with the flat side of the phenyl ring are entirely negligible for
the alignment (see Figure 5 and Table S5), because their
strength is much weaker compared to the H-bonds with the
C�O acceptor.

In Table S6, the largest absolute eigenvalues of the
alignment tensor (calculated from eq 4) are shown as a
measure of the alignment strength. It includes the full average
and the averages of poses having different contacts as explained
below. For all molecules, the alignment strength is quite low,
meaning that their orientational movement is almost isotropic,
despite the frequent hydrogen bond interactions for IPC,

Figure 7. Radial distribution of the distance between the center of mass of the analyte molecule and the backbone center of the PBLG chain.
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borneol and quinuclidinol. This can be explained by their
spherical nature and that the relevant hydrogen bond acceptors
in PBLG are attached to the flexible side chains and do not stay
fixed. Notable is that the alignment of S-(−)-borneol is
significantly lower than for R-(+)-borneol. Due to the lack of a
hydrogen bond donor for camphor, the interaction with only
one (sometimes two) phenyl rings in PBLG occurs and is the
most relevant.

From the radial distribution of the distance between the
center of mass (COM) of the analyte molecule and the center
of the PBLG backbone (approximated by a line determined
from the largest principal axis through its center of mass),
which is depicted in Figure 7, we observe that the molecules,
capable of forming hydrogen bonds with the alignment
medium, tend to interact with PBLG on significantly lower
distances. At the same time, camphor moves more freely and
the alignment takes place further away from the polymer axis.
For all molecules though, there is a non-negligible amount of
time without contact with PBLG. This suggests that the
binding is not very strong and the molecules do not bind for
very long, while the contacts and movement are nearly
identical between both enantiomers. Our finding agrees with
the conclusion reported experimentally by Courtieu et al.61

and Marxet al.:42 The analyte molecules do not stay attached
to PBLG during the measurement and the difference between
the enantiomers is rather small.

The influence of the hydrogen bonds on the RDCs and thus
the alignment can also be seen in Figure S2, where the
contribution to the RDC average is shown depending on the
COM distance to the PBLG center. Here, the largest
contributions to the RDCs for camphor are at a larger
distance (∼15 Å) than for the other molecules, where there is
no hydrogen bond acceptor of PBLG nearby. For the other
molecules, the poses with hydrogen bonds are the most
important (with the largest contribution at a COM distance

between the analyte and PBLG of around ∼7 Å). Somewhat
further away, there is again a significant distribution, but often
with opposite sign of the RDCs, leading to partial cancellation.
Comparison to Experiment. In Figure 8, the predictions

obtained from MD simulations are compared to the
experimental values from Sager et al.44 and Marx et al.42 The
two sets of RDCs are compared using the (squared) cosine
similarity, as explained in eq 5. To take the statistical
uncertainty of the calculated average into account, the
predicted RDCs are sampled from a multivariate normal
distribution according to the estimated average and its
asymptotic covariance matrix. Likewise, the experimental
values are sampled from a uniform distribution according to
the error estimates. This results in a distribution of cosine
similarities which shows the possible range of agreement
between the fully converged simulation and the ”true” values
from experiment. The value for the average using only the
poses with hydrogen bond to the C�O acceptor is
demonstrated by the red lines in Figure 8. Its agreement
with the experimental data is very close to the full MD average
(shown in blue).

For IPC, the similarity to experiment depends on the
enantiomer: While (+)-IPC has almost perfect agreement, the
cosine similarity is somewhat lower (but still clearly positive)
for (−)-IPC. For quinuclidinol and borneol, the similarity is
close to 0, meaning that the prediction does not match
experiment. For camphor, the cosine similarity with experi-
ment is also very close to +1 for both enantiomers. As shown
above in Figure 4, the agreement for the PALES model is
generally lower.

In all cases, the simulation time was long enough such that
the model (based on an all-atom force field) and the
experimental data can be compared conclusively, i.e. without
being affected by statistical uncertainty. Still, for a comparison
between the calculated and experimental values, the alignment

Figure 8. Probability distribution function (PDF) of the squared cosine similarity between the calculated and experimental RDCs, considering the
statistical uncertainty. The calculated data is the average from MD with a total simulation time of 100 μs per molecule together with its covariance
matrix under the assumption that a Markov chain central limit theorem holds. A value of S = +1 indicates perfect agreement, while values near S =
−1 or even near S = 0 mean no agreement. The average of the poses with a hydrogen bond with the C�O acceptor in the PBLG side chain is
shown with the red line. The squared cosine similarity between the cylinder (PALES) prediction and is marked with the cyan line.
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tensor is not conclusive in some cases. As an example, the
agreement is good for both S-(−)-camphor and R-
(+)-camphor, when comparing the RDCs directly (Figure 8),
even though the fitted alignment tensors differ substantially
from the experimental ones (Figure 5). This can be explained
by the low number of distinct RDCs (see Figure 4) used for
the experimental fit.

