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Visualizing helical stacking of octahedral metallomesogens with 
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A combination of the grazing-incidence X-ray diffraction and 
molecular dynamics simulation studies lead to the visualization of 
the stacking structure of a helical columnar liquid crystal formed by 
the enantiopure octahedral metallomesogens with  chirality. 
The helical structure was elucidated as a hybrid of two major 
proposed structures.

The introduction of chirality to liquid crystals (LCs) often leads 
to the spontaneous formation of macroscopic chiral 
structures.[1,2] A nematic (N) LC, typically formed by achiral 
rod-shaped (calamitic) molecules, is well known to show a 
phase transition to a chiral nematic (N*) LC with a μm-scale 
helical pitch, upon doping with chiral molecules.[3,4] 
Introduction of chirality to columnar (Col) LCs mainly formed by 
discotic molecules[5,6] can also induce macroscopic chiral 
structures, such as a helical stack of chiral mesogens.[7-9] 
Helical Col LCs have attracted widespread research attention, 
such as polar switching/ferroelectric materials, organic 
semiconductors with densely packed structures, and reaction 
fields for asymmetric reactions.[10,11] In parallel, several 
stacking structures have been proposed for helical Col LCs; 
major proposed structures are shown in Fig. 1 (types I, II, and 
III).[10] Although the rational preparation of each helix type is 
necessary for the further development of helical Col LCs, it is 
currently challenging to even determine the helix type.[12] 
Molecular dynamics (MD) simulation based on detailed 
experimental data has been used as a powerful method to 
reveal the detailed structure of LCs. In fact, MD simulations for 

non-helical Col LCs have been actively performed in recent 
years.[13,14] However, the MD simulations with all-atom 
models have been applied to only helical Col LCs with type I 
structures, to the best of our knowledge.[15-17]

Fig. 1 Representative stacking structures proposed for helical Col LCs. The chiral 
parts, the center of the mass, and the normal vector of mesogens form helical 
structures in types I, II, and III, respectively. In type I, the chiral unit of each 
mesogen gradually rotates on the plane along the stacking direction, whereas, in 
type II, positions of the mesogens translate on the plane to form a helix along the 
stacking direction. Mesogens can be either orthogonal or tilted relative to the 
column axis in types I and II.

A series of octahedral metallomesogens firstly reported by 
Giroud-Godquin and Rassat[18] and later investigated in detail 
by Swager’s group,[19,20] are unique and unconventional 
mesogens in the sense that they have propeller-shaped chirality 
at the molecular core (ΔΛ chirality). The effect of ΔΛ chirality on 
the resultant stacking structures was investigated indirectly; 
introduction of enantiopure alkyl chains at the periphery of the 
octahedral mesogen resulted in the partial intercolumnar 
separation of the diastereomeric mixture.[20] 

Our research group has investigated the chiral octahedral 
metal complexes, including enantiopure Ru-C8 (Fig. 2a), as 
dopants for inducing N* phases, focusing on clarifying the 
relation between the molecular ΔΛ chirality and resultant 
helical structures in N* phases.[21–24] During the course of this 
study, we found that enantiopure Ru-C8 aggregate in a nematic 
liquid crystal medium.[25] Here we report the columnar liquid-
crystalline behaviour of enantiopure Ru-C8 itself. Based on the 
X-ray diffraction (XRD) and molecular dynamics (MD) simulation 
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studies, the helical stacking structure of enantiopure Ru-C8 was 
elucidated as a hybrid of types II and III. The role of the core ΔΛ 
chirality in determining the resultant helical structure deduced 
from the analysis of the simulated structure will be discussed.

The phase behavior of Δ-Ru-C8 was examined by differential 
scanning calorimetry (DSC, Fig. S4), polarized optical 
microscopy (POM, Fig. 2b), and XRD. The mesophase observed 
in the Δ-Ru-C8 was identified as a hexagonal columnar (Colh) 
phase. When Δ- or Λ-Ru-C8 were cooled from the isotropic state 
to room temperature, it showed little indication of 
crystallization in the POM observation. Their slow crystallization 
was confirmed by time-course change of POM textures and XRD 
patterns (Fig. S5 and S6). The details of the slow crystallization 
behavior are described in the Supporting Information.

Fig. 2 a) Molecular structure and the phase behavior of Δ isomer of Ru-C8. b) 
Polarized optical micrographs of textures displayed by Δ-Ru-C8 in a Colh phase at 
40 °C (after annealing).

The XRD analysis of Δ-Ru-C8 with a 1D detector reveals 
several diffraction peaks attributed to a Colh phase with a lattice 
parameter of a = 3.3 nm (Fig. 3a), in addition to a broad 
diffraction corresponding to the alkyl halo and a peak at d = 0.38 
nm (indicated by a red arrow in Fig. 3a), which is attributed to 
the repeat distance between adjacent mesogens, such as π-π 
stacking inside the columns. In contrast, a broad diffraction was 
observed around 2θ =3~4°. To confirm the origin of this 
diffraction and obtain the detailed structural information, GI-
XRD analysis was conducted for the thin films of Δ- and Λ-Ru-
C8, prepared by spin-coating their chloroform solutions on glass 
plates.

