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Size Dependence of Nanoscale Confinement on Chiral Transformation
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Abstract: Molecular dynamic simula-
tions of the chiral transition of a di-
fluorobenzo[c]phenanthrene molecule
(CigHy,F,, D molecule) in single-walled
boron-nitride nanotubes (SWBNNTs)
revealed remarkable effects of the
nanoscale confinement. The critical
temperature, above which the chiral
transition occurs, increases considera-
bly with the nanotube diameter, and

es almost exponentially with respect to
the reciprocal of temperature. The
chiral transitions correlate closely with
the orientational transformations of the
D molecule. Furthermore, the interac-
tion energy barriers between the D
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molecule and the nanotube for differ-
ent orientational states can character-
ize the chiral transition. This implies
that the temperature threshold of a
chiral transition can be controlled by a
suitable nanotube. These findings pro-
vide new insights to the effect of nano-
scale confinement on molecular
chirality.

the chiral transition frequency decreas-

Introduction

Many of the basic building materials of organisms, such as
saccharides and amino acids, are chiral in nature."? The
effect of chirality is very important in molecules used in
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pharmaceutical products, because the interaction of two
chiral molecules strongly depends on their chiralities. There
are three different types of chiralities, that is, point, axial,
and helical chiralities. The P- and M-form enantiomers of
the difluorobenzo[c]phenanthrene molecule (C,sH,F,, D
molecule) studied in this work belong to the helical chirality.
It has long been recognized that some molecules that are
chirally stable in bulk systems may display conformational
transitions in the human body. For example, in the 1960s,
the enantiomeric structure from the chiral transition of tha-
lidomide molecules caused serious damage to fetal growth,
known as the “thalidomide tragedy”.”¥ Later, it was found
that a chiral transition of thalidomide molecules occurred in
human body."! Hence, good conformational stability is an
important requirement for chiral molecules used in pharma-
ceutical products.’! Recently, the conformational transitions
of some chiral molecules have been observed experimentally
through encapsulation in synthetic cavities.*®! In bulk sys-
tems, great effort has been invested in this subject for the
resolution of chiral molecules.” ' The differences in the
structure and the spectrum of molecules with different chir-
alities have been recognized.3? These reports seem to in-
dicate that the confined environment has an active effect on
chiral transitions. It is well-known that there are various
nanoscale confinement environments in the human body.
An understanding of the mechanism of chiral transition is
not only useful in the production of chiral pharmaceutical
products, but is also helpful in understanding the intricate
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differences between bulk systems and confined environment
in different research fields.

Confinement of molecules inside nanoscale pores has
become an important method of fabricating new structures
and exploiting dynamics that do not occur in bulk systems,
such as enhanced catalysis,™™! and improved stability of
the native structure of proteins,*** new mechanisms of
protein and polymer dynamics,*** excellent on-off gating,
and the ability to control the pumping action of permeation
behavior.***! However, the effect of confinement on the
conformational transitions is still far from understood.

In this work, we present an approach towards understand-
ing conformational transition by using molecular dynamic
(MD) simulations. A series of single-walled boron-nitride
nanotubes (SWBNNTs)#! and a difluorobenzo[c]phenan-
threne molecule (C;sH,F,, D molecule) are used to illus-
trate the concept. The D molecule has been observed to
show the helical chirality transition by using infrared laser
pulses.® The energy barrier for the chirality transition in
bulk was estimated to be only 6.7-8.0 kcalmol ', which in-
dicates that it might be possible to observe this chiral transi-
tion in classical MD simulations, particularly with the help
of SWBNNT confinements (as shown below the barrier is
reduced significantly inside the SWBNNTs). This type of
helical chirality transition has also been observed with MD
simulations recently for another molecule, 1,2-(1,1-binaph-
thalene-2,2'-diyldisulfonyl)ethylene, inside a twisted chiral
carbon nanotube.® Through an aggregate of ~1ps MD
simulations, we observe that the critical temperature, above
which the chiral transition occurs, increases with the diame-
ter of the nanotube and the chiral transition frequency de-
creases almost exponentially with respect to the reciprocal
of temperature. The transitions of the D molecule in these
nanotubes are mainly controlled by the interaction poten-
tial-energy barriers between different conformations of the
D molecule that are either parallel or perpendicular to the
nanotube axis. These findings are helpful in understanding
the transition of chiral molecules and other correlated physi-
cal, chemical, and biological processes, which is of particular
importance in avoiding chiral transitions related to the
safety of some chiral drugs.

