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Diastereomeric liquid crystal domains at
the mesoscale
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In many technologies used to achieve separation of enantiomers, chiral selectors are

designed to display differential affinity for the two enantiomers of a chiral compound. Such

complexes are diastereomeric, differing in structure and free energy for the two enantiomers

and enabling chiral discrimination. Here we present evidence for strong diastereomeric

interaction effects at the mesoscale, manifested in chiral liquid crystal guest materials

confined in a chiral, nanoporous network of semi-crystalline helical nanofilaments. The

nanoporous host is itself an assembly of achiral, bent-core liquid crystal molecules that

phase-separate into a conglomerate of 100 micron-scale, helical nanofilament domains that

differ in structure only in the handedness of their homogeneous chirality. With the inclusion

of a homochiral guest liquid crystal, these enantiomeric domains become diastereomeric,

exhibiting unexpected and markedly different mesoscale structures and orientation

transitions producing optical effects in which chirality has a dominant role.
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S
ince the first demonstration of the handedness of tartaric
acid molecules by Pasteur1, resolution of enantiomers and
dissymmetric induction in synthesis have been important

from the perspectives of both science and technology2–5. In recent
years, much effort has been expended on researching methods of
fabricating nanoscale chiral surfaces, in many cases with the goal
of improving enantioselectivity in asymmetric induction6,
high-performance liquid chromatography7,8 and high-sensitivity
chirality detection9,10. Fabrication techniques include cleaving
metal surfaces along low-symmetry planes11, adsorption of
chiral molecules onto metal surfaces12–14, electrodeposition15,
molecular imprinting16–18, glancing-angle deposition19 and
employment of metal-organic frameworks20. Liquid crystal (LC)
systems have recently emerged as a promising class of materials
exhibiting chiral interface effects, since they readily self-assemble
into complex chiral structures in response to little more than
appropriate sequences of changing temperature21. Liquid crystals
exhibit a wide variety of chiral structures and responses, in both
synthetically chiral systems and those where there is spontaneous
reflection symmetry breaking, at lengths ranging from the
molecular (in chiral bent-core phases, for example) to the
macroscopic (as in the induction of chirality by micron-scale
twist of the nematic director in a twisted cell geometry).

During the last decade, spontaneous reflection symmetry
breaking has been reported in several fluid LC phases of achiral
bent-core molecules, with macroscopic, chiral conglomerate
domains and a wide variety of novel structural phenomena
involving the interplay of chiral, polar and liquid crystalline order
observed in smectic phases of tilted molecules22–29. Among the
novel phases exhibited by bent-core mesogens, the helical
nanofilament (HNF) phase is one of the most fascinating and
potentially useful. In this phase, also known as the B4, the bent-
core molecules form well-defined smectic layers with in-plane
hexatic order, and the combination of macroscopic polarization
and molecular tilt makes the layers chiral (Fig. 1a). The layers are
intrinsically unstable with respect to local saddle-splay distortion,
a result of the internal stretch of the top and bottom halves of
each smectic layer in nearly orthogonal directions (Fig. 1b),
leading to the spontaneous formation of left- and right-handed
helical nanofilaments (Fig. 1c)30,31. The preferred local radius of
the saddle-splay (RB25–30 nm)30 is such that only saddle-
splayed layers grow in upon cooling, so each filament becomes a
chiral, twisted bundle of a few (B8) smectic layers that is
arbitrarily long (limited by the size of the cell, for example) but of
finite diameter (DB30 nm). Helical nanofilaments are unique
among mesogenic structures with respect to their stability,
reproducibility, and controllability. The HNF phase is one of
the rare liquid crystal phases that preserves its nanoscale LC
structure in a room temperature semi-crystalline state32. The
nanofilaments can be aligned with self-assembled monolayers33,
shearing34, topographic confinement35 and controlled growth in
a unidirectional director field36. Potential applications of HNFs
utilize electric-field controlled optical activity in nano-segregated
5CB/HNF mixtures37, the enhanced optical activity of achiral,
rod-like molecules nanosegregated in the HNF structure38 or the
self-assembled hydrophobic surfaces formed by toric focal conics
and HNFs39. HNF networks can even form organogels that
absorb large amounts of solvent at concentrations as low as 2wt%
(refs 40,41).

In binary mixtures of an HNF-forming bent-core host with
many different mesogenic guest compounds, there is strong phase
separation, with nanofilaments forming a nanoporous network
and the guest material expelled from the HNFs to occupy the
interstitial volumes between them42,43. In mixtures, the HNFs
appear via a first-order phase transition, nucleating randomly at
very dilute sites in a typical LC cell44. The initial nucleation event
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Figure 1 | Diastereomeric domains of a chiral guest mesogen infiltrated

into left- and right-handed helical nanofilament networks of bent-core

liquid crystal. (a–c) Hierarchical self-assembly of achiral bent-core

mesogens into helical nanofilaments (diameter, DB30nm). (d–f) A typical

HNF sample is a conglomerate of independently nucleated left- and

right-handed domains many hundreds of microns across, each of which is a

network of homochiral helical nanofilament bundles that acts as a

mesoscale porous chiral host. (e) Owing to their chirality, the surface

patterning on nanofilaments that locally face each other within a domain

have different orientations, which causes the director field of an achiral

nematic liquid crystal in the pores to twist along a line between these

boundary orientations. When the guest nematic is chiral, however, it has

spontaneous bulk twist with a well-defined handedness. Since the boundary

conditions presented by the parallel nanofilaments in each of the chiral HNF

domains are mirror images, the average director orientation of a chiral

nematic relative to the long axis of the nanofilaments is different

(diastereomeric) in the two domains, and they display macroscopically

distinct optical properties. (f) Typical cell texture in a mixture of NOBOW

with a chiral guest material (in this case, 50% 7O.5* by weight). The helical

nanofilaments phase-separate from the isotropic melt at B140 �C,
nucleating at random sites in the cell surface and growing radially outwards

to form homochiral, spherulitic domains with a local nematic-like texture of

filaments (Supplementary Fig. 8). On average, we observe equal areas of

left- and right-handed HNF domains in the cell. Scale bar, 100mm.

Unless otherwise specified, all cells used here were 3.2 mm thick.