Figure 9 is a comparison of the RDC values between
enantiomers both for the experimentally measured data and
the RDCs calculated with the MD simulations (which are also
shown in Figure 4). Note that here, the constant scaling was
not applied, such that the calculated values are much larger in
magnitude due to the small simulation box compared to the
relatively low PBLG concentration in experiment. The cosine
similarity between enantiomers is similarly low for quinuclidi-
nol (0.765/0.775) and borneol (0.672/0.926) and very high
for camphor (0.985/0.997) both in experiment and simulation,
respectively. For IPC however, it is much lower in simulation
(0.769) compared to experiment (0.990), as the RDCs for
(+)-IPC differ more as shown in Figure 4. The couplings with
the largest deviations between enantiomers in experiment (> ∼
30% of the largest absolute deviation), are marked by their
names in both rows of Figure 9.

To validate whether we can confirm the experimental
difference between enantiomers via MD simulations, we
compare the sign of the deviations for the marked couplings:
For IPC, all marked deviations have the same sign; for
quinuclidinol, all except CH2−1″ and CH2−7″; and for

borneol, all except CH2−1′. For camphor, the RDCs between
enantiomers are very close both in experiment and simulation,
making a differentiation unfeasible. This is evidence that the
simulation scheme applied in this study permits the distinction
of the alignment of the enantiomers with a qualitative
correspondence to experimental data.
Model Verification. To confirm the quality of the

computational approach, where a single analyte molecule and
a single PBLG chain were considered in the MD simulations,
we performed additional MD simulations for 15 μs, where 8
analyte molecules were present in the simulation box. In
addition, simulations both with one PBLG and two PBLG
chains in the box were done. For the latter, the box size in the
xy-plane was changed to ∼4.4 nm.

The results are depicted in the SI, with a comparison of the
RDCs calculated for different systems considered in Figures
S15−S22. Comparing the RDCs between the simulations with
one and with eight analyte molecules, we have detected small
changes in the RDC values. This is caused by interactions
between the analyte molecules in the solvent environment.
However, the cosine similarity of the RDCs calculated with
one or eight analyte molecules is 0.93 for (−)-IPC, 0.95 for
(+)-IPC, 0.98 for R-(−)-quinuclidinol, 0.96 for S-(+)-quinu-
clidinol, and ≥0.99 for borneol and camphor. Thus, the
consideration of multiple molecules in the performed
simulations does not change the applicability for enantiodis-
crimination. The use of two PBLG chains in the PBC box has

Figure 9. Comparison of the RDCs (2Dij) in Hz between pairs of enantiomers from experiment (plots in the upper panel) and simulation (plots in
the lower panel). No scaling for the calculated RDCs (in comparison to the data in Figure 4) was applied. The couplings with the largest deviations
between enantiomers in experiment are labeled. Here, blue indicates that the difference between enantiomers is positive for both experiment and
simulation; red indicates that it is negative for both and green that its sign differs. The cosine similarity between the RDCs of the enantiomers
(using the calculated RDCs from the ”Full” approach, see Figure 4 and the text) is shown in the respective top left corner.

https://pubs.acs.org/doi/10.1021/acs.jctc.4c00441?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00441?fig=fig9&ref=pdf


been found to matter even less, resulting in a cosine similarity
of ∼1.00 in all cases.