Computational Methods

The all-atom-optimized potential for liquid simulations (OPLS-AA)
force field was used in our molecular dynamics simulations. The charge
population of SWBNNT was calculated using the semi-empirical AM1
method® with the Gaussian 03 package.'*”) The size of the unit-cell box
for all of the systems consisting of a D molecule and a SWBNNT was
constructed by the same approach: every directional edge of the
SWBNNT was extended to 12 A. The duration of every simulation was
60 ns, and only the data from the last 50 ns were collected for analysis.
The time step used in molecular dynamics simulations was 1 fs, and the
data were collected every 0.5 ps. We used position restraint to keep the
geometric structure of the SWBNNTSs, because our purpose was to study
the dynamic behavior of D molecules inside SWBNNTSs. All of the dy-
namic processes were simulated using the Gromacs 3.3.1 program.F”

Chem. Eur. J. 2010, 16, 6482 —6487

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

The stable geometries of P and M chiral enantiomers of D molecules
were situated in one of the symmetric double potential wells."®! The
chiral character of different enantiomers can be characterized by dihedral
angle of four atoms (a-b-c-d) shown in Figure 1 (top). When the dihedral
angle is averaged over a certain time period (here, we use 0.1 ns), the
value of the chiral character is positive if the form belongs to a P enan-
tiomer and negative if it is an M enantiomer.

Figure 1. Top: P- and M-form enantiomers of a D molecule. The letters
a, b, ¢, and d denote the corresponding atoms of two enantiomers, which
are used to identify the chiral geometry of the different enantiomers.
These atoms marked by e, f and g are used to determine a plane of the D
molecule. Bottom: the D molecule inside a (15,6) SWBNNT.

We used the (13,4), (14,5), (15,6), (16,7), and (17,8) SWBNNTs with di-
ameters ranging from 12.0 to 17.3 A. The lengths of these SWBNNTs are
about 40 A. From the semi-empirical quantum mechanics AM1 method,
the boron atoms carry charges of about 0.30 e and nitrogen atoms carry
charges of —0.30 e. Our current simulations showed that the conclusions
are insensitive to the exact values of these charges and numerical results
do not change much when boron atom charges are within 0.05 e (fluctua-
tion) from 0.30 e. For simplicity, and without loss of generality, in our
simulations a charge of 0.30 e was attached to each boron atom and a
charge of —0.30 e was attached to each nitrogen atom. Our classical mo-
lecular dynamic simulations were performed on the system of chiral
enantiomers inside the SWBNNTs at different temperatures (see
Figure 1, bottom).

Results and Discussion

Figure 2a and b show the chiral character of P- and M-form
enantiomers inside a (15, 6) SWBNNT at 420 K. It is clear
that in all of the 50 ns simulations, the averaged values of
the dihedral angle (for each 0.1 ns) for each nanosecond in-
terval keep their original signs, indicating that both the P-
and M-form enantiomers are stable below 420 K. The transi-
tion between the structures of chiral enantiomers is ob-
served at 440 K and above as shown in Figure 2c and d. A
typical structural trajectory of the D molecule showing the
helical chirality transition at 440 K is displayed in Figure 3.
Similar observations are also made in the other SWBNNTSs
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Figure 2. Dihedral angle of the D molecule as a function of time (gray
curve) in a (15, 6) SWBNNT at different temperatures. a) An initial P
form at 420 K. b) An initial M form at 420 K. ¢) An initial P form at
440 K showing chiral transitions. d) An initial P form at 460 K showing
chiral transitions. The value is positive for P- and negative for M-form
enantiomers. The averaged values for each 0.1 ns are indicated with the
black curves.

in which the transition occurs at different temperature
thresholds. We have computed the critical temperature 7.
for the transitions of enantiomers inside different

SWBNNTSs. In our study, the critical temperature (or tem-
perature threshold) 7. is defined as the temperature at
which the enantiomers of D molecules can transform within
30 ns, while the enantiomer is kept intact at 7. —20 K for
30 ns for a large number of trajectories starting from differ-
ent initial configurations. By this definition, the error bars of
T¢ are approximately 20 K.