Schematic (a–c) is adapted from ref. 30.
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determines the handedness of the HNFs, which grow radially
outwards from the nucleation site to form a spherulitic domain
(Fig. 1f) that is completely homochiral, that is, every HNF grown
in a given domain has the same handedness45,46. In each chiral
domain, the guest material is nanoconfined to the pores of the
HNF network, which has a large surface-area-to-volume ratio
(B100m2 cm� 3, comparable to aerogel)40,41. This geometry
suggests that HNF networks might be useful in chiral separations
or catalysis47, if the appropriate chemical distinctions can be
exhibited by the HNF surface. In a typical preparation, there is a
patchwork of left- and right-handed HNFs with roughly equal
areas, distinguished generally by their optical rotation (OR) or
birefringence colour, as in Fig. 1f.

In a variety of applications, it would be desirable to engineer
HNF networks that have the same chirality everywhere. Induction
of globally homochiral, bent-core LC domains has been
demonstrated by several methods, including controlled growth
in a twisted director field48, using biomolecular adsorbates49 and
by mixing chiral dopants into the fluid B2 phase50. Homochiral
samples can also be achieved by using structurally chiral
bent-core mesogens51,52. To this end, we investigated in our
experiments the properties of left- and right-HNF domains in
binary mixtures of the prototypical achiral, HNF-forming bent-
core mesogen NOBOW53 mixed with a variety of chiral dopants.
We found, with few exceptions, that the chosen chiral dopants,
which include calamitic mesogens and cholesterol derivatives,
had no observable effect on the proportion of left- and right-
handed domains nucleated in the cell. These mixtures did,
however, present an exciting new family of diastereomeric
systems to explore, in which nanoporous networks with
identical structure but opposite handedness host a chiral LC
guest. The failure of the guests to cause chiral induction is likely a
consequence of both the high temperature at which the HNFs
form in the melt, with the transition into the HNF phase
occurring when the guests are isotropic, and of the extremely low
solubility of the guests in the HNFs, making the guest–HNF
interaction weak at high temperature. As the temperature is
reduced, however, the chiral guest acquires local and then
macroscopic orientational and positional liquid crystal order
within the confines of the left- or right-handed domains of the
HNF network54,55. This guest–host coupling then becomes
significantly enhanced, with the guest increasingly influenced by
the difference between the diastereomeric domains as manifested
in distinctive thermo-optical orientation effects.

Results
Nanoconfinement of guest molecules in NOBOWHNF networks.
Binary mixtures of NOBOW with a variety of guest materials
(chiral, racemic and achiral) were prepared and studied. The
chemical structures and phase sequences of neat NOBOW and
the principally studied guest materials 8S5 (ref. 56) and 7O.5*
(ref. 57) are shown in Fig. 2, with the rest of the guests studied
shown in Supplementary Figs 1–5 and Supplementary Table 1.
The notation ‘*’ indicates that a molecule and its phases (Iso*, N*,
Sm* and so on) are chemically, and therefore structurally, chiral.
The 8S5 and 70.5* mixtures with NOBOW, prepared with the
guest material concentration, c, in the range 30wt%oco50wt%,
show similar global phase behaviour, indicated schematically in
Supplementary Fig. 6 and described as follows. Above the HNF
melting temperature, where the guests and NOBOW are isotropic
as neat materials, the mixtures form a single, homogeneous iso-
tropic (Iso) phase. On cooling, the NOBOW HNF phase appears
first and strongly phase-separates from the isotropic solution.
The HNF phase nucleates as internally homochiral, spherulitic
domains from point nucleation sites that break achiral symmetry

with a random distribution of handedness and grows upon
cooling with smooth circular boundaries that advance until
neighbouring domains meet (Fig. 1f). The HNFs are typically
diluted by guest material and have a helical structure very similar
to that of neat NOBOW, as confirmed by freeze-fracture
transmission electron microscopy (FFTEM) observations
(Supplementary Fig. 7). Prior X-ray diffraction study42 indicates
the NOBOW/guest phase separation is nearly complete, with
guest expelled from the interior and NOBOW similarly insoluble
in the guest. FFTEM also shows that the HNFs are completely of
a single handedness within each spherulitic domain. The
principal optical characterization methods are measurement of
optical rotation and birefringence, the former due to the HNF
and/or guest chirality, and the latter driven by the local nematic-
like orientational ordering of the HNFs in the host network,
which is uniaxial about the mean HNF (z) axis, generating an
average uniaxial birefringence Dn of the HNF/guest system
(Supplementary Fig. 8). This overall uniaxial symmetry will thus
produce orientation distributions of the guest director f(y) that
are azimuthally symmetric about z (Supplementary Fig. 9), with
DnphP2(cosy)i�Q(y), where y is the polar orientation of a local
dielectric tensor principal axis, e.g., the guest nematic director
n(r), relative to z. The twist sense of the helical nanofilaments in
the domains can be determined by combining OR measurements
with FFTEM techniques (as explained in Supplementary
Discussion 1) which show that, in the high temperature regime
where the guests are isotropic, domains of right-handed (left-
handed) HNFs rotate the polarization of visible light clockwise
(counter-clockwise). In Figs 3–5, and Supplementary Figs 10, 11,
12 and 16, the notations (Iso), (N), (Sm) and so on indicate the
phase of the (bulk) guest in the larger pores of the HNF network
host. The phase transition temperatures of the guests in the HNF
network are somewhat shifted (by oB10 �C) relative to their
neat bulk values due to chemical instability of, and impurities in,
the NOBOW host.

Even though the HNFs have local uniaxial ordering with
preferred orientation along the radial growth direction
(Supplementary Fig. 8), and the NOBOW molecules are strongly
optically anisotropic, the spherulitic domains of radial HNFs have
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Figure 2 | Chemical structures and phase sequences of NOBOW

(an achiral, bent-core LC), 8S5 (an achiral, rod-like LC), 7O.5* (a chiral,

rod-like LC), and CB15 (a chiral dopant). Iso¼ isotropic; Iso*¼ chiral

isotropic; N¼ nematic; N*¼ chiral nematic; Sm¼ smectic; Sm*¼ chiral

smectic; Cr¼ crystal.
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only very low, negative, birefringence (|Dn|B|nz–n>|oB0.001)
when the HNFs have grown into a guest/NOBOW mixture that is
isotropic (the usual case). This suggests that the low Dn is a result
of orientational averaging of the local biaxial optical dielectric
tensor director field within each HNF (Fig. 3d and Supplementary
Discussion 2), and that around the as-formed HNFs there is little
orientation of the confined guest at high T, even at the guest/HNF
interfaces. The general structural behaviour of achiral 8S5 and
chiral 7O.5* as guests in NOBOW HNF networks is as follows.

8S5 (achiral)/NOBOW mixtures. Because 8S5 is achiral, the left-
and right-handed HNF domains in this mixture are enantiomeric,
and thus their textures exhibit mirror-symmetric optical rotation
as revealed by decrossing of the polarizers (Fig. 3b,c), and are
therefore indistinguishable on average when viewed between
crossed polarizers. As noted above, Dn of the 8S5/HNF system is
very low when 8S5 is in the Iso phase (Fig. 3a,h). However,
previous differential scanning calorimetry (DSC) and nuclear

magnetic resonance (NMR) study54,55 shows that the 8S5/
NOBOW and 8CB/NOBOW mixtures exhibit a nematic surface
alignment by which the guest forms a several nanometer-thick
oriented layer on the HNF surface at lower temperatures in the
guest isotropic phase (at TB90 �C for 8S5). This surface
alignment is referred to as the isotropic surface-aligned state
(Isosurf) and is detectable in 8S5/NOBOW Dn data (Fig. 3h),
giving a contribution DnB� 0.001 starting just above the 8S5
Iso—N transition. As the 8S5/NOBOW mixture is further cooled
a distinct transition in Dn is observed at T¼ 77 �C (Fig. 3h) where
nematic ordering appears in the confined guest (Fig. 3e,f) and the
birefringence of domains of both handedness changes sign,
becoming positive and growing substantially in magnitude
(DnB0.012), but still remaining much smaller than that of
aligned monodomain nematic 8S5 (DnB0.12, see Supplementary
Fig. 10). Dn decreases in magnitude at the N—smectic A
transition as a result of quasi-cylindrical 8S5 smectic layers
growing around the surface of the HNFs (discussed below).
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Figure 3 | Textures of HNF domains of an 8S5/NOBOW HNF network mixture. In a c¼ 30% 8S5 (an achiral, rod-like LC)/NOBOW mixture, NOBOW

phase-separates first on cooling from the isotropic blend, forming low-birefringence B4 domains (a) in which the helical nanofilaments grow radially

outwards from a central nucleus and have very low birefringence (Dn¼ nz–n>B0.001). The domains are chiral and cause optical rotation, revealed by

decrossing the analyser (b,c). The 8S5 is still isotropic at this temperature (the guest phase is indicated in parentheses in all images). (d) Molecular and

layer organization in a single HNF with refractive indices nz and n> defined for the polarization directions indicated. The very low observed HNF

birefringence is consistent with an estimate obtained by averaging values of the principal components of the optical dielectric tensor typical for bent-core

mesogens, eaE2.20, ebE2.38 and ecE2.89 (ref. 69), over the continuous reorientation around the filament axis (Supplementary Discussion 2). When the

8S5 transitions from Iso to N (e–f), the birefringence of both chiral domains becomes positive (DnB0.012), due to the additional contribution by the

nanoconfined 8S5 nematic. However, this Dn is much smaller than that which would be obtained if the nematic 8S5 were uniformly aligned (ne–noB0.12,

(Supplementary Fig. 10)). Such a reduction in Dn requires a guest nematic director that is twisted in the pores, with a small net average orientation parallel

to the local HNF axis. There is no observable difference between the left- and right-handed HNF domains between crossed polarizers at any temperature,

indicating that they have the same Dn. The scale bar in (a) is 100 mm. (g) Transmitted white light intensity through a c¼ 30% 8S5/NOBOW cell between

crossed polarizer and analyser. Incident light passes through a 30mm diameter spot selected to be within a spherulite and to have the HNF axes making an

average angle of 45� with respect to the polarizer axis. (h) Resulting measured birefringence, Dn. Moving to other positions in either L or R domains with

polarizer and analyser crossed produces minor variations in the intensity curves due to the textures being slightly different. When 8S5, which is achiral,

transitions from Iso to N, the birefringence of both chiral domains changes from negative to positive, giving a minimum in the transmitted intensity at

around 78 �C. This change of sign shows that the growth of nematic order can produce ordering of sign different from that due to the surface ordering in the

isotropic phase. The magnitude of the birefringence decreases as the 8S5 transitions from the nematic to the SmA phase, consistent with quasi-cylindrical

guest smectic layers growing around the surfaces of the HNFs (as in Fig. 7f). The bulk phase transitions of the 8S5 in the network are indicated as vertical

dashed lines on the plots.
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7O.5* (chiral)/NOBOW mixtures. With the chiral guest material
7O.5*, on the other hand, the domains of opposite HNF hand-
edness are structurally diastereomeric ((R,R): right-handed HNFs
with right-handed 7O.5* nematic twist sense; (L,R): left-handed
HNFs with right-handed 7O.5* nematic twist sense), and
generally exhibit non-mirror symmetric chiral optical behaviour,
such as that shown in Figs 1f and 4, and Supplementary Figs 11
and 12, for a c¼ 50% 7O.5*/NOBOW mixture, with 7O.5* in the
chiral nematic (N*) phase. When the mixture is cooled from the
isotropic melt, NOBOW domains nucleate at T¼ 140 �C while
the 7O.5* is still isotropic (Iso*). Both left- and right-handed
domains are observed with equal probability (Fig. 1f), a result of
the essentially complete phase separation of the mixture that
reduces the possibility of significant chiral induction by the chiral
guest molecules. Upon cooling, isotropic 7O.5* also exhibits an
Iso* to Iso*surf transition at which an oriented LC layer on the
HNF surfaces appears54,55 at T E 70 �C, as indicated optically by
the sign change of Dn of the (R,R) domain and by DSC
(Supplementary Fig. 13). The Iso*surf state for To70 �C is also
marked optically by an increasingly positive birefringence of
the (R,R) domains (Fig. 4j,k, Supplementary Fig. 11), and an

increasingly negative birefringence of the (L,R) domains,
a clear manifestation of the diastereomeric nature of the 7O.5*
nanoconfinement, at the earliest stages of its ordering.

Upon further cooling, the 7O.5* undergoes the Iso*surf�N*
phase transition within the HNF network, also indicated by DSC,
and by a strong increase in |Dn|, with Dn remaining positive in
the (R,R) domains and negative in the (L,R) domains (Fig. 4b–e,
Supplementary Figs 11 and 12). As the N*—smectic A* (Sm*)
transition is approached, the Dn of the (R,R) domains begins to
significantly decrease, crossing zero to produce a striking
extinction at T¼ 50.8 �C, homogeneously within each (R,R)
domain, and simultaneously throughout all of the (R,R) domains
of the sample (Fig. 4f). This reversal of Dn is due to quasi-
cylindrical 7O.5* smectic layers growing around and enveloping
the surface of the HNFs, observable using FFTEM (discussed
below). Thus, for To50.8 �C the Dn of the (R,R) domains
becomes negative, again with the same sign as that of the (L,R)
domains (Fig. 4g–i). This results in the (R,R) domains having a
range of T with positive Dn, while the (L,R) domains have
negative birefringence at all T, a mesoscopic manifestation of
their diastereomeric nature.
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Figure 4 | Diastereomeric domains in a 7O.5*/NOBOW HNF network mixture.When the isotropic melt is cooled to T¼ 70 �C in a c¼ 50% 7O.5*(chiral,

rod-like LC)/NOBOW mixture, the 7O.5* guest is still isotropic but NOBOW forms left- and right-handed HNF domains which have very low negative

birefringence and appear dark under crossed polarizers. The scale bar is 100mm. (a) At temperatures well above the bulk transition to the N*, the (L,R) and

(R,R) domains develop birefringence of opposite sign at the Iso* to Iso*surf transition. (a–d) These signs are maintained at the Iso*surf to N* transition of

7O.5* where |Dn| grows substantially. (e–h) At the N* to Sm* transition, the birefringence in the (R,R) domain changes sign. At lower temperature, where

the 7O.5* is smectic, all the domains have negative birefringence. (j) Transmitted light intensity, I, of the (R,R) and (L,R) domains as a function of

temperature. The sampled regions (red and blue circles) have helical nanofilaments oriented approximately 45� from the crossed polarizer/analyser

directions. (k) Spherulite birefringence Dn(T) obtained from Dn p OI, with sign determination and calibration using a compensator. The bulk phase

transitions of the 7O.5* in the network are indicated as vertical dashed lines on the plots.
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CB15 (chiral dopant)/8S5 (achiral)/NOBOW mixtures. Adding
a chiral dopant to the 8S5/NOBOW system induces striking
diastereomeric behaviour even at quite low dopant concentration.
For example, in Fig. 5, a c¼ 5% CB15/45% 8S5/50% NOBOW
mixture is cooled from the isotropic until HNF domains appear.
At high temperature, where the guest material is Iso*, the
chiral HNF domains of NOBOW exhibit very weak, negative
birefringence and opposite OR, as for achiral 8S5 (Fig. 5a–c).
However, the diastereomeric nature of the domains becomes
optically very evident in the N* phase, with only one handedness
of the HNF domains changing sign of Dn at the transition (as was
also observed in the 7O.5*/NOBOW mixtures).

Optical, LC ordering and surface anchoring characteristics.
This study focuses on HNF/guest systems where the bulk guests
have an isotropic—nematic—smectic phase sequence, as sum-
marized in Supplementary Table 1. These systems generally
exhibit three transitions between four distinct HNF-confined
states of the guest as T is lowered: isotropic (Iso or Iso*)—no
measurable guest alignment at the temperatures immediately
below that of the HNF network formation; isotropic surface
aligned (Isosurf or Iso*surf)—a transition in the Iso phase of the
guest to surface-induced alignment of the guest on the HNFs,
with the guest contributing Dnguest, of magnitude |Dnguest|B0.001
to the birefringence. This Dnguest can be of either sign, depending
on the guest and/or the HNF handedness nematic
(N or N*)—the Iso�N transition of the bulk guest, marked by a
sharp increase in |Dnguest|, up to the |Dnguest|B0.01 range. For
achiral guests the sign of Dn may or may not change at the Iso-N
transition (the same in both L and R HNF domains of course),
whereas for chiral guests at the Iso*-N* transition, Dnguest
becomes distinctly different in the two domains with either the
(L,R) or (R,R) changing sign at the transition, depending on the
guest; smectic (Sm or Sm*)—the N-Sm transition of the bulk
guest where the smectic contribution to Dnguest is increasingly
negative with decreasing T and as large in magnitude as
|Dnguest|B0.02.

However, the nanoconfined guest/NOBOW HNF network
systems consistently have an overall birefringence that is much
smaller than that of the strongly birefringent, oriented bulk
phases of the guest and/or NOBOW, in the range of 1 to 10% of
the latter55,56. Such ratios require subwavelength orientational

averaging of the guest LC optical anisotropy in which a significant
fraction of the anisotropic molecular components have their high
polarizability axes making a substantial angle y with the HNF.
This is the case in the fixed helical internal structure of the HNFs,
where averaging of the bent-core molecular orientation gives rise
to the low DnHNF (Supplementary Discussion 2). In an analogous
manner, the low or negative Dn of the guest LC phases must arise
from similarly large y values, in the form of the heliconical
director distribution about each HNF shown in Fig. 6c and
discussed in Supplementary Fig. 9. Such director distributions
require strong anchoring on the HNF surfaces to be maintained,
that is, with a surface penetration length, l, (ref. 58) much smaller
than the HNF diameter, DB30 nm. Otherwise, if the anchoring
were weak (l4D), the HNFs would act as a homogeneous
uniaxial orienting force aligning the guest nematic with yB0�,
parallel to the HNFs and giving essentially its bulk Dn like a
nematic monodomain stabilized by a dilute anisotropic polymer
network59. Equations 1 and 2 in Supplementary Discussion 2
provide a means of estimating the average birefringence change
produced by regions within the network of aligned guest,
calculating the contribution to Dn due to a birefringent guest
layer of uniform thickness w on the HNF surfaces. Taking the
bulk nematic guest optical dielectric anisotropy to be DeN¼ 0.6
and the average guest refractive index to be nb¼ 1.6, we find
the estimated guest contribution to Dn to be Dnguest
B0.012�w(nm)�hP2(cosy)i, or DnguestB0.012*hP2(cosy)i for
a surface film that is about a single molecular monolayer in
thickness (wB1 nm).

Isotropic surface aligned. Nanometre-thick films of aligned
nematic on solid surfaces in contact with the isotropic phase of a
nematic LC are well known60–62. Applying the estimate of
wB1 nm to the isotropic surface-aligned state of 7O.5*, where the
contribution of the guest molecules to Dn in the (R,R) and (R,L)
domains changes by, respectively, Dnguest(R,R)Bþ 0.003 and
Dnguest(L,R)B� 0.001, that is, it is both small and
diastereomeric, shows that either hP2(cosy)i must be small
(hP2(cosy)iB0.1), due to orientation on the HNFs near ym, or
that there is low nematic-like order of the local HNF axes, or that
the average HNF surface-oriented film thickness must be
substantially less than w¼ 1 nm, that is, that there can be only
partial, perhaps intermittent, coverage of the HNF surfaces. In
any case, the manifestation of the diastereomeric nature of the
(R,R) and (L,R) domains in so little ordered guest indicates that
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Figure 5 | Optical textures of a mixture of an achiral nematic mesogen and a chiral dopant with NOBOW. A c¼ 5% CB15/45% 8S5 in 50% NOBOW

mixture is cooled from the isotropic until HNF domains appear. (a–c) At high temperature, where the guest material is Iso*, the chiral HNF domains of

NOBOWexhibit very weak, negative birefringence. (d,e) Once the chiral guest mixture becomes nematic, the diastereomeric domains are optically distinct,

as observed in the 7O.5*/NOBOW mixtures. (f) Typical cholesteric oily streak texture of the c¼ 10% CB15/90% 8S5 mixture alone at the isotropic to

chiral nematic transition. The scale bar in (a) is 100mm. Note the hyperbolic boundaries between the domains, expected for adjacent domains growing

from points at constant rates.
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the earliest stages of ordering of the guest must take place at the
HNF surfaces, where the HNF chirality can play a role. This, in
turn, suggests the importance in the early stages of guest material
confined in the smallest inter-HNF gaps (ranging in size from
contact to a few nm).

Nematic. Turning to the nematic state of 7O.5*, assuming that the
guest volume is now filled (f¼ 0.5), and again taking DeN¼ 0.6
and nb¼ 1.6, we find DnguestB0.1�hP2(cosy)i from equation 1

of Supplementary Discussion 2. If hP2(cosy)iB1, this is also
much larger than the measured birefringence, |Dnguest|B0.01. In
the nematic ordering of the guest/HNF systems, DSC data, such
as Supplementary Fig. 13, indicate that guest nematic order
extends over475% of the available volume. As the nematic order
is filling the guest volume, the distribution of pore sizes P(p) in
the HNF network, ranging from HNFs in contact to those spaced
by hundreds of nanometres40, must be taken into account.
Filamentary networks typically have lognormal pore size
distributions with extended tails for larger pore sizes63, visible
up to the micron scale in the FFTEM of mixtures42. Thus, if the
HNF-confined 7O.5* has typical nematic local ordering then its
director n(r) must be substantially disordered. Evidence for the
nature of this disorder is provided by measurement of the electro-
optic response of an 8CB/NOBOW guest/HNF system, as detailed
in Supplementary Discussion 3 and Supplementary Fig. 14. Here
we find that an applied AC electric field that is large enough to
orient the guest only in the largest pores of the HNF network
(dimension p4B70 nm) reduces Dn of the spherulitic domains
to the DnB0.001 level, comparable to that of the isotropic
surface-aligned state. Thus, the nematic director is rendered
nearly isotropic by the HNF nanoconfinement in the smaller
pores (poB70 nm), where the guest attains a fixed director field
conforming to the HNF surface orientation preferences. Strong
anchoring on the HNF surfaces combines with their mixed
homeotropic and planar aligning faces and the overall orien-
tational averaging due to HNF twist to render the small pores
permanently nearly isotropic (Supplementary Discussion 4).

By contrast, the guest director n(r) in the larger pores, while
also bounded by surfaces with strong anchoring, has enough
space to reorder and anneal according to the dictates of its
elasticity, inherent chirality and chiral HNF anchoring. Thus, we
find that the contrasting (L,R) and (R,R) optical behaviour in the
nematic state is a manifestation of the differing molecular
organizations of the nematic 7O.5* director n(r) in the largest
pores of the left- and right-handed HNF networks, respectively.
In both of these domains the guest molecules adopt the right-
handed twist direction preferred in the bulk N* phase
(Supplementary Fig. 15), subject to constraints of the twisted
boundary orientations imposed by the nearest HNFs, which differ
in the (R,R) and (L,R) domains (Fig. 1d). The behaviour of n(r) in
the larger pores can be described by the model sketched in
Fig. 1d, where the guest is taken to be in a planar slab between
walls of HNFs oriented according to the (L,R) or (R,R) chirality,
red or blue, respectively. The HNF walls act on the director field
of the guest as strongly anchoring, nanotextured sheets, with n(r)
disordered on the nanoscale near the HNF sheets but annealing to
order out to larger length scales with increasing distance from the
HNFs, a scale comparable to the pore dimension in the middle of
a pore. This results in an effective orientational anchoring that is
much weaker than that on the HNF surface, in the same way that
solid substrates having random orientations patterned on the
nanoscale produce nearly-degenerate azimuthal alignment of a
contacting bulk nematic64–67.

To describe the surface anchoring of 7O.5* on the HNFs we
first explore having a preferred orientation of n(r) along the layer
edge directions on the HNF surfaces (Figs 1c and 7,
Supplementary Fig. 8), which locally make a substantial angle
(430�) with the HNF axis. The resulting remnant surface
interaction reflecting the surface patterning and thus the chirality
of the HNFs is described by a chiral Rapini-Papoular energy on
each HNF sheet of the form W(c)¼W0sin(2c), the lowest order
chiral term in a harmonic expansion ofW(c). Here c is the angle
defined at each pore surface between n(r) and z such that n(r) at
the surface is given by n(c)¼ zcoscþ (z� s)sinc, where s is the
surface normal pointing into the pore (Fig. 6b). In the (R,R) case,
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Figure 6 | Model of molecular organization in large-pore 7O.5*/HNF

network domains. (a,b) The HNF network is approximated as an array of

sheets of HNFs separated by pore dimension p. For the case of 7O.5*, the

pore is filled by guest mesogens preferring a right-handed twist of director

n(r), with a pitch B300nm. The structure adopted by n(r) in the pore is

determined by the strong nanoheterogeneous anchoring on the HNF

surfaces, which reflects the HNF chirality, as in (c), but, in the larger pores,

anneals to a soft, chiral anchoring potential of the form W(c)¼Wosin(2c)
on each surface. The functional dependence of W(c) on c is represented

by 2� 2 checkerboards, where quadrants in c with minima (maxima) in

c are shaded (unshaded). Minimizing W(c) by orienting n(r) near the HNF

surfaces in the shaded quadrants leads to a macroscopic, optical

manifestation of the diastereomeric nature of the system, giving Dn40 and

Dno0 respectively in the (R,R) and (L,R) cases. (c) The overall guest/HNF

Dn is a uniaxial spatial average of the distribution f(y) of tilts of the local

n(r) from the mean HNF axis, z.
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on the top surface of the pore in Fig. 6,W040, and on the bottom
surface, W0o0, with the sign of W0 reversed in the (L,R) case.
The 2� 2 checkerboards in Fig. 6b sketch W(c) at each of the
pore/HNF interfaces in the (L,R) and (R,R) pores, where in each
case the shaded squares in the checkerboard indicate quadrants in
c where W(c)o0 (the preferred orientations of n(c) at the
surface), and the white squares where W(c)40 (the non-
preferred orientations of n(c) at the surface). As these anchoring
potentials are very weak they do not substantially distort the
right-handed bulk helix of 7O.5*. Rather, the helix maintains its
pitch but simply reorients as a whole as a means of reducing its
surface energy, a condition that is generally satisfied if n(c) at
both surfaces of a pore (both ends of the guest helix) can
simultaneously reorient into a shaded area. The resulting energy-
minimizing n(r) fields achieving this condition for (L,R) and
(R,R) pores of size pBPguest/6 are sketched in Fig. 6b for nematic
7O.5*, along with the sign of the contribution of these orientation
fields to Dn.

In the case of (L,R) or (R,R) domains with 7O.5*, the polar
orientation of n(r) is, respectively, larger or smaller than the

magic angle ym in Supplementary Fig. 9, giving, respectively,
Dno0 or Dn40. In larger pores with p4Pguest/4, n(r) will
exhibit an integral number of (Pguest/4)-thick slabs in each of
which there is a p/4 rotation of n(r) and averaging over a similar
range of y, which contribute weakly to Dn, plus some remnant
length. The surface energy and Dn calculations are then applied
only to the remnant tail and the contribution of the pore to the
average Dn is correspondingly reduced. In the same way, the
larger pores contribute to the enhanced OR in 5CB/NOBOW
systems observed by Otani et al.38

Smectic. At lower temperatures the nematic to smectic
transition of the nanoconfined guests takes place, producing
changes in both their bulk nematic and surface alignment
behaviour, including a substantial increase in the pitch for chiral
nematic guests in the larger pores. Smectic layers begin to form in
the pores, and in 7O.5* Dn in the (R,R) domains eventually
changes sign so that the birefringence in both domains is again
negative, implying that in the smectic guest material the high-
index axis makes a substantial angle y with the nanofilament axis
(Fig. 6c, Supplementary Fig. 9). To further investigate this smectic
ordering, we performed FFTEM studies of calamitic guest/
NOBOW mixtures with the guest in the smectic phase. Molecular
order near the HNFs is more clearly observed in mixtures where
the NOBOW is very dilute. Thus, with c¼ 95% 7O.5*/NOBOW
the HNFs come out of the melt at T¼ 78 �C, well above the bulk
isotropic to chiral nematic phase transition of 7O.5* and are well-
separated, enabling observation of the morphology of the guest
smectic material near single HNFs. The FFTEM images (Fig. 7c,e)
reveal filament structures with a range of diameters larger than
the bare HNFs (30 nmoDo55 nm) and very few exposed layer
edges, giving an appearance consistent with conformal growth of
guest smectic layers on the layer surfaces of the HNFs (Fig. 7c,d),
with the guest smectic tending to enhance the characteristic
screw-like appearance of the HNFs. Such a cylindrical SmA layer
corresponds to the conical distribution of molecular orientations
of Supplementary Fig. 9 with y¼ 90�, clearly contributing
negative birefringence to Dn in both the (R,R) and (L,R) domains.
We also observe thicker, smoother-coated HNFs that are more
cylindrical but have a rope-like surface topography reminiscent of
the underlying helical structure (Fig. 7e,f), confirming that the
7O.5* smectic layers coat the HNF surfaces. At higher NOBOW
concentrations (c¼ 50% 7O.5*/NOBOW at T¼ 45 �C in Fig. 7b),
the HNFs also show very few of the layer edges seen in neat
NOBOW, implying that the nanofilaments are coated by the
smectic layers of the guest material over a broad concentration
range.

The extinguishing state near T¼ 50.8 �C is imaged at long
exposure times in Fig. 7g–i and Supplementary Fig. 12, showing
that it is a speckle-like mosaic of micron-scale red (DnB0.002)
and blue (DnB�0.002) spots within the (R,R) domains. These
spots can be taken as evidence for there being a range dTz of local
zero-crossing temperatures for Dn(T). From the minimum
birefringence of the spots of |Dn|B0.002, and the slope of
Dn(T) near the crossing from Fig. 4k of dDn(T)/dTB0.004/�C we
estimate dTz as dTzB0.002/(dDn(T)/dT)B0.5 �C, a quite small
range, indicating a quite homogeneous intrapore structure and
environment throughout the sample, even at the centres of the
spherulitic domains.

Discussion
The striking phase behaviour of enantiomeric or diastereomeric
guest/HNF systems has been explored in many mixtures of the
HNF-forming bent-core molecule NOBOW with, respectively,
nonchiral (achiral, racemic) or chiral guest materials. As a
function of temperature, these systems generally exhibit
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7O.5*/NOBOW mixture at T¼45 �C (where 7O.5* is in the smectic

phase), showing a dense array of smooth HNFs with no visible layer edges.

(c,e) HNFs are much more dilute in a c¼ 95% 7O.5*/NOBOW mixture,

enabling visualization of smectic growth around single HNFs, conformally

on the surface of the HNFs in the case of 7O.5*. (c–f) Continuous sheath
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distinguishable isotropic, isotropic surface aligned, nematic and
smectic HNF-confined guest states, as manifest optically by the
overall birefringence and optical rotation, for example. In a given
sample these states are obtained throughout the HNF network
and the transitions between them take place homogeneously at
distinct transition temperatures. Summarizing the nematic state
in the guest/HNF systems, if the guest were in a weakly orienting
network Dn would be uniaxial with DnBDnguest/2, reflecting
uniform uniaxial alignment of the guest. Measured Dn are B10%
of this value, a result that can be achieved only with strong
anchoring on the HNFs, enabling the combined disordering
effects of the orientation variations in the local HNF axes (Fig. 7b
and Supplementary Fig. 8), HNF surface alignment-induced
cancellation of Dn in the smaller pores (Supplementary Fig. 14),
and the fractional filling of, and orientational averaging in,
the larger pores (Fig. 6b). The homogeneous mesoscopic
diastereomeric behaviour implied by the ultra-low network
birefringence at temperatures where the guest state changes is a
result of the mesoscopic homogeneity of the HNF network and
the nematic elastic annealing of the HNF anchoring distortions
away from the HNFs in the larger pores.

Apart from the isotropic phase, the particular structures of the
guest in these various states and the changes observed at the
transitions are not universal but, as indicated by Dn, rather
appear to depend on the details of the orientational interactions
of the guest at the HNF/guest interfaces. Thus, Dn may or may
not be the same in the Isoguest and N states, the nematic
diastereomeric domains may or may not have opposite sign of
Dn, and even the smectic layering can induce positive rather than
the negative Dn given by homeotropic orientation in the HNF as
discussed above, for example, in cholesterol derivatives such as
cholesteryl nonanoate (Supplementary Figs 16 and 17).

Such features of the polymorphism of the guest/NOBOW
mixtures investigated are summarized in Supplementary Table 1.
Limited experimentation has also been carried out on guest/
bent-core mixtures using other HNF-forming materials.
These bent-core systems, such as W513 (ref. 68), exhibit similar
multi-state phenomenology, typified by the 7O.5*/W513 mixture
shown in Supplementary Fig. 18. For all mixtures in which the
guest material has a chiral nematic phase, the diastereomeric
domains are easily distinguished in the microscope.

The experiments reported here detail the structural guest/host
behaviour of a class of chiral nanoporous host networks formed
by self-assembly and spontaneous symmetry breaking in systems
of bent-core liquid crystals. The resulting characterization of
guest structure constitutes a general and necessary approach to
the development of an understanding of chirality at the nanoscale
and its mesoscopic manifestations, particularly if liquid crystal
ordering is present or exploited, as a path towards applications in
chiral separations and asymmetric synthesis.

Methods
Optical observations were made using a Nikon Eclipse E400 POL microscope with
polarizer and analyser equipped with an Olympus Camedia C-5050 Zoom digital
camera. Birefringence was measured either using a Zeiss rotary compensator with
quartz plates, or by converting intensity measurement as in Figs 3g and 4j to
birefringence using the compensator as calibration. Optical rotation (OR) was
measured by decrossing the polarizer and analyser. The liquid crystal mixtures
were filled into Instec 3.2-mm commercial cells by capillary action at high
temperature in the isotropic phase. Temperature was controlled using an Instec
STC200D temperature controller. The samples were typically cooled slowly
from the isotropic phase (at B�2 �Cmin� 1) to avoid any hysteresis effects.

Freeze-fracture transmission electron microscopy experiments were carried out
by sandwiching the sample between 2mm by 3mm glass planchettes and cooling
from the isotropic phase to the desired phase while observing the sample in the
microscope. The sample was then rapidly quenched to To�180 �C by immersion
in liquid propane, and fractured under high vacuum at �140 �C. It was
subsequently coated with 2 nm of platinum deposited at a 45� angle, followed by
B25 nm of carbon deposited at a 90� angle to increase the mechanical rigidity of

the replica. After dissolving the liquid crystal, the Pt–C replica was placed on a
copper grid and observed in a Philips CM10 100 keV TEM, where the topography
of the fracture plane could be observed. Images were taken with a TEM-mounted
1 K� 1K Gatan Bioscan digital camera. The surfaces facing the platinum
shadowing direction accumulate more platinum and therefore produce darker
shadows in the TEM images, revealing height variations in the topography.

Differential scanning calorimetry measurements were carried out using a Mettler
Toledo DSC823e/700.

Materials. CB15 (4-(2-methylbutyl)-40-cyanobiphenyl) was purchased from
Alfa Aesar. NOBOW (4-[[(E)-[4-(nonyloxy)phenyl]imino]methyl]-1,3-phenylene
benzoate) was synthesized following the Matsunaga method, with a slight
modification of the condensation step using N,N0-carbonyldiimidazole (CDI)
instead of dicyclohexyl carbodiimide (DCC) in the final esterification53. 8barS5
(8S5) (4-(Octlyoxy)benzenecarbothioic acid S-(4-pentylphenyl) ester) was
synthesized according to the method in ref. 56. 7O.5* (Benzenamine,
N-[[4-(heptyloxy)phenyl]methylene]-4-(2-methylbuytl)-,(R)-) was synthesized
according to the method in ref. 57.
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9. Solladié, G. & Zimmermann, R. Liquid crystals: a tool for studies on chirality.

Angew. Chem. Int. Ed. Engl. 23, 348–367 (1984).
10. Ohzono, T., Yamamoto, T. & Fukuda, J. A liquid crystalline chirality balance

for vapours. Nat. Commun. 5, 3735 (2014).
11. Mallat, T., Orglmeister, E. & Baiker, A. Asymmetric catalysis at chiral metal

surfaces. Chem. Rev. 107, 4863 (2007).
12. Lorenzo, M., Baddeley, C. J., Muryn, C. & Raval, R. Extended surface chirality

from supramolecular assemblies of adsorbed chiral molecules. Nature 404, 376
(2000).

13. Gellmann, A. J. Chiral surfaces: accomplishments and challenges. ACS Nano 4,
5–10 (2010).

14. Parks, D. C., Clark, N. A., Walba, D. M. & Beale, P. D. Scanning tunneling
microscopy of coexisting 2D crystalline and 1D stacking-disordered phases at
the chiral-liquid-crystal-graphite interface. Phys. Rev. Lett. 70, 5 (1993).

15. Switzer, J., Kothari, H., Poizot, P., Nakanishi, S. & Bohannan, E. Enantiospecific
electrodeposition of a chiral catalyst. Nature 425, 490 (2003).

16. BelBruno, J., Richter, A. & Gibson, U. Amazing pores: processing, morphology
and functional states of molecularly imprinted polymers as sensor materials.
Mol. Cryst. Liq. Cryst. 483, 179–190 (2008).

17. Hasson, C., Davis, F. & Mitchell, G. Imprinting chiral structures on liquid
crystalline elastomers. Mol. Cryst. Liq. Cryst. 332, 155–162 (1999).

18. Lee, S. & Kunitake, T. Adsorption of TiO2 nanoparticles imprinted with
D-glucore on a gold surface. Mol. Cryst. Liq. Cryst. 371, 111–114 (2001).

19. Robbie, K., Broer, D. & Brett, M. Chiral nematic order in liquid crystals
imposed by an engineered inorganic nanostructure. Nature 399, 764 (1999).

20. Wu, C., Hu, A., Zhang, L. & Lin, W. A homochiral porous metal-organic
framework for highly enantioselective heterogeneous asymmetric catalysis.
J. Am. Chem. Soc. 127, 8940 (2005).

21. Goodby, J. et al. Transmission and amplification of information and properties
in nanostructured liquid crystals. Angew. Chem. Int. Ed. 47, 2754–2787 (2008).

22. Takezoe, H. & Takanishi, Y. Bent-core liquid crystals: their mysterious and
attractive world. Jpn J. Appl. Phys. 45, 597–625 (2006).

23. Reddy, R. A. & Tschierske, C. Bent-core liquid crystals: polar order,
superstructural chirality and spontaneous desymmetrisation in soft matter
systems. J. Mater. Chem. 16, 907–961 (2006).