Since our report considers the explicit solvent effects in the
RDC calculations for the first time, allowing for an appropriate
comparison to RDCs obtained experimentally, we also checked
its impact by doing MD simulations in the gas phase using
Langevin dynamics95 with an inverse friction constant of 2 ps
instead of the thermostat and without pressure coupling. We
have found that the analytes stayed always very close to the
PBLG chain, leading to different orientations and in most
cases, we observed large differences to the RDCs calculated
with explicit chloroform and worse agreement with experi-
ment.
Discussion. We demonstrated the application of classical

molecular dynamics simulations with explicit solvent for the
prediction of residual dipolar couplings in both enantiomers of
four chiral, almost spherical molecules aligned by PBLG in
chloroform. Since RDCs may, in principle, be used for the
determination of the absolute configuration of chiral molecules
and the nearly spherical molecules considered here show rather
small alignment with small differences between enantiomers,
significant attention has been put on the proper convergence of
the RDC calculations, which was verified by their estimated
statistical uncertainty. We have found that in order to achieve
sufficient sampling, simulations with a length of tens of
microseconds are necessary depending on the analyte
molecule. To achieve this, 1000 parallel MD simulations
were performed using an automated workflow, resulting in a
total of 100 μs long MD runs for each enantiomer involved.
Using the MD trajectories, the RDC couplings and alignment
tensors were calculated and compared to experimental NMR
data.

While the MD simulations were performed with a large
computational effort and high statistical certainty, there are
several possible fundamental limitations of the model: First,
the accuracy of the force field could play a role: The alignment
depends on the average over all possible poses between analyte
molecule and alignment medium. Therefore, the accurate
consideration of electrostatic interactions and hydrogen bonds
plays a central role, but were only described by point charges in
this work. Such a treatment was found to have limited accuracy
for hydrogen bonds.96 Simulations using polarizable force
fields or further force field improvements are worth to be
considered, however, they are beyond the scope of the present
investigation.

Second, only a pure chloroform solution was modeled in the
simulations, while a contamination with water in experiment
cannot be entirely excluded, as the water can bind at the
interface of the analyte to the alignment medium, resulting
experimentally in peak broadening and sometimes even
undetectable NMR signals. Moreover, water most likely will
impact the hydrogen bond interaction patterns between solutes
and alignment medium.97 In the present study, we
demonstrate the critical importance of H-bonds for the
alignment of the analyte molecules. Therefore, subtle
disruptions may impact experimentally estimated couplings,
also considering the close to spherical shape of all molecules in
this study. As no information about the water content of
samples is known, the importance of water is particularly
difficult to judge at this point.

Finally, the PBLG model used represents a single polymer
strand of infinite length. It is an approximation of the ”real”
liquid crystalline phase, which may be not identical to

experimental conditions. The ends of PBLG might be charged
and cause significant contact times of the solute molecule.
Since the structure of such ends in chloroform is unknown and
their influence on the RDCs (if any) would depend on the
concentration and molecular weight of the synthesized
polymer chains, this effect could clearly not be taken into
account in the PBLG model used here. However, we estimate
from previous and current results that the used model
represents the major component responsible for aligning
solute molecules.

A comparison with experimental data shows different
agreement for the different molecules. For camphor, which
does not have an H-bond donor, the agreement is almost
perfect and the difference between enantiomers is also very
small. Equally, the agreement for (+)-IPC is good (cosine
similarity 0.85) and still present for (−)-IPC (cosine similarity
0.64). However, for both enantiomers of borneol and
quinuclidinol, the results show larger deviations from experi-
ment. Assuming validity of experimental data, it is apparent
that in all cases with deviations, significant H-bond formation
is involved. Even more, the resulting predicted RDCs are
essentially the same if only poses with H-bond formation are
considered, proving the dominance of this interaction for
alignment. In simulation, H-bonds between PBLG and IPC,
quinuclidinol and borneol are predominantly found to be with
a length of ca. 1.6−1.7 Å and an angle of ca. 165−170 degrees.
Such structural parameters are characteristic for rather stable
H-bonds, which we found to be critically important for the
alignment. In fact, the alignment can be almost completely
explained by the poses with hydrogen bond to the C�O
acceptor in the PBLG side chain, while the hydrogen bond to
the C−O−C acceptor is irrelevant to the alignment in all cases.
Furthermore, it is evident that besides the H-bond formation,
the simultaneous interaction with the phenyl rings of
(neighboring) side chains is important, with the latter making
contact to the analyte molecule in more than ∼80% of the
simulation time. The alignment of camphor also appears to be
mainly determined via contacts to phenyl rings, although no
hydrogen bonds are formed and exceptionally good agreement
with experiment could be reached.

