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ABSTRACT: The coupling between molecular conformation
and chirality is a cornerstone in the construction of supra-
molecular helical structures of small molecules across various
length scales. Inspired by biological systems, conformational
preselection and control in artificial helical molecules,
polymers, and aggregates has guided various applications in
optics, photonics, and chiral sorting among others, which are
frequently based on an inherent chirality amplification through
processes such as templating and self-assembly. The so-called
B4 nano- or microfilament phase formed by some bent-shaped
molecules is an exemplary case for such chirality amplification
across length scales, best illustrated by the formation of distinct
nano- or microscopic chiral morphologies controlled by
molecular conformation. Introduction of one or more chiral centers in the aliphatic side chains led to the discovery of
homochiral helical nanofilament, helical microfilament, and heliconical-layered nanocylinder morphologies. Herein, we
demonstrate how a priori calculations of the molecular conformation affected by chiral side chains are used to design bent-
shaped molecules that self-assemble into chiral nano- and microfilament as well as nanocylinder conglomerates despite the
homochiral nature of the molecules. Furthermore, relocation of the chiral center leads to formation of helical as well as flat
nanoribbons. Self-consistent data sets from polarized optical as well as scanning and transmission electron microscopy, thin-
film and solution circular dichroism spectropolarimetry, and synchrotron-based X-ray diffraction experiments support the
progressive and predictable change in morphology controlled by structural changes in the chiral side chains. The formation of
these morphologies is discussed in light of the diminishing effects of molecular chirality as the chain length increases or as the
chiral center is moved away from the core-chain juncture. The type of phase (B1-columnar or B4) and morphology of the
nano- or microfilaments generated can further be controlled by sample treatment conditions such as by the cooling rate from
the isotropic melt or by the presence of an organic solvent in the ensuing colloidal dispersions. We show that these nanoscale
morphologies can then organize into a wealth of two- and three-dimensional shapes and structures ranging from flower
blossoms to fiber mats formed by intersecting flat nanoribbons.

KEYWORDS: organic helical nano- and microfilaments, molecular conformation, self-assembly, polymorphism, chirality,
bent-core liquid crystals, B4 phase

H elical structures and shapes are formed by a
cornucopia of physical and biological systems, either
engineered or formed spontaneously at length scales

from the subnm regime to macroscopic objects.1−5 Like most
of the biologically active molecules such as proteins, sugars,
and nucleic acids,6−11 man-made organic,12 inorganic13−17 and
hybrid materials18,19 can be designed to assemble into helical
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nanoscale morphologies.20−26 The underlying mechanisms
driving these assembly processes take advantage of chirality
transfer across length scales27,28 from the molecular or
nanoscale to the supramolecular, even the macroscopic
level,27,29,30 through a range of intermolecular forces and
sergeant-soldier31,32 or majority-rules effects33,34 among others.
Furthermore, other approaches utilize chiral templates35 or
molecular changes affecting the conformation or shape of
molecules and nanostructures to spontaneously promote
helical structure formation. Examples range from inorganic
subnm nanowires36 and nanocrystals37−40 over polymers41−45

and polymer networks46 to amphiphiles, surfactants,47 and a
considerable variety of other organic,12 inorganic,48−50 and
organometallic molecules.51,52

Without delving into the details of molecular parity
violations and their role in biomolecular homochirality,53 the
absence of any chiral bias, especially the absence of molecular

chirality,54 results in the formation equal proportions of left-
and right-handed molecules or helical (super)structures no
matter what the underlying driving force,55 unless there is an
energetic imbalance that gives rise to symmetry breaking.56

Prime examples supporting this argument in the field of soft
condensed matter are phases formed by molecules with a
pronounced bent molecular shape. Such bent-core molecules
can form an assortment of phases including the heliconical
twist-bend nematic (NTB)

57−64 and the twist-bend smectic
(SmCTB) phase

65 as well as layered structures of so-called dark
conglomerate (DC) or sponge phases,66,67 a rather short pitch
(∼14 nm) helical ferroelectric tilted smectic phase
(SmCSPF

hel),68 and B4 filament-type phases.54,69−72 Morpho-
logical variations of the latter (morphology, from the Greek
root morpho-, meaning shape, and defined as the study of
shape) now include helical nano- and microfilaments with
varying dimensions (width, pitch) as well as in- or interlayer

Figure 1. Tris-biphenyl-based bent-core materials I−IV76,77,79 forming a range of possible B4 morphologies depending on the presence or
absence of a chiral center at C-1 in both aliphatic side chains and the side chain of either the longer para-side or the shorter meta-side of the
molecule. The experimentally observed handedness depends on the configuration of the chiral center(s) for II−IV, the conglomerate with
equal proportions of heterochiral domains as formed by I, and the dimensions of each morphology are given. Double-sided arrows in the
HNFmod morphology indicate the intralayer modulation; the white parallelogram in the HNFmod2 morphology indicates both the intra- and
interlayer modulations.
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modulation,54,73−77 heliconical nanocrystallites,78 and finally
heliconical-layered nanocylinders.79 Practically all these fila-
ment- and nanocylinder-based B4 phase morphologies were
realized by strategically incorporating chiral centers into the
aliphatic side chains of bent-core molecules featuring up to
three biphenyl segments (Figure 1).74,76,77,79 Furthermore, all
B4 nano- and microscale morphologies display a characteristic
blue structural color (in reflection mode),80,81 whose origin is
not entirely understood but certainly linked to diffraction,
scattering, or interference via the periodic nano- to microscale
layering and packing of these filaments in thin films.82

Single molecule stochastic dynamics (SD) atomistic
simulations revealed that the position of the chiral center at
the core-chain junction of these bent-core molecules either in
the shorter meta- or the longer para-side of these asymmetric
bent-shaped molecules imparted significant changes in the
core-chain angle distributions as well as in the dihedral
distribution functions of the first three bonds in the aliphatic
side chain ψ1−ψ3 (Figure 2).

79 When the chiral center resides
in the longer para-side, such as in compound IV, a significant
shift to lower bend angles is observed at the core-chain
junction (Figure 2) in comparison to the bend angle θ

calculated for molecule III where the chiral center is situated in
the shorter meta-side. Furthermore, the chiral center in the
para side chain of IV changes the local topology of the
connection of the alkoxy chain to the molecular core,
subsequently leading to more opportunities for twisted
conformations than when the chiral center is situated in the
meta side chain as in compound III. These changes in
conformational distributions as a result of the placement of
chiral centers in the para- or meta-sides then affect the average
molecular dimensions with a lower average aspect ratio for IV
in comparison to III. The sum of these conformational
differences governs the type of curvature of these B4 layer
structures with saddle splay deformations for the microfila-
ments formed by III (HμF), here exclusively upon rapid
cooling, and cylindrical (zero Gaussian) curvature in the
heliconical-layered nanocylinders (HLNC) formed by IV.79

With chiral centers in each side chain, the conformation of the
entire molecule then results in helical filaments with lower
overall dimensions and additional in-layer for compound I
(HNFmod) and in-layer as well as interlayer modulations for II
(HNFmod2), respectively (Figure 1).74,77

By establishing a link between the B4 morphology and the
lowest-energy conformation affected by the distribution of
dihedral angles in the core-chain junctions,79 the next logical
question was how the position of the chiral center in and the
length of the aliphatic side chain73 affect curvature and thereby,
as documented, the formation of the various B4 morphologies.
Moreover, these changes in the aliphatic side chains affect the
observed polymorphism between the B1 and B4 phases as well
as the biphasic behavior observed for these bent-core
molecules.