24. Etxebarria, J. & Ros, M. B. Bent-core liquid crystals in the route to functional
materials. J. Mater. Chem. 18, 2919–2926 (2008).

25. Eremin, A. & Jákli, A. Polar bent-shape liquid crystals—from molecular bend to
layer splay and chirality. Soft Matter 9, 615–637 (2013).

26. Dierking, I. A new twist on chirality: formation of chiral phases from achiral
molecules in ‘banana’ liquid crystals through elastic deformations. Angew.
Chem. Int. Ed. 49, 29–30 (2010).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8763 ARTICLE

NATURE COMMUNICATIONS | 6:7763 | DOI: 10.1038/ncomms8763 | www.nature.com/naturecommunications 9

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


27. Dressel, C. et al. Dynamic mirror-symmetry breaking in bicontinuous cubic
phases. Angew. Chem. 126, 1–7 (2014).

28. Hough, L. E. et al. Chiral isotropic liquids from achiral molecules. Science 325,
452–456 (2009).

29. Chen, D. et al. Chiral isotropic sponge phase of hexatic smectic layers of achiral
molecules. ChemPhysChem. 15, 1502 (2014).

30. Hough, L. E. et al. Helical nanofilament phases. Science 325, 456–460 (2009).
31. Matsumoto, E. A., Alexander, G. P. & Kamien, R. D. Helical nanofilaments and

the high chirality limit of smectics A. Phys. Rev. Lett. 103, 257804 (2009).
32. Walba, D. M., Eshdat, L., Körblova, E. & Shoemaker, R. On the nature of the B4

banana phase: crystal or no crystal? Cryst. Growth Des. 5, 2091–2099 (2005).
33. Kim, H. et al. Alignment of helical nanofilaments on the surfaces of various

self-assembled monolayers. Soft Matter 9, 6185–6191 (2013).
34. Rastegar, A., Wulterkens, G., Verscharen, H., Rasing, Th. & Heppke, G. A shear

cell for aligning and measuring birefringence of bow-shaped (banana) liquid
crystals. Rev. Sci. Instrum. 71, 4492 (2000).

35. Yoon, D. K. et al. Orientation of a helical nanofilament (B4) liquid-crystal
phase: topographic control of confinement, shear flow, and temperature
gradients. Adv. Mater. 23, 1962–1967 (2011).

36. Araoka, F., Sugiyama, G., Ishikawa, K. & Takezoe, H. Highly ordered helical
nanofilament assembly aligned by a nematic director field. Adv. Funct. Mater.
23, 2701–2707 (2013).

37. Araoka, F., Sugiyama, G., Ishikawa, K. & Takezoe, H. Electric-field controllable
optical activity in the nano-segregated system composed of rod- and bent-core
liquid crystals. Opt. Mater. Express 1, 27–35 (2011).

38. Otani, T., Araoka, F., Ishikawa, K. & Takezoe, H. Enhanced optical activity by
achiral rod-like molecules nanosegregated in the B4 structure of achiral bent-
core molecules. J. Am. Chem. Soc. 131, 12368–12372 (2009).

39. Kim, H. et al. Self-assembled hydrophobic surface generated from a helical
nanofilament (B4) liquid crystal phase. Soft Matter 9, 2793–2797 (2013).

40. Chen, D. et al. Nanoconfinement of guest materials by helical nanofilament
networks of bent-core mesogens. Soft Matter 9, 462–471 (2013).
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60. Pieranski, P. & Jérôme, B. Anchoring transitions at crystal-nematic interfaces,
phase transitions in soft condensed matter. NATO ASI Series 211, 71–85
(1989).

61. Yokoyama, H., Kobayashi, S. & Kamei, H. Effect of substrate surfaces on the
formation of nematic phase at the isotropic-nematic transition. Appl. Phys.
Lett. 41, 438 (1982).

62. Partick, D. L., Cee, V. J., Morse, M. D. & Beebe, Jr. T. P. Nanometer-scale
aspects of molecular ordering in nanocrystalline domains at a solid interface:
the role of liquid crystal-surface interactions studied by STM and molecule
corrals. J. Phys. Chem. B 103, 8328–8336 (1999).

63. Suchomel, B. J., Chen, B. M. & Allen, III M. B. Network model of flow,
transport and biofilm effects in porous media. Transport in Porous Media 30,
1–23 (1998).

64. Evangelista, L. R. & Barbero, G. Theoretical analysis of actual surfaces: the effect
on the nematic orientation. Phys. Rev. E 48, 1163–1171 (1993).

65. Ataalla, R. M. S., Barbero, G. & Komitov, L. Thickness dependence of the
anchoring energy of a nematic cell. J. Appl. Phys. 113, 164501 (2013).

66. Aryasova, N., Reznikov, Yu. & Reshetnyak, V. Alignment of nematic liquid
crystal on the surface with special distribution of easy axis and anchoring
energy. MCLC 412, 351–359 (2004).

67. Clark, N. A. Surface memory effects in liquid crystals: Influence of surface
composition. Phys. Rev. Lett. 55, 292–295 (1985).

68. Tsai, E. et al. A modulated helical nanofilament phase. Angew. Chem. Int. Ed.
52, 5254–5257 (2013).

69. Chattham, N. et al. de Gennes’ triclinic smectics—not so far-fetched after all.
Liq. Cryst. 36, 1309–1317 (2009).

Acknowledgements
We thank R. Shao for assistance with optical microscopy. This work was supported by
the Soft Materials Research Center under NSF MRSEC Grants DMR-0820579 and DMR-
1420736, and by ED GAANN Award P200A120014.

Author contributions
D.C., M.T., B.H. acquired data. D.C., M.T., D.W., M.G., J.M. and N.C. analysed the data
and developed models. E.K. synthesized NOBOW. D.C., M.T., J.M. and N.C. wrote and
edited the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Chen, D. et al. Diastereomeric liquid crystal domains at the
mesoscale. Nat. Commun. 6:7763 doi: 10.1038/ncomms8763 (2015).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8763

10 NATURE COMMUNICATIONS | 6:7763 |DOI: 10.1038/ncomms8763 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Diastereomeric liquid crystal domains at the mesoscale
	Introduction
	Results
	Nanoconfinement of guest molecules in NOBOW HNF networks
	8S5 (achiral)/NOBOW mixtures
	7O.5* (chiral)/NOBOW mixtures
	CB15 (chiral dopant)/8S5 (achiral)/NOBOW mixtures
	Optical, LC ordering and surface anchoring characteristics
	Nematic


	Discussion
	Methods
	Materials

	Additional information
	Acknowledgements
	References