The GI-XRD image of the Δ-Ru-C8 taken at 37 °C shows spot-
like reflections in the out-of-plane region (Fig. 3b). Since no 
surface treatment was performed for the glass plate, columns 
with planar and homeotropic alignments most likely co-existed 
on the glass plate. Indexing of the most spots was possible by 
considering a reciprocal lattice of the Colh phase with a planar 
alignment (green columns in the inset of Fig. 3b).[26,27] The 
lattice parameter of the Colh phase is deduced to be a = 3.2 nm, 
almost identical with that obtained from the 1D XRD analysis. In 
contrast, several reflections that are not on the grid points of 
the reciprocal lattice still remain: weak broad reflections 
highlighted by the orange dotted arrows in Fig. 3b. The broad 
reflections periodically appear along the out-of-plane direction 
(L = 1, 2, 3… in Fig. 3b). Similar periodic reflections (layer- lines) 
were observed for helical Col LCs as the first- and higher-order 
reflections based on the intracolumnar helix.[28–31] The GI-
XRD measurement of helical columns with a homeotropic 
alignment affords periodic broad reflections along the out-of-

plane direction (orange columns in the inset of Fig. 3b). Based 
on the layer-lines, a helical pitch (p) is deduced to be 5.2 nm. 
Given the helical pitch (p = 5.2 nm) and the periodic distance 
between adjacent mesogens (d = 0.38 nm), a single pitch is 
deduced to comprise approx. 14 molecules. The simulated 
diffraction pattern based on these parameters matches fairly 
well with the experimental reflections (Fig. S7). The similar 
diffraction pattern is also observed in the other enantiomer, Λ-
Ru-C8 (Fig. S8).

Fig. 3 a) The XRD patterns of Δ-Ru-C8 obtained after annealing at 30 °C. Inset 
shows the VT-XRD patterns of Δ-Ru-C8 in the wide angle region. The red arrow 
corresponds to the peak of d = 0.38 nm. b) GI-XRD image of Δ-Ru-C8 obtained at 
37 °C. The reciprocal lattice of the Colh phase with a planar alignment is overlaid. 
The periodic pattern attributed to the intracolumnar helix of the homeotropically 
aligned columns is highlighted by dotted orange arrows. Schematic 
representations of columns with homeotropic and planar alignments are shown 
as insets in orange and green colors, respectively.

To clarify the helical structure in enantiomeric Ru-C8, we 
then performed all-atom molecular dynamics (MD) simulations 
for Δ-Ru-C8 based on the experimentally obtained structural 
information (approx. 14 molecules form a helical pitch of 5.2 
nm) under the periodic boundary condition. As the initial 
structure, 16 columns with 2-fold helical pitches were 
positioned in the hexagonal lattice cell with dimensions of 12.95 
nm × 12.95 nm × 10.60 nm. All the MD simulations were carried 
out using the program GROMACS 2016.6. The simulation details 
are provided in the Supporting Information. In the initial 
structure, Δ-Ru-C8 molecules were placed in a type I manner 
with the neighboring molecules rotated ca. 25° to each other, 
because the configurations without rotation resulted in overlap 
of the ligands and formation of undesirable void spaces 
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between the columns. When 14 molecules were initially placed 
without tilt to form an M helical pitch, the calculations either 
did not reach the equilibrium state or resulted in structures 
without 2D periodicity. We then examined the initial 
configurations, in which 14 molecules were placed with the C3 
axis of each mesogen tilted approximately 5° from the column 
axis to form an M helical pitch. After the equilibration run at 310 
K for 200 ns, two-dimensional hexagonal packing of Δ-Ru-C8 
molecules was confirmed (Fig. 4a,b and S9-S14). The helical 
stacking in a single column is shown in Fig. 4c, in which the 
neighboring atoms of ruthenium (Ru core) and other atoms are 
represented by spheres and stick models, respectively. The C3 
axes of each molecule in a single column are shown in Fig. 4e. 
The position and direction of each mesogen gradually rotate 
around the column axis, confirming the presence of a helical 
structure that is a hybrid of types II and III (Fig.  4f and S15). The 
average lattice parameter of the hexagonal lattice obtained 
from the MD simulation was a = 3.04 ± 0.03 nm, consistent with 
the experimentally obtained value (a = 3.2 nm by GI-XRD). The 
equilibrium structure with M helix is hereafter denoted as M-Δ-
Ru-C8 (Fig.  4a and S16a).

Fig. 4 a) Top view of M-Δ-Ru-C8 after 200 ns of MD simulation. The Ru core and 
peripheral groups in each mesogen molecule are represented by spheres and 
sticks, respectively. b) Average positions of Ru atoms in each column. c) Side view 
of a single column in M-Δ-Ru-C8. d) Side view of a single column in P-Δ-Ru-C8. e) 
C3 axes of each mesogen in (c) is displayed. f) Schematic of a single-column 
structure in M-Δ-Ru-C8, corresponding to a hybrid of types II and III.