Although measured and predicted RDCs deviate stronger for
the analytes with H-bond donors, similar trends in the relative
changes of calculated RDCs (in comparison to experimental
ones) between enantiomers could be observed for all
molecules studied. This observation demonstrates evidence
that the differences for enantiomers, measured experimentally,
are indeed included in the presented interaction model. The
differential alignment of enantiomers behaves the same in silico
as in the experiment, as characterized by the hydrogen bond
properties44 and their contacts with different parts of the
PBLG side chains. Here, the approach described in Gouilleux
et al.86 could provide additional experimental evidence from
NMR measurements.

A comparison with the established cylindrical PALES
approach, which shows considerably worse agreement with
experiment, indicates that molecular modeling with atomistic
resolution is necessary and shows a real potential for further
RDC predictions toward the determination of the absolute
configuration of chiral molecules. It also fails for quinuclidinol
and borneol, where the agreement of our simulations is poor as
well. Surprisingly, even for camphor PALES does not agree
with experiment, although it lacks an H-bond donor, i.e. there
is no immediate directionality and bonding preference during



alignment. Here, the atomistic interactions with the phenyl
ring of the PBLG side chains play a major role and thus, the
method developed here advances the current state-of-the-art.

Additionally, we demonstrate that RDCs can be sufficiently
described by an average over the orientation of the analyte
molecules we considered; they are rigid enough that their
internal motion can be neglected with the exception of the fast
rotating CH3 groups, for which the pseudo-RDC in the
direction of the bond to the neighboring heavy atom can be
used instead of explicit averaging. The consideration of
multiple analyte molecules in the simulation box demonstrated
slight changes in the RDC values with rather low impact on the
final cosine similarities in comparison to experiment. There
was virtually no difference if one or two PBLG chains are
included in the simulation, indicating a well-designed
theoretical model for the RDCs estimation.

CONCLUSIONS
In this study, we report and investigate the effectiveness of MD
simulations for the calculation of RDCs in analyte molecules
aligned by a PBLG-based mesophase. Our results show that
the prediction of RDCs is indeed feasible and that differences
between enantiomers can be observed. In almost all studied
cases, the sign of the relative size of differences in RDCs
between enantiomers is represented correctly, although
significant differences to individual experimental RDCs do
exist. This might be partially explained by force field
limitations, a possible sample contamination with water or
interactions with the (possibly charged) ends of the PBLG
molecules in experiment. At the same time, we found that the
inclusion of multiple analyte molecules or PBLG chains in the
simulations did not change the RDCs significantly and thus,
the exact setup of the simulation box does not explain the
observed discrepancies. Additionally, an imperfect alignment to
the magnetic field of the PBLG helices should only scale the
RDCs by a constant factor. Also predicting the correct scaling
of the RDCs, which requires taking into account the PBLG
concentration and their average alignment to the magnetic
field, as well as a very accurate representation of the binding of
the analyte molecules to PBLG, is still challenging. It should be
noted that the molecules studied here all possess almost
spherical shape, which makes the accurate prediction of
alignment particularly difficult.

A detailed study of obtained trajectories revealed that the
interactions with PBLG are nearly identical for the pairs of
enantiomers and the difference in alignment is due to the
different orientation during these interaction, not because the
interactions differ. For the molecules with hydrogen bond
donor, the interaction with PBLG is dominated by the
hydrogen bond. This is most clearly demonstrated by
comparing the behavior of borneol and camphor, where
most of the interaction with PBLG takes place much closer for
the former even though they only differ by the functional
group.

Overall, RDCs differ more significantly between enantiomers
for IPC, quinuclidinol and borneol, which possess H-bond
donor groups, due to the different absolute configuration when
forming a hydrogen bond with PBLG. This is in contrast to
camphor, where the lack of hydrogen bonding leads to very
similar RDCs for the enantiomers in both experiment and
simulation.

As such, we have provided new insights for the simulation of
PBLG-based mesophases and that it is possible to calculate the

alignment of different enantiomers using MD simulations in
sufficient detail that the determination of absolute config-
uration seems, in principle, conceivable. However, the
prediction of individual RDCs still has deviations with ample
room for improvement due to the complex dynamics of the
polymer’s side chains and their interactions with the analyte
molecules in a real sample. A very important point seems to be
the accurate representation of H-bonds, for which the force
field representation as electrostatic point charges used here
may not be sufficient and the use of a correction or a
polarizable force field should be investigated. Regarding the
positive trends and possible further improvement of
predictions, we are confident that RDCs together with MD
simulations of differential alignment of enantiomeric pairs will
enable the determination of absolute configuration without
chemical modification of analyte molecules in the future.
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