Consequences for the helical pitch, the magnitude of the
spontaneous polarization, and the phase stability, respectively,
impacted by the position and configuration of chiral centers
have essentially been studied for all chiral liquid crystalline
phases such as chiral nematic (N*), chiral smectic-C (SmC*),
other tilted chiral smectic as well as twist-grain boundary
(TGB*) and blue phases (BP*). From an abundance of
experimental studies on these chiral phases, two general trends
emerged and were reviewed by Goodby et al. and others.83,84

The key findings were the following: First, increasing the
length of terminal aliphatic chains appended to a chiral center
positioned at the core-chain juncture diminishes the effects of
chirality with increasing chain length. The chiral center is
described as increasingly buried in the overall structure,
thereby diluting the effect of the chiral center by increasing the
relative size (volume) of the aliphatic molecular substructure,
especially in smectic layers. Second, and analogously, moving
the chiral center away from the core-chain juncture reduces
any restraint of rotation about the chiral center that effectively
reduces the effects of chirality in the side chain.83

To analyze the consequences of introducing longer chiral
side chains when the chiral center remains at C1 as well as
relocating the chiral center away from the core-chain juncture
to C2, we synthesized and characterized two structurally
correlated sets of tris-biphenyl-based bent-core compounds 1−
5 (Figure 3). Compounds 1 and 2 feature (S)-2-decyloxy side
chains, which extend the length by two methylene groups in

Figure 2. Conformational analysis: (a) Previously analyzed dihedral angle distributions at the core-chain juncture around the first three
single bonds indicated by ψ1−ψ3 and bend angle at the core-chain juncture θ.79

Figure 3. Bent-core compounds with either (S)-2decyloxy- (1, 2)
or (R)-2,6-dimethylheptyloxy side chain(s) (3−5) in both or either
the longer para- or the shorter meta-side of the molecule; changes
with respect to the parent molecules I−IV (Figure 1) are indicated.
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the shorter meta- or the longer para-side of the molecule, and
the resulting molecules are structurally related to compounds
III and IV. Compounds 3−5 have (R)-2,6-dimethylheptyloxy
side chains in each or either the meta- or the para-side, thereby
introducing a chiral center at C2 rather than C1 as well as a
terminal branching point at C6. Resembling the branched
aliphatic side chain attached to the steroid core of cholesterol,
the (R)-2,6-dimethylheptyloxy group,85 as a sulfate isolated
from a marine ascidian in the northern Adriatic, is a
normonoterpenoid polar metabolite of marine organisms.86

Despite the additional branching point at C6, the introduction
of this chiral moiety does not alter the length of the chiral
aliphatic chains in comparison to the structurally related
compounds II−IV with (S)-2-octyloxy side chains in each or
either the meta- or the para-side, respectively, and the chiral
center (or centers in the case of compounds II and 3) is
consistently positioned de facto on the same side of the

molecule. The expectation is that the indicated structural
changes in the chiral side chains will affect the overall
molecular conformation and, as a result thereof, potentially the
morphology of the B4 building blocks. However, a confluence
of altered molecular conformation and diminished chirality
could also directly result in the formation of B4 nano- or
microfilaments with gradually decreasing helical pitch,
although theoretical models of chirality-frustrated fibers have
shown no such correlation. These models rather predicted that
increasing lateral dimensions of the resulting fibers lead to
progressively larger helical pitch values for these twisted
crystalline aggregates.87−89 The conundrum is what comes first
or which characteristic controls the other.

RESULTS AND DISCUSSION

Before proceeding to describe and discuss the synthesis and
characterization of these materials, we performed some basic

Figure 4. Lowest energy conformations for the molecules representing the arms for the final bent-core compounds with (a−d) (S)-2-
octyloxy- and (e−h) (R)-2,6-dimethylheptyloxy side chain(s). (i) Relative conformational energy profiles for the two substructures with a
chiral center at C1 (black open circles and dashed black line) or C2 (blue filled circles and solid blue line) as a function of the dihedral angle
defined by O−C1−C2−C3 according to B3LYP/6-31G* calculations.95,96
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computational analyses (using the MMFF94, Merck Molecular
Force Field)90−94 and then calculated the conformational
energy profiles of the dihedral angle distribution about the
C1−C2 bond axis (at the B3LYP/6-31G* level)95,96 for
simplified side arms containing chiral centers at either C1 or
C2, respectively, representative for the (S)-2-octyloxy and the
(R)-2,6-dimethylheptyloxy side chains.
Already the basic computational conformational analysis

data have direct consequences for the overall shape of the
molecules. The angle θ at the core-chain juncture, recognized
as critical for the formation of finite twisted layers with zero
Gaussian curvature (local saddle splay)54 or heliconical layers
with cylindrical (zero Gaussian) curvature,79 is markedly
different for the molecules representing the arms of the bent-
core molecules with either one of these chiral side chains. The
chiral center at C1 for the (S)-2-octyloxy side chain promotes a
noticeably smaller core-chain angle with a noticeable bend at
the core-chain juncture (Figure 4a−d) than the chiral center at
C2 for the (R)-2,6-dimethylheptyloxy side chain, which results
in an almost linear overall shape (Figure 4e−h). In addition,
the branching at C6 of the latter also appears to bury the chiral
center at the midpoint of this substructure as seen in Figure 4h.
Calculations of the relative conformational energy profiles as a
function of the dihedral angle, previously used successfully to
ascertain the role of conformation in smectic layer structures97

and here defined by O−C1−C2−C3 (according to B3LYP/6-
31G*; Figure 4i), shows clear differences in the relative
energies of the possible conformers (dihedral angles with
energetic minima). When the chiral center is located at C1, the
conformer with a dihedral angle of 60° shows a local energy

minimum. However, with the aliphatic chain of the full bent-
core molecule being longer, the energetically next lowest
conformer with a dihedral angle of 90° should be relevant as
well. As predicted,83 when the chiral center is located at C2, all
reasonable dihedral angles of 60°, 180°, and 300° are
energetically equal, providing a path to the more rod-like
overall conformation, as shown in Figure 4h, thereby
supporting the above-described experimental observations
that led to the assumption of a diminishing role of chirality
when the chiral center is moved farther away from the core to
C2.83 As a result, these conformational analyses foreshadow
significant consequences for the morphology of the anticipated
B4 phases as well as for the phase sequences overall.
Diminishing the role and effects of the chiral centers could
potentially lead to morphologies not reported heretofore such
as flat ribbons or ribbons with a larger helical pitch, lead to the
formation of conglomerates despite molecular chirality, alter
the internal structure of the phase, or affect the previously
observed polymorphism76 that considerably depended on the
rate of cooling from the isotropic liquid phase.
The synthesis and all analytical data for compounds 1−5 are

provided in the Supporting Information (SI, Section S1,
Scheme S1 and Figures S1−S10). All purified target
compounds 1−5 were then investigated by polarized optical
microscopy (POM), differential scanning calorimetry (DSC),
and scanning and transmission electron microscopy (SEM and
TEM) as well as thin-film circular dichroism (CD)
spectropolarimetry and X-ray diffraction (XRD) with synchro-
tron sources. To study the expected polymorphism, phase
coexistence, and variations in morphology depending on the

Scheme 1. Comparison of Phase Sequence, Phase Structure, Formed B4 Morphology, and Phase Transition Temperatures
Depending on the Chemical Structure (i.e., Length of Aliphatic Side Chains, Position, and Number of Chiral Center(s)), of
Compounds 1−5 with the Parent Compounds I−IVa

aModels for the different B1 phase structures with c2mm, p2/m, and p2 are shown at right. Related compounds are identified by the use of colored
brackets, and the color coding in the bar diagram is used throughout for the various B4 morphologies and B1 and B4 phases as well as in the CD
spectral plots.
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cooling rate, previously observed for the parent materials I−IV,
each of these imaging, thermal, spectroscopic and structural
analysis techniques was executed for compounds 1−5 both
upon slow (5 °C min−1) and upon rapid cooling (≥50 °C
min−1) from the isotropic liquid phase. Finally, self-assembly of
compounds 3−5 was also studied in colloidal dispersion
formed in n-hexane based on earlier observations of filament
formation in dispersions (gels) matching those formed of the
neat compounds formed upon cooling from the isotropic liquid
state of the B4 phase forming bent-core compounds.77,79,98

Scheme 1 provides a preliminary, comparative overview of
the data (phase sequence and phase transition temperatures as
well as phase and morphology assignment) obtained by POM,
DSC, XRD, and electron microscopy for the two sets of
compounds: the parent set of I−IV (Figure 1) and the current
set of 1−5 (Figure 3). In what follows, we individually discuss
each compound and compare the data with those that are
structurally closely related.
Side Chain Elongation. Compound 1 is structurally

related to III76 and features a chiral center in the shorter meta-
side of the molecule with an (S)-2-decyloxy rather than an (S)-
2-octyloxy side chain. Upon slow cooling from the isotropic
liquid phase, 1 shows a low-birefringence spherulitic-type
texture with the typical alternating high- and low-birefringence
fans within each spherulitic domain99 when decrossing the

polarizers in opposite directions (Figure 5a−c), typically
observed for B1 columnar phases such as for the Colob−p2/
m phase formed by III.76 Upon rapid cooling, a routinely
bluish, grainy texture is observed (Figure 5d), which is similar
to the texture formed upon rapid cooling as previously
reported for the B4−HμF phase of compound III.76 DSC data
obtained for each cooling rate, 5 and 50 °C min−1 (SI, Section
S2, Figures S11 and S12, and Table S1), further confirmed the
formation of only one phase, showing exclusively one
exothermic peak in each of these cooling runs. SEM (Figure
5e,f) as well as TEM (Figure 5g,h) continue to support this
analogy between 1 and III by showing featureless, wavy
structures for 1 upon slow cooling and helical filaments upon
rapid cooling. As anticipated, given the (S)-configuration of the
chiral center,76 the filaments with dimensions of w ∼ 250 nm
(width, height) and a helical pitch, p, ranging from 650 to 800
nm are microfilaments with a consistently left-handed twist,
best seen in the TEM images shown in Figure 5h and Figure
S13 (SI, Section S2). The thin-film CD spectra similarly
support the homochirality of the B1 and the B4−HμF phases,
with the expected sign of the recorded sum-CD signals
considering the configuration of the chiral centers: positive for
(R)-III76 and negative for (S)-1. For (S)-1, however, the
maxima of the sum-CD signals shifted to lower wavelengths
(by about 50−60 nm in each case; λmax = 470 nm in Figure 4i

Figure 5. Compound 1: Polarized optical photomicrographs after heating to the isotropic liquid phase (>140 °C) and subsequent cooling to
room temperature (∼20 °C) upon: (a) slow cooling; crossed polarizers, (b, c) slow cooling; ±5° decrossed polarizers, and (d) fast cooling;
crossed polarizers. SEM images after heating to the isotropic liquid phase followed by cooling to room temperature upon: (e) slow cooling
and (f) rapid cooling. TEM images obtained after: (g) slow cooling and (h) fast cooling; dashed yellow lines indicate visible separation
between parallel and partially overlapping left-handed microfilaments, also highlighted in the model; inset shows section with lower
magnification (see also SI, Section S2, Figure S13a,b). Thin-film CD spectra (Δε [mdeg] vs λ [nm]) of 10 μm films between untreated quartz
substrates after cooling at different cooling rates from the isotropic liquid phase to room temperature at different sample rotation angles, as
indicated in the legends (the red and teal curve are the sum-CD spectra to cancel out linear dichroism and birefringence):100 (i) slow
cooling; inset shows sample image lacking blue structural color (white sample is seen) and (j) rapid cooling; inset shows sample image
displaying blue structural color. XRD analysis data showing intensity (au) vs wave vector q (Å−1): (k) slow cooling (inset shows the small-
angle region and additional peak assignments) and (l) fast cooling. Peak positions, Miller indices, and relative intensity values are
summarized in the SI, Section S2, Figure S14. For color coding in plots, see Scheme 1.
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and λmax = 370 nm in Figure 5j) in comparison to the sum-CD
signals recorded for (R)-III, for each the Colob−p2/m and the
HμF phase.76 The cause of this hypsochromic shift observed
for (S)-1 could be a different orientation of the domains since
these CD signals are likely caused by a combination of
molecular chirality, in-layer chirality (undulated layers in the
case of the Colob phase and twisted layers in the case of the
HμF phase), and packing of the filaments in the case of the
HμF phase. The latter contribution found support from the
peak position at about λmax = 420 nm that matched the
structural color seen by naked eye and measured by UV−vis
spectroscopy in reflection mode.76

To characterize the structures formed by compound 1 upon
rapid or slow cooling, we performed synchrotron XRD
experiments (see Methods section for details). Summaries of
the obtained XRD data are shown in Figure 5k,l. On slow
cooling from the isotropic liquid phase, (S)-1 shows diffraction

peaks labeled q1
a
−q5

a with = +q q q
3

a

1

a2

2

a2 , whereby q2
a is of

lower intensity in comparison to q1
a and q3

a, q4
a = 2q1

a, and q5
a =

4q1
a, indicating a modulated layer structure (layer spacing d =

46.5 Å) similar to data reported earlier for the B4−HμF phase
formed by compound III upon rapid cooling (Figure 5k).76

The precise phase formed by compound 1 is therefore a B4−
HμFmod phase. A comparison to the overall length of the

molecule with all-trans configuration of the aliphatic chains (l =
51 Å) signifies little tilt within these layers. All additional peaks
labeled qi

b (i = 1−8) can be indexed as (001), (100), (101̅),
(101), (010), (002), (2̅01), and (201) with oblique lattice
parameters of a = 34.3 Å, b = 20.8 Å, c = 38.9 Å, and β = 101°
(from ALS data set, see SI Section S2, Figure S14). The
symmetry group is monoclinic p2 (three-dimensional (3D)),
and the phase is an oblique columnar phase (Colob), as shown
in Scheme 1 and previously reported for compound IV upon
slow cooling.79 This phase therefore coexists with the B4
HμFmod phase and dominates the features in the electron
microscopy images as well as the thin-film CD data. Upon
rapid cooling, (S)-1 shows five major diffraction peaks labeled
q1
a
−q5

a with peak positions and relative intensities closely
matching those recorded for (S)-1 upon slow cooling for the
HμFmod phase (Figure 5l). In agreement with the electron
microscopy and thin-film CD data, (S)-1 exclusively forms a
B4−HμF phase under this fast-cooling regime. Hence, these
XRD data show that compound 1, just like the homologue III,
forms a B4−HμF phase upon rapid cooling and the B1−Colob
upon slow cooling. Conversely, coexistence between these two
phases is now only observed for the slow-cooling regime and
not for the fast-cooling regime as reported for compound III.76