The result in Figure 4 (top) shows that T increases
monotonically as the diameter of the SWBNNT increases.
We also calculated the chiral transition frequencies for dif-
ferent temperatures in (15,6), (14,5), and (13,4) SWBNNTs,
and the results are shown in Figure 4 (bottom). It is interest-
ing to find that they can be fitted with the Arrhenius activa-
tion energy function (i.e., f=fyexp(—E,/kgT)) very well, in
which fis the chiral transition frequency, E, is the activation
energy, and kg is the Boltzmann constant. Here f,=937, 139,
276 ns™' and E,=36, 18, 17 kJmol™! for (15,6), (14,5), and
(13,4) SWBNNTs, respectively.

Now we focus on how enantiomer transitions occur in our
nanotubes and the mechanism behind those numerical ob-
servations. The D molecule consists of four six-membered
rings, and has a close to a planar structure. At low tempera-
tures, the D molecule usually clings to the inside surface of
the SWBNNT, that is, its surface parallel to the SWBNNT
axis, as shown in Figure 5a.

Figure 3. A structural trajectory of the D molecule showing the transition from the P to the M form as described in Figure 2c. a) t=17.4515 ns. b) t=
17.504 ns. ¢) t=17.5565 ns. d) t=17.609 ns. e) t=17.6615 ns.
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Figure 4. Top: Critical transition temperature 7 (star representation, cor-
responding to the left axis) and the corresponding interaction energy bar-
rier AE between the SWBNNT and the D molecules in the chiral transi-
tion process (dashed line, corresponding to the right axis). Bottom: The
dependence of the chiral transition frequency (f) on temperature (7).
The solid lines are the fits for the exponential functions f=fiexp(—E,/
kgT) for different SWBNNTS; see text for values of f;, and E,.

We found that, in each successful transition, the D mole-
cule first changes its orientation so that the angle between
the D molecule and the axes of the SWBNNTSs increases
considerably; it even reaches 90° in a nanotube with a large
diameter, such as a (15,6) SWBNNT, as shown in the exam-
ple in Figure 5b. This is quite different from the chiral tran-
sition in bulk systems. Here the angle between the D mole-
cule and the axis of SWBNNTs is defined as the angle be-
tween the plane determined by atoms e, f, and g (see
Figure 1 top for labeling system) of the D molecule and the
axis of SWBNNTSs. When the D molecule clings to the nano-
tube again (see Figure S5c), its chirality may be changed. We
computed the interaction potential energy between the
SWBNNT and the D molecule, which includes both the van
der Waals interactions and the Coulomb interactions. The
interaction energy for a transition inside a (15,6) SWBNNT
is shown in Figure 5d. It is clear that the interaction energy
for a D molecule that clings to the inside surface is lower
(at about 30 kJmol™") than the energy for a D molecule that

N
o
T
L

E (kJ mol~)
S

Oy l L T —— i
Figure 5. Typical configurations of the D molecule transformed from one -10 |
chiral form to another inside a (15, 6) SWBNNT (a—d) together with the 20| |

interaction potential E for a transition. a)—c) represent typical geometries
in time periods ¢, t,, and t;, respectively. These typical geometries are in-
dicated by ¢, t,, and #; in d). All energies are relative to the average
value of time periods ¢, and ;.

. . . . L L .
450 500 550 600 650 700 750
Time (ps)

Chem. Eur. J. 2010, 16, 6482 —6487 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 6485


www.chemeurj.org

CHEMISTRY

R. Q. Zhang, H. P. Fang et al.

A EUROPEAN JOURNAL

is almost perpendicular to the nanotube axis. Careful exami-
nation shows that the difference in the interaction potential
energy is almost completely due to the van der Waals inter-
actions between the SWBNNT and the D molecule; the
Coulomb interactions between the SWBNNT and the D
molecule are very small (in the order of 0.1 kJmol ™).