For comparison, we also examined the initial condition, 
under which 14 tilted Δ isomers were set to form an opposite P 
helix. After the equilibrated run at 310 K for 200 ns, deformed P 
helices were obtained (P-Δ-Ru-C8, Fig. S16b). We then 
examined another initial condition, under which 14 tilted Λ-
isomers were set to form a P helix (P-Λ-Ru-C8, Fig.  4d, S16c, and 
S17). The resultant helical structure was almost antipodal to 
that of M-Δ-Ru-C8, indicating that Δ and Λ isomers favor to form 
M and P helices, respectively.

In M-Δ-Ru-C8, Ru-C8 molecules with roughly Y-shaped 
molecular structures stack along the column axis, directing one 
ligand to the inner space of the helix, and spreading the other 
two ligands to the exterior of the helix. Three phenylene rings 

in each Δ-Ru-C8 molecule are only shown in Fig. 5a–c; they were 
positioned at the interior of the helix formed by the Ru core, 
close to the helix framework, and outside the helix. Intermittent 
π-stacking was observed between the phenylene rings 
positioned in the interior of the helix (Fig. 5a and S18a), 
consistent with the XRD study (observation of the peak, d = 0.38 
nm). In contrast, no π-stacking was observed between the other 
two phenylene rings (Fig.  5b,c). Similar stacking behavior is also 
observed in P-Δ-Ru-C8 (Fig. S19). When each Ru-C8 molecule is 
viewed along the C3 axis (at the center of the Y-shape), the three 
methyl groups protrude along the C3 axis (Fig. S20a), disturbing 
the efficient packing. To avoid steric repulsion, the Y-shaped 
molecules need to be slipped and twisted with each other, with 
keeping the π-stacking (Fig. S18b,c); the twisting direction (M or 
P) reflects the chiral structure of each mesogen as shown in Fig. 
S16. The hybrid helical structure of types II and III is rational in 
terms of π-stacking interaction and steric repulsion between 
chiral cores.  

Fig. 5 Three phenylene groups in Δ-Ru-C8 molecules are shown for M-Δ-Ru-C8: (a) 
those positioned at the interior of the helix, (b) those positioned near the Ru core, 
and (c) those positioned outside the helix.

In addition to the molecular structure, we further consider 
the effect of dipolar interaction in the helix formation.[32,33]  
The core structure of Ru-C8, [Ru(acacC2Ph)3], was deduced to 
have a dipole moment of ca. 0.92 Debye along the C2 axis based 
on the DFT calculation (Fig. S20a). Although [Ru(acacC2Ph)3] 
ideally has D3 symmetry, it is slightly distorted and the 
paramagnetic spin is distributed to some extent over one of the 
three ligands.[34] Hence, [Ru(acacC2Ph)3] has a dipole moment 
along the C2 axis. To examine the effect of dipolar interactions 
in M-Δ-Ru-C8, the dipole moments were then calculated for 
each Ru-C8 molecule in a single column using the molecular 
coordinates obtained by MD simulations (Fig.  S20b,c and S21). 
The variable magnitudes of dipole moments are attributed to 
the fluctuation of the terminal alkyl chains. The distribution of 
dipole moments in a single column viewed along the side and 
top of the column highlights the balanced distribution of dipole 
moments in the xz and xy planes (Fig.  S20c and S21), cancelling 
of the dipoles as a helical pitch.The analysis of MD simulation 
results indicates that the interplay of steric repulsion, π-π 
interaction, and dipolar interaction is a driving force for 
enantiopure Ru-C8 to form the helical structure. 

In this paper, we mainly discussed the intermolecular 
interactions inside a column, which led to a helical assembly of 
octahedral metallomesogens; molecules stack with both the 
molecular position and C3 axis rotating along the column axis. In 
contrast, each resulting helical column, a hybrid of types II and 
III, is not a simple cylinder. Hence, helical columns need to 
assemble collectively, to minimize the total energy of the 
system. The importance of efficient molecular packing has been 
already recognized for the cases of so-called star-shaped 
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mesogens with three arms.[35–37] Because star-shaped 
molecules have “free space” between the arms, their assembly 
structures are stabilized by filling the space with neighboring 
molecules or guests.[38] In our case, neighboring columns have 
similar helical manners to fill “free space” (Movie S1). The 
helical structure information appears to be transferred 
between neighboring columns, leading to the stabilization of 
the whole helical columnar assemblies as a hexagonal columnar 
phase. 

In conclusion, the helical Col LC system was established 
using enantiopure octahedral metallomesogens with ΔΛ 
chirality at the molecular core (Δ- or Λ-Ru-C8). A combination of 
GI-XRD and MD simulation studies lead to the visualization of 
the helical stacking structure as a hybrid of two major proposed 
structures, types II and III. Both types II and III structures have 
been proposed as basic structures for helical Col LCs, whereas 
the all-atom MD simulation for the hybrid structure is first 
reported in this article, to the best of our knowledge. We 
believe that the revealed correlation between the core chiral 
mesogen and the helical stacking structure will lead to the 
rational development of helical Col LCs, including the control of 
a stacking type.
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