Moreover, the space group of the Colob phase formed upon

Figure 6. Compound 2: Polarized optical photomicrographs (crossed polarizers) after heating to the isotropic liquid phase (>150 °C) and
subsequent cooling to room temperature (∼20 °C) upon: (a) slow cooling at higher magnification, (b) slow cooling at lower magnification,
(c) fast cooling at higher magnification, and (d) fast cooling at lower magnification showing some indication of biphasic behavior (two
interlaced textures). SEM images after heating to the isotropic liquid phase followed by cooling to room temperature upon: (e, f) slow
cooling. TEM images obtained after: (g) slow cooling; inset shows another area on the TEM grid showing the constant width (diameter) of
the nanocylinders (∼60 nm) measured using ImageJ103 and (h) fast cooling showing features of nanocylinders and wavy solid sections
supporting the biphasic behavior seen in (d) by POM. Thin-film CD spectra (Δε [mdeg] vs λ [nm]) of 10 μm films between untreated quartz
substrates after cooling at different rates from the isotropic liquid phase to room temperature at different sample rotation angles as indicated
in the legends (the light blue and gradient orange-light blue curve are the sum-CD spectra to cancel out linear dichroism and birefringence):
(i) slow cooling; inset shows sample image with faint blue structural color and (j) rapid cooling; inset shows sample image with even more
faint blue structural color likely due to phase coexistence. XRD analysis data showing intensity (au) vs wave vector q (Å−1): (k) slow cooling
and (l) fast cooling (inset shows the small-angle region and additional peak assignments). Peak positions, Miller indices, and relative
intensity values are summarized in the SI, Section S3, Figure S23. For color coding in plots, see Scheme 1.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c00527
ACS Nano 2021, 15, 7249−7270

7255



slow cooling changed from p2/m to p2 (3D) but retained the
monoclinic lattice.
Relocating the chiral center in the longer (S)-2-decyloxy side

chain to the para-side of the bent-core molecule furnishes
compound 2, which we will initially compare to the parent
compound IV79 with a shorter (S)-2-octyloxy side chain. On
slow cooling from the isotropic liquid phase to room
temperature (at a rate of 5 °C min−1), the optical texture of
1 with a feather-like spherulitic appearance (Figure 6a,b shows
two different magnifications) closely resembles the textures
obtained for compound IV upon slow cooling,79 thereby
providing initial evidence of the formation of a B4 HLNC
morphology. On rapid cooling (at a rate of ∼50 °C min−1),
consistent with the observations reported earlier for IV,
compound 2 appears to show coexistence of two optical
textures, one with lower (Figure 6c) and one with higher
birefringence (Figure 6d with lower magnification shows the
two coexisting textures with the less birefringent texture
characterized by the spherulitic domains seen upon slow
cooling). Thorough characterization of the phase structure and
morphology of compound IV upon rapid cooling revealed that
the B4 HLNC coexists with the B1 (Colr−c2mm) phase in this
cooling regime,79 and POM studies of compound 2 appear to
support a similar phase behavior. Strikingly different and
independent of the cooling rate, POM and DSC data for 2 (SI,
Section S3, Figures S15 and S16 and Table S2) show only one
phase transition on cooling from the isotropic liquid phase and
no formation of a high temperature B1 phase (i.e., also no
polymorphism between the Colob on heating and Colr on
cooling) previously reported for IV (Scheme 1).79

Such disappearance of the high-temperature B1 phase is
supported by data obtained for analogue tris-biphenyl
derivatives with nonbranched aliphatic side chains.73 The
derivative with C7 aliphatic chains only forms the B1 and no
B4 phase, and the temperature range of the B1 phase (ΔTB1)
on cooling is reduced from ∼24 to 9 °C to 3 °C as the chain
elongates from C8 to C9 to C10, respectively. Branching just
one of the aliphatic chains in 2 prevents the formation of the
B1 phase just like the branched aliphatic chains on either side
of compound II77 hindered the formation of the B1 phase
when compared to the nonbranched parent derivative,
compound I (Scheme 1). Elongation of the aliphatic chains
for the nonbranched derivatives (such as compound I) also
facilitated lower phase transition temperatures from the
isotropic liquid to the B1 liquid crystal phase, TIso‑B1, from
183 °C for C8 and 175 °C for C9 to 167 °C for C10.73 The
same is observed here for 2 featuring longer aliphatic chains.
The phase transition temperature of the transition from the
isotropic liquid presumably to the B4 phase (TIso‑B4) when
compared to IV with shorter side chains is reduced.
SEM (Figure 6e,f) and TEM (Figure 6g,h) imaging support

phase and morphology assignment for compound 2, clearly
showing nanocylinders displaying the rich hierarchical self-
assembly behavior especially for the slow cooling regime
already reported for compound IV.79 Numerous of these
hierarchical assemblies resemble the blossoms of thistles,
pasque flowers or dandelions (Figure 6g and Figure S17 and
S18); others resemble three-dimensional objects like coconuts
(Figure 6f). Despite a noticeable similarity in appearance of
these nanocylinders formed by 2 and IV, there are also
significant differences. For one, the nanocylinders formed by 2
are consistently smaller in diameter (60 nm for 2, see insert in
Figure 6g, vs 80 nm for IV79). In several of the TEM images,

such 60 nm nanocylinders with an average length of 10 or
more microns are observed (Figure S19). Given the increased
overall length of the bent core molecules with longer aliphatic
chains on either side of 2 (l = 5.1 nm), these nanocylinders
now consist of only ∼6 concentrical layers rather than 10 layers
that made up the HLCNs formed by IV. Second, and
especially noteworthy, the current nanocylinders formed by 2
upon slow cooling almost entirely lack the clearly discernible
heliconical layering (SI, Section S3, Figure S20) observed for
the nanocylinders (or HLNCs) formed by IV.79 At the very
least, these features are not visible in the TEM images, and
only very sporadically in the SEM images for rapidly cooled 2
when no metal is deposited for the SEM sample preparation
(SI, Section S3, Figure S21). When visible, however, the right-
handedness seen is in line with the (S)-configuration of the
chiral center in the para-aliphatic side chain. Considering this
lack of consistent heliconical layering observed for 2, one could
interpret this as a visual indication that elongation of aliphatic
chains with a chiral center at the core-chain juncture
diminishes the effects of the chiral center and that this results
in the largely observed lack of heliconical layering or a
significant increase in the helical pitch p. Related cylinder or
tubular superstructures with no evidence of heliconical layering
were reported by others previously for achiral bent-core
compounds in colloidal dispersions (gels) using organic
solvents98,101 or in the case of ionic bent-core materials after
self-assembly in water.102

Upon rapid cooling of 2 from the isotropic liquid, SEM (SI,
Section S3, Figure S22) and TEM (Figure 6h) images show a
combination of featureless, smooth regions that are decorated
with cylinder-like shapes, thereby indicating what was already
reported for compound IV79 and the same cooling regime,
phase coexistence.
The thin-film CD data also support these arguments in light

of the data reported earlier for compound (R)-IV. Upon slow
cooling, the obtained sum-CD spectrum for (S)-2 (Figure 6i)
is basically a mirror image spectrum of the one obtained for
(R)-IV,79 which is anticipated considering the opposite
configuration of the involved chiral centers. The CD bands
for (S)-2 are less intense than the ones observed for (R)-IV,
and the intensity distribution of the four either positive or
negative bands differs as well. With the CD bands likely arising
from a combination of intra- and interlayer chirality as well as
any conceivable assembly of the resulting chiral building
blocks, it is currently unclear if the lack of heliconical wrapping
is causing these minor differences in the two CD spectra of
(S)-2 and (R)-IV. The sum-CD spectrum obtained on rapid
cooling (Figure 6j) supports the phase coexistence and with
the B1 columnar phase, considering the narrow band centered
around λmax = 330 nm (with negative sign, just like the same
band observed upon slow cooling) indicative of the B4
nanocylinders and the broad negative band with a maximum
centered around λmax = 420 nm, indicating the B1 phase (just
like the B1 phase of (S)-1, and of opposite sign when
compared to the sum-CD spectra obtained for (R)-IV).79

Curiously, while the B1 phase is not formed as a separate phase
at a temperature above the B4 phase, it appears to be the
dominant phase judging from the thin-film CD data, as was
evident in the SEM and TEM images upon rapid cooling.
Final confirmation of the phase structures was sought by

XRD. On slow cooling from the isotropic liquid phase, (S)-2
shows diffraction peaks labeled q1

a
−q8

a with q3
a = 2q1

a, q5
a = 2q2

a,
q7
a = 3q1

a, and q8
a = 6q1

a (Figure 6k) indicating a modulated B4
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layered nanocylinder structure with a layer spacing of d = 48.0
Å closely matching the calculated molecular length of 2 (l = 51
Å; assuming all-trans configurations of the aliphatic chains).
The noncommensurate high-q peaks indicate a crystalline
structure within these layers typical for B4 phases. This
diffraction pattern differs from the homologue with shorter
aliphatic chains reported previously (compound IV), which
displayed no such inlayer modulation.79

Upon rapid cooling (Figure 6l), all diffraction peaks labeled
q1
a
−q8

a reappear, clearly indicating the presence of the B4 phase

nanocylinders seen by TEM. Here, = +q q q
3

a

1

a2

2

a2 , and q4
a =

2q1
a, q6

a = 2q2
a, and q7

a = 3q1
a again indicate an intralayer

modulated layer structure. An additional set q1
b
−q9

b, however,

indicates coexistence with another phase, which was already
seen by POM, thin-film CD, and in the electron microscopy
images. These peaks are best indexed as (101), (002), (200),
(202), (103), (203), (302), (304), and (006) of a rectangular
lattice with c2mm plane group (two-dimensional (2D)) and
lattice parameters of a = 44.9 Å and c = 53.8 Å. The qi

b

diffraction pattern subset would be in close agreement with the
phase coexistence and phase assignment made previously for
the lower homologue upon rapid cooling, compound IV, with
shorter aliphatic chains and therefore applicably smaller lattice
parameters of the coexisting Colr−c2mm phase (a = 44.7 Å and
c = 40.9 Å).79

Overall, the phase behavior and identified morphologies of
the B4 filaments displayed by compounds 1 and 2 largely

Figure 7. Compound 3: Polarized optical photomicrographs after heating to the isotropic liquid phase (>165 °C) and subsequent cooling to
room temperature (∼20 °C) upon: (a) slow cooling, (b) fast cooling, (c, d) fast cooling; ±5° decrossed polarizers. SEM images after heating
to the isotropic liquid phase followed by cooling to room temperature upon: (e) slow cooling and (f) rapid cooling; inset shows SEM at
higher magnification with width measurement data. TEM images obtained after: (g) slow cooling; inserts show a model of a FNR and an
image of another area on the TEM grid with TNRs and FNRs as well as a model of the TNRs; height was measured at twisting locations
(∼40 nm) using ImageJ103 and (h) fast cooling showing right-handed (rh) and left-handed (lh) HNFs; inset shows a magnified section.
Thin-film CD spectra (Δε [mdeg] vs λ [nm]) of 10 μm films between untreated quartz substrates after cooling at different cooling rates from
the isotropic liquid phase to room temperature at different sample rotation angles as indicated in the legends (the green and dark blue
curves are the sum-CD spectra to cancel out linear dichroism and birefringence): (i) slow cooling; inset shows sample image with blue
structural color, (j) rapid cooling of one homochiral domain; inset shows sample image with blue structural color, and (k) another
homochiral domain with opposite handedness. Zoomed out POM images (magnification: 4×) of the 10 μm CD samples between quartz
slides showing the lack of clearly discernible homochiral domains with opposite handedness, as visualized by decrossing polarizer and
analyzer upon: (l) slow cooling and (m) fast cooling. XRD analysis data showing intensity (au) vs wave vector q (Å−1): (n) slow cooling and
(o) fast cooling. Peak positions, relative intensity values, and Miller indices are summarized in the SI, Section S4, Figure S28. For color
coding in plots, see Scheme 1.
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resemble those reported earlier for compounds III and IV,
including the unique polymorphism depending on the cooling
rate for compounds III and 1. The configuration of the chiral
center in 1, despite the elongated side chain, continues to
determine the handedness of the formed HμFs, a morphology
that is essentially controlled by the larger bend angle θ of the
core-chain junction in the molecules’ meta-side that contains
the chiral center. In contrast, elongation of the chiral side chain
has the most significant consequences for the properties of
compound 2. Here, nanocylinders, exclusively formed upon
slow cooling, no longer show any significant indication of
heliconical layering. If longer aliphatic tails effectively diminish
the effects of chirality and one additionally considers that lower
bend angles at the core-chain juncture reduce the tendency to
twist,54,79 this observation is perhaps not surprising. This also
leads directly to the next set of compounds (3−5) with the
chiral center relocated from C1 to C2 and an additional
branching point in the aliphatic side chain at C6, which
imparts even larger bend angles at the core-chain juncture.
Relocation of the Chiral Center and Further Branch-

ing. Compound 3 with two (R)-2,6-dimethylheptyloxy side
chains is structurally most closely related to compound II, and
this pair should provide initial insights into the consequences
of chiral center relocation for these B4 phase forming
compounds. Upon slow cooling, POM images show a distinct
blue feather-like texture (Figure 7a). After rapid cooling to
room temperature, blue spherulitic domains with a local
nematic texture104 are observed, characterized by an
alternating birefringence of the fans within each spherulitic
domain when decrossing the polarizers in either direction
(Figure 7b−d). This likely indicates a radial orientation of the
anticipated nanofilaments within these domains.104 DSC data
support the formation of just one phase on cooling from the
isotropic liquid phase at rates of 5 as well as 50 °C min−1 that
persists to room temperature without crystallization. As for all
other compounds, rapid cooling led to a lower phase transition
temperature and broader peaks in the DSC runs (SI, Section
S4, Figure S24 and Table S3).
With the bluish color observed by POM potentially signaling

the existence of B4 morphologies, SEM and TEM imaging
confirmed this hypothesis. For the slow cooled sample of 3,
SEM surprisingly showed what appeared to be flat ribbon-like
shapes (Figure 7e) with a recurrent width of w = 90 nm
(although several with larger width are clearly visible as well;
insert Figure 7e and Figure S25a,b in the SI, Section S4) and a
frequent length of several microns. Upon rapid cooling, the
appearance and dimensions of the observed filaments match
those commonly reported for HNFs (w ∼ 40 nm and p ∼ 200
nm). However, both left- and right-handed HNFs are seen,
which is noteworthy in light of the homochiral nature of
compound 3 (Figure 7f as well as Figure S25c,d in the SI,
Section S4).
TEM images then provide more clarity of what these shapes

look like. Upon slow cooling, TEM images of 3 confirm the flat
ribbon-like nature of the filaments (ranging in width from w =
90 nm to w = 300 nm); most are flat and straight and some
several tens of microns long (image and model in Figure 7g).
Others, however, are twisted or helical ribbons that are usually
right-handed with a pitch p ∼ 2 μm (Figure 7g and inset
showing several twisted ribbons and a model; see also SI,
Section S4, Figure S26). Turning or twisting locations of some
of these ribbons also allowed measurements (by image
analysis) of the height of these flat ribbons of ∼40 nm,

matching the width and height of HNFs. Considering the
molecular length of compound 3, l ∼ 4.5 nm, the nanoribbons
are composed of ∼9 layers. These flat or twisted nanoribbons
(we will refer to them as FNRs and TNRs) are among the last
and until now missing morphologies for the B4 phase. This is
perhaps surprising when considering that such morphologies
are known among all possible chiral self-assembly modes of
layer structures into helical, heliconical, and twisted
morphologies formed by a wealth of structurally unrelated
materials including Gemini55 and other surfactants,105 a large
variety of amphiphilic or polyphilic molecules,12 bile acid end-
modified oligo(p-phenylene ethynylene),106 or naphthalene
diimide107 derivatives among others, and inorganic108 as well
as carbon-based nanomaterials.109−111 The self-assembly of
Gemini surfactantstwo identical cationic surfactants con-
nected by an aliphatic hydrocarbon spacerwith chiral
counteranions as described by Oda et al. serve as prime
examples for the consequences of diminished effects of
chirality on the formed self-assembled multilayer ribbons.55

Successively reducing the enantiomeric excess (ee) of the
counteranionic L-tartrate by adding the opposite enantiomer
led to an increasing helical pitch of the multilayer twisted
ribbons from what resembles a HNF for ee > 99% to an FNR
for the racemate. Compound 3 under thermodynamic control
(i.e., slow cooling) not only forms FNRs but also some of the
intermediate forms with larger pitch since multiple conformers
are accessible likely due to the existence of equivalent low-
energy conformations with respect to the dihedral angle
between C2 and C3 at the core-chain juncture.
TEM analysis of 3 upon rapid cooling corroborates the SEM

imaging data, noticeably showing HNFs with the expected
dimensions already seen in the SEM images and practically
equal occurrence of either a left-handed (lh) or right-handed
(rh) twist even among adjacent filaments (Figure 7h and
insert; see also SI, Section S4, Figure S27). This is highly
unusual given that HNFs commonly grow, chirality persever-
ing,69 forming clearly distinguishable large homochiral
domains with opposite handedness (a conglomerate) when
the molecules are achiral and only a single homochiral domain
(depending on the configuration of the chiral center(s)) when
the molecules are homochiral.77 For compound 3, filaments
with opposite handedness grow, randomly, right next to one
another. Following expected trends based on the (R)-
configuration of the two chiral centers of compound 3, the
sum-CD signal calculated from the individual linear dichroism
spectra shows a positive signal, with a maximum wavelength
centered around λmax = 420 nm, that is broad enough to cover
most of the visible part of the electromagnetic spectrum
(Figure 7i).
The positive sign of this CD band is also in line with

expectations for the (R)-configurations of the chiral centers of
3, for example, when compared to the negative band observed
for filaments with the most closely related shape, the HμFs
formed by (S)-176 (Figure 5j). Given the FNR shape formed
upon slow cooling, these CD signals should arise from the
intralayer chirality of the system, but in part also from the
observed TNRs. As HNFs, these FNRs and TNRs give rise to
blue structural color (see insert, Figure 7i). POM images of the
thin-film CD sample undergoing slow cooling from the
isotropic liquid phase also show no sign of opposite
homochiral domains, as indicated by decrossing the polarizers
(Figure 7l).
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In contrast, the sum-CD spectra observed for 3 upon rapid
cooling show either a positive (Figure 7j) or a negative band
(Figure 7k) depending on the particular sample location (spot)
interrogated by the ∼1 mm diameter light beam. The random
growth and spatial coexistence of left- and right-handed HNFs
translates into sum-CD signals with opposite signs solely
depending on the sample location; by chance positive for
sample spots with a significant majority of right-handed HNFs
and vice versa for sample spots giving a negative sum-CD signal
(as proven for compound II),77 thus supporting the
colocalization of left- and right-handed HNFs seen by SEM
and TEM (Figure 7f and h). The quite variable intensity of the
two sum-CD signals shown further supports this argument

(Figure 7j and k). Like other HNFs, the HNFs formed by 3
also show blue structural color in reflection mode (see insert,
Figure 7j).
POM images of the thin-film CD sample further support this

by not showing homochiral domains with opposite handedness
by decrossing the polarizers even at the lowest (4×)
magnification accessible (Figure 7m). Hence, compound 3
upon rapid cooling appears to form more of a racemic mixture
of HNFs (rather than a conglomerate) despite the homochiral
nature of the individual molecules.
Because of the shape similarity between HNFs and FNRs or

particularly the TNRs, each consisting of ∼9 layers (i.e.,
matching height), as one might anticipate, the maximum

Figure 8. Compound 4: Polarized optical photomicrographs after heating to the isotropic liquid phase (>160 °C) and subsequent cooling to
room temperature (∼20 °C) upon: (a) slow cooling; crossed polarizers, (b) slow cooling; −8° decrossed polarizers, (c) slow cooling; +8°
decrossed polarizers, and (d) fast cooling; crossed polarizers (for images with higher magnification and oppositely decrossed polarizers, see
Figure S29, SI). SEM images after heating to the isotropic liquid phase followed by cooling to room temperature upon: (e) slow cooling
showing overlapping FNRs; widths averaging w ∼ 360 nm were measured using ImageJ103 and (f) rapid cooling showing coexistence of
smooth and potentially twisted ribbon-like domains. TEM images obtained after: (g) slow cooling showing overlapping FNRs, (h) fast
cooling; inserts show an enlarged section and a potential model of left-handed (lh) twisted ribbons-like structure, and (i) fast cooling and
higher magnification showing right-handed (rh) twisted ribbons-like structures; inset show a model. Thin-film CD spectra (Δε [mdeg] vs λ
[nm]) of 10 μm films between untreated quartz substrates after cooling at a different rate from the isotropic liquid phase to room
temperature at different sample rotation angles as indicated in the legends (the green and red curves are the sum-CD spectra to cancel out
linear dichroism and birefringence): (j) slow cooling; inset shows sample image with intense blue structural color, (k) rapid cooling of one
sample location; inset shows actual sample lacking structural color, and (l) quasi-mirror imaged spectrum upon rapid cooling of another
domain. (m) Zoomed out POM images (magnification: 4×) of the sample between quartz slides interrogated by CD in the rapid cooling
regime showing the minor color changes between the low-birefringence domains upon decrossing the polarizers by ±8° (also shown in
Figure S30). XRD analysis data showing intensity (au) vs wave vector q (Å−1): (n) slow cooling and (o) fast cooling; inset shows the small-
angle region and additional peak assignments. Peak positions, relative intensity values, and Miller indices are summarized in the SI, Section
S5, Figure S33. For color coding in plots, see Scheme 1.
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wavelength of the CD band observed for the HNFs (λmax =
410 or 420 nm; Figure 7j,k, respectively) closely matches the
maximum wavelengths observed for the FNRs and TNRs with
λmax = 420 nm (Figure 7i).
Further analysis of the phase structures was done by XRD.

On slow cooling from the isotropic liquid phase (Figure 7n; for
q values and relative intensities, see the SI, Section S4, Figure
S28a,c), compound 3 shows diffraction peaks labeled q1

a
−q12

a in
the small-angle region with q5

a = 2q1
a, q8

a = 2q2
a, q11

a = 3q1
a, and

= +q q q
3

a

1

a2

2

a2 (q4
a and q6

a are of rather low intensity),

indicating a modulated layer structure similar to the B4
HNFmod phase

73 reported earlier. The calculated layer spacing
of d = 44.6 Å perfectly matches the calculated molecular length
of l = 45 Å signifying that the molecules are positioned
orthogonal within the layers, which is likely also a consequence
of the larger, almost 180° bend angle θ at the core-chain
juncture and the resulting more rod-like shape of both arms of
this bent-core molecule. Numerous noncommensurate wide-
angle diffraction peaks in the range of q = 1.0−1.6 Å−1 suggest
a crystalline organization within these layers similar to the
other B4 nanofilaments. Thus, aside from the significantly
larger dimensions, the XRD data of this phase, now more
accurately designated as modulated flat and twisted nanorib-
bons (FNRmod and TNRmod), indicate that compound 3 with
chiral centers in each of the aliphatic side chains forms
nanoscale filaments that are structurally and morphologically
linked to those formed by their structurally related compounds
I and II (each with identical side chains).
Upon rapid cooling from the isotropic liquid phase, 3 shows

diffraction peaks labeled q1
b
−q9

b with q4
b = 2q1

b, q5
b = 2q2

b, and q9
b =

6q1
b, suggesting a dual-modulated helical nanofilament layer

structure (i.e., HNFmod2), akin to the HNFmod2 phase reported
earlier for compound II,74,77 with a layer spacing d = 46.2 Å
(Figure 7o) also closely matching the calculated molecular
length (related to the large bend angle at the core-chain
juncture causing a more rod-like shape of each molecular side).
While less pronounced, noncommensurate wide-angle peaks
indicate a crystalline packing within the layers (for q values and
relative intensities, see the SI, Section S4, Figures S28b,d,e).
Next, the dual branched (R)-2,6-dimethylheptyloxy side

chain is present only in the shorter meta-side of the molecule,
providing compound 4, which is structurally most closely
related to compounds III and 1, each having one chiral center
located exclusively in the molecules’ meta-side and each
displaying the recently discovered polymorphism between the
B4−HμF and the Colob−p2/m (B1) phase depending on the
cooling rate.76

Upon slow cooling, POM images of compound 4 show
bluish feather-like texture with local nematic ordering that is
likely originating from large spherulitic domains104 (Figure
8a). Decrossing the polarizers does not locally alter the
birefringence in the fan-like domains, that is, the texture
remains unchanged when viewed between oppositely de-
crossed polarizers (Figure 8b,c). Particularly noticeable is the
similarity of texture characteristics to those observed for 3
upon slow cooling (Figure 7a). In fact, the two textures
practically share many identical features such as the color in
transmission considering a comparable sample thickness (i.e.,
the birefringence), domain sizes, and the overall feather-like
appearance. In contrast, the texture observed upon rapid
cooling resembles a focal-conic fan texture with significantly
elevated birefringence that lacks pseudoisotropic domains (i.e.,

no dark or black regions with zero birefringence; see Figure
8d). Interlaced with the domains of higher birefringence that
do not change in color when decrossing polarizer and analyzer
by + 8° or −8°, however, are domains with lower
birefringence that do (SI, Section S5, Figures S29 and S30).
This could indicate some degree of phase coexistence, which
has previously been observed for compounds III and IV.76,79

DSC traces again show only one phase transition on cooling at
either rate (5 or 50 °C min−1) from the isotropic liquid phase
to room temperature with the characteristic lower phase
transition temperature as well as a broadening of the peak at
the transition from the isotropic liquid phase at the faster
cooling rate (SI, Section S5, Figure S31 and Table S4). Thus,
the DSC data confirm the observation of only one texture over
the entire temperature range as soon as the sample is cooled
below the phase transition from the isotropic liquid phase.
SEM images of 4 acquired after slow cooling from the

isotropic liquid phase support the textural similarities seen by
POM, showing clearly overlapping FNRs with an average
width of w ∼ 360 nm and reaching lengths of several microns
(Figure 8e). These are, on average, wider than those observed
upon slow cooling for compound 3 but more constant in width
(i.e., lower width distribution). Unfortunately, this larger width
prevents measurements of the ribbon height and thereby an
assessment and comparison of how many layers are stacked,
because wider flat ribbons have an increased tendency to lie
flat on the substrate. The SEM image obtained after rapid
cooling is, however, in stark contrast to the one taken after
slow cooling (Figure 8f). Here, flat wavy structures
commonly seen for the columnar phases formed by these
bent-core molecules76,79are interlaced with twisted filament-
type structures, which seems to support the phase coexistence
perceived by POM.
TEM helped to further clarify the situation. TEM images of

compound 4 taken after slow cooling show FNRs and further
support the observations made by SEM regarding narrow
width distribution and average lengths of the FNRs of a few
microns. Furthermore, these FNRs bundle up forming stripe-
like domains with some degree of splay within each stripe
(Figure 8g). The thinner samples of 4 required for and then
imaged by TEM after rapid cooling clearly show what was
supposed by the SEM and POM imaging data earlier, which is
that upon rapid cooling two morphologies (or phases) coexist
(Figure 8h). One of these morphologies is characterized by
smooth, fern-like shapes (Figure 8h,i), the other by helical
filaments with dimensions (w ∼ 250−300 nm and p ∼ 800 nm;
Figure 8h) matching those of the HμFs reported earlier for
compound III76 (Scheme 1) as well as seen here for
compound 1 and for each exclusively upon rapid cooling.
The major difference between the HμFs formed by
compounds III and 1 to those formed by compound 4 is
that the latter, upon rapid cooling, forms both left- and right-
handed HμFs (compare inserts in Figure 8h,i; also see
additional TEM images in the SI, Section S5, Figure S32).
Similar to the left- and right-handed HNFs formed by
compound 3 upon rapid cooling, the HμFs of opposite
handedness formed by 4, despite the (R)-configuration of the
chiral center in the side chain, give rise to the mirror-imaged
thin-film CD bands in different sample locations (Figure 8k,l).
Considering the dense nature and size of the domains visible

in the SEM and TEM images, it is currently unclear if these
domains are composed of HμFs of just one handedness or if, as
for the HNFs formed by 3 upon rapid cooling, HμFs of both
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handedness grow randomly and potentially adjacent to one
another within one domain. In either case, a comparison of the
area interrogated by CD (beam diameter ∼1 mm at the
sample) with the domain sizes seen by electron microscopy
clearly suggests that there must be a spatially varying
concentration of left- and right-handed HμFs giving rise to
mirror-image CD spectra with unequal intensities.
Further analysis of the phase structures was done by XRD.

On slow cooling from the isotropic liquid phase, compound 4
shows diffraction peaks labeled q1

a
−q17

a (Figure 8n, and SI,
Section S5, Figure S33a and S33c) with q4

a = 2q1
a, q6

a = 2q2
a, q9

a =
3q1

a, q12
a = 3q2

a, q17
a = 6q1

a, and a strong diffraction peak

= +q q q
3

a

1

a2

2

a2 , suggesting an additional electron density

modulation. This diffraction pattern closely matches the one
recorded for compound 3 upon slow cooling, with the marked
difference being the reversal of the relative intensities of q1

a and
q2
a, which might be caused by the significant width difference
between the FNRs formed by compounds 3 and 4 in the slow-
cooling regime. This modulated B4 phase is therefore best
abbreviated as FNRmod (two independent electron density
waves forming a rectangular lattice),73 just as the phase formed
by compound 3 upon slow cooling, with a layer spacing of d =

45.5 Å that again matches the calculated molecular length (l =
46 Å), thereby indicating an orthogonal orientation of the
molecules within the layers.
Upon rapid cooling, the log plot shows two sets of well-

resolved peaks, one with ten maxima labeled q1
b
−q10

b with q4
b =

2q1
b, = +q q q

3

b

1

a2

2

a2 , q5
b = 2q2

b, and q9
b = 3q1

b (Figure 8o and

SI, Section S5, Figure S33b,d,f), which closely matches the
diffraction patterns recorded for the B4−HμF(mod) phase
formed by compounds 1 and III,76 each upon rapid cooling.
Furthermore, the layer spacing of d = 42.1 Å for compound 4
closely matches the one reported for III (d = 39.05 Å),76 which
one would anticipate given that both compounds are identical
with respect to their molecular lengths, and is by the
appropriate amount smaller than the layer spacing of the
HμF phase formed by compound 1 (d = 44.5 Å). A second set
of diffraction peaks labeled q1

c
−q7

c that are best indexed as
(101), (002), (200), (102), (202), (103), and (204) suggest a
rectangular lattice with c2mm plane group (2D) and lattice
parameters of a = 55.5 Å and c = 55.6 Å (practically a square
lattice) that are larger than those calculated for the Colr−c2mm
phases formed by compounds I, IV, and 2 (perhaps as a result
of the more rod-like shape of the meta-side of molecule 4

Figure 9. Compound 5: Polarized optical photomicrographs after heating to the isotropic liquid phase (>175 °C): (a) at 168 °C upon slow
cooling; crossed polarizers, (b) at further cooling to room temperature (∼20 °C); crossed polarizers, (c) at 20 °C upon rapid cooling;
crossed polarizers (for photomicrographs at higher magnification indicating color changes upon decrossing the polarizers, see Figure S36,
SI). SEM images after heating to the isotropic liquid phase followed by cooling to room temperature upon: (d) slow cooling and (e) rapid
cooling showing coexistence of smooth filamentous domains. TEM images obtained after: (f) slow cooling showing what appear to be core−
shell fibers; inset show separate section with measurement of one such fiber with a width (or diameter) of ∼100 nm as determined by using
ImageJ,103 (g) fast cooling showing a quasi-network of short, needle-like smooth and solid filaments (width of w ∼ 60−80 nm); inserts show
a slightly enlarged section, and (h) fast cooling showing coexistence of smooth and the same needle-like filaments. Thin-film CD spectra (Δε
[mdeg] vs λ [nm]) of 10 μm films between untreated quartz substrates after cooling at a different rate from the isotropic liquid phase to
room temperature at different sample rotation angles as indicated in the legends (the orange and red curves are the averaged CD spectra to
cancel out linear dichroism and birefringence): (i) slow cooling; inset shows sample image not showing any indication of structural color, (j)
rapid cooling with discernible maximum at a wavelength of λ1 = 350 nm; inset shows a sample photograph with a noticeable blueish hue in
reflection. XRD analysis data showing intensity (au) vs wave vector q (Å−1): (k) slow cooling and (l) fast cooling; insets show the small angle
regions and additional peak assignments. Peak positions, relative intensity values, indexing of the coexisting Colob−p2 phase and peak
deconvolutions are summarized in the SI, Section S6, Figure S39. For color coding in plots, see Scheme 1.
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promoting a slightly altered length to width ratio and thereby a
different packing in the rectangular, almost square, lattice). In
essence, the XRD data fully support the phase coexistence
already seen by POM, thin-film CD, and electron microscopy
but, of course, cannot identify the racemic nature of the HμFs
seen by TEM imaging. However, among the related
compounds III, 1, and 4, only 4 forms a Colr phase, while
both III and 1 form Colob phases, which could be the
consequence of the more rod-like shape of the meta-side
caused by the chiral center at C2 and the end-branching of the
aliphatic side chain at C6.112

Finally, the last compound in this second series, compound
5, sees the dual branched (R)-2,6-dimethylheptyloxy side chain
in the longer para-side of the molecule. Compound 5 is
structurally most closely related to compounds IV and 2, each
having one chiral center located exclusively in the molecules’
para-side and each forming the B4 nanocylinder morphology
upon slow cooling and a coexistence between the B4-
nanocylinder and B1 columnar phase upon rapid cooling.79

The key differences between these two parent compounds IV
and 2 with respect to 5 are that only IV forms high-
temperature B1 phases (with polymorphism between Colob−
p2 phase formed on heating and the Colr−c2mm phase on
cooling) and that 2 lacks the consistent heliconical layering of
the nanocylinders on slow cooling shown previously for IV.
Contrary to all other compounds described here, 5 shows two
phase transitions on each consecutive heating run by DSC (SI,
Section S6, Figure S34 and Table S5) as well as by POM at the
slow and the rapid cooling rate. On slow heating, the first
phase transition (at T = 146 °C), characterized by the larger
phase transition enthalpy, is ascribed to a phase transition from
the crystalline solid to the liquid crystal phase observed at
higher temperatures; the second phase change is to the
transition from this liquid crystal to the isotropic liquid phase
(clearing point at Tcl = 161 °C). The texture of the liquid
crystal phase observed by POM on slow heating resembles the
texture observed upon subsequent slow cooling (Figure 9a),
which crystallizes so quickly (Figure 9b and Figure S35 in the
SI) that this second phase transition on slow cooling is not
resolved by DSC (only one phase transition peak on cooling
with a maximum at T = 168.2 °C, Figure S34, SI). Key features
of this texture (Figure 9a) are the low birefringence spherulitic
domains and pseudoisotropic regions indicative of a B1
phase99,113 that disappear once the sample seems to crystallize
(or goes through the rapidly occurring second phase
transition). For the fast-cooling regime, the DSC traces are,
as observed for all other compounds, characterized by broader
peaks but occur in the case of compound 5 at near identical
phase transition temperatures. The texture observed upon
rapid cooling, however, considerably differs from the one seen
upon slow cooling.
The few spherulitic domains visible are striated both along

and across the spherulites, and no pseudoisotropic regions
exist. The texture is best described as a combination of a
mosaic texture with higher birefringence (in comparison to the
texture seen upon slow cooling) and less birefringent (darker)
domains (Figure 9c), whose color intensity at least minimally
differs upon decrossing the polarizers in one or the other
direction, respectively (SI, Section S6, Figure S36). The latter,
darker features suggest a possible phase coexistence between a
B1 and a B4 phase as seen already for compound 4 upon rapid
cooling (Figure 8d and Figure S29). Generally, all detected
textural features imply the formation of columnar (B1-type)

phases,113 lacking many of the characteristic features typically
seen for the B4 phase (including all morphologies reported
thus far).
SEM imaging, in part, confirms what was construed from

POM. Upon slow cooling, spherical domains can be seen with
diameters of some of the larger ones measuring tens of
microns. These domains appear fuzzy on their periphery and
seem to be decorated with cylinder-like filaments with an
average width or diameter of w or d = 100−150 nm. The
spherical domains themselves more closely resemble vinyl
records with concentrical grooves (Figure 9d and Figure S37)
and some features more alike to the filaments decorating them.
Upon rapid cooling, SEM imaging confirms the aforemen-

tioned coexistence showing both smooth as well as filamentous
regions adjacent to one another (Figure 9e). These filaments,
with much smaller width or diameter (w or d ∼ 80 nm) in
comparison to those seen upon slow cooling, now clearly
branch as observed previously for the B4 HLNCs formed by
IV79 with quite similar diameter. This suggests that compound
5, like the parent compounds IV and 2, forms nanocylinders
upon rapid cooling in coexistence with a B1 phase typically
showing smooth features by SEM and TEM imaging. TEM
imaging corroborates these findings by showing core−shell-
type filaments with a nominal width of w ∼ 100 nm growing
out of a smooth mass or core (Figure 9f), similar to
nanotubular morphologies previously reported for bent-core
molecules with acute bend angles when up to 20 wt % of rod-
shaped nematic or smectic liquid crystal compounds were
admixed.114 The coaxial (or core−shell) nature is clearly
visible by the light-dark-light contrast of each filament (insert,
Figure 9f). Upon rapid cooling, TEM images collected for 5
then show regions (resembling arrays) with needle or cylinder-
like morphologies (w ∼ 80 nm) and regions that are
predominantly featureless and smooth, forming arrays (Figure
9h) similar to fish scales that are decorated with the needle- or
cylinder-shaped structures (see SI, Section S6, Figure S38 for
additional images at higher magnifications). Thus far,
compound 5 shows the least resemblance to its parent
compounds IV and 2 in light of all the microscopy data
when compared to compounds 3 and 4. This trend continues
for the thin-film CD data. Upon slow cooling, individual linear
dichroism spectra display random maxima and minima close to
Δε ∼ 0 mdeg (about −20 mdeg to be exact) across the entire
wavelength range from 300 to 800 nm (Figure 9i). These
individual spectra were therefore averaged, not summed up, to
more closely represent what is seen in the individual linear
dichroism spectra. Both ways to analyze thin-film CD data of
birefringent materials are equivalent (using the average or the
sum), but the average seemed in