To further characterize the difference of the chiral transi-
tion in confined environments and bulk systems, we have
computed the free energy of the chiral transition of the D
molecule at the room temperature (300 K). The results for
the (13,4) and (14,5) SWBNNTs are shown in Figure 6. The
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Figure 6. Free energy of the D molecule when changing from one chiral
form to another inside the (13,4) and (14,5) SWBNNTs and in the bulk
system (isolated D molecule). The minimum point of the free energy is
chosen as the reference zero point for each curve.

free energy of the chiral transition of the D molecule in an
SWBNNT is defined as F=—kgTIn(S,), in which S, is the
probability of the appearance of the dihedral angle (a-b-c-d)
a. For the calculation of the free energy of the D molecule
in the bulk system, umbrella sampling®®!! with a weighted
histogram analysis method (WHAM)P? was employed. The
dihedral angles (a-b-c-d) were restrained to values a=
—48+nx8 (n=0, 1, 2 ...12), and the force constant of re-
straint is 400 kJ mol~'rad ™2 The result indicates that the bar-
rier height of the free energy for the chiral transition inside
the SWBNNTs is considerably lower (e.g., about 5 kJmol™
lower inside the (13, 4) SWBNNT) than that of the bulk
system.

We also calculated the interaction potential energy barrier
AE for the chiral transitions in different SWBNNTSs. The re-
sults are co-plotted in Figure 4 (top, dashed line, right-hand
axis). The interaction energy barrier is defined as the aver-
aged value of the interaction potential energy in the ¢,
period, minus the average value in the ¢, and #; periods, as
shown in Figure 5d. In our computation, the start and end
points of the ¢, period are defined from the geometric trajec-
tories of the D molecule. The starting point, denoted by ¢,
is defined as the point at which the angle between the D
molecule and the axes of the SWBNNT 6, averaged over
2 ps, is less than 45° before fcy,, and larger than 45° after
tc1p- Similarly, before the end point of period t,, denoted by
tc23, the averaged value of 6 for the first 2 ps is not less than
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45°, and the averaged value of 6 after t.,; is less than 45°.
These definitions were based on the fact that the change of
angle 0 from about 0° to above 45° around #.;, (or from
above 45° to 0° around ?,;) always occurred within 2 ps in
our simulations. For each SWBNNT, we obtained five chiral
transitions from numerical simulations. Each point of the
potential barrier AE shown in Figure 4 (top) is the average
value of those five transitions. In addition, we computed the
error bars, which are about 2 kImol™', and found them to be
much smaller than the potential barriers. The interaction po-
tential-energy barrier gradually increases with the diameter
of the SWBNNTs. Remarkably, the behavior of the increase
of the potential barrier AE with respect to the diameter of
the nanotube is quite similar to the behaviour of the thresh-
old temperature T¢. Thus, it seems that the transition tem-
perature T for the D molecule is mainly determined by the
transition barrier from a conformation parallel to the nano-
tube axis to a conformation perpendicular to the nanotube
axis. Therefore, we can control transition temperature by
using SWBNNTs with different diameters.

Since the chiral transitions correlate closely with orienta-
tional transformations, which are characterized by the
energy barrier of the interactions between the D molecule
and the nanotube for different orientational states, we
expect that as the temperature increases, which enhances
the thermal fluctuations, the chiral transition happens more
frequently. This further demonstrates that the chiral transi-
tions may be governed by the potential barriers of the orien-
tational transformations.

Conclusion

In summary, nanoscale confinement has an active effect on
chiral transition. It is shown that the transition usually
occurs under orientation transformation of the molecules
from a state parallel to the nanotube axis to a state almost
perpendicular to the nanotube axis. Furthermore, the inter-
actions between the chiral molecule and the nanochannel
(mainly the van der Waals interactions) can characterize the
chiral transition between these two conformation states.
This observation implies that the threshold of the chiral
transition temperature can be controlled by using suitable
nanotubes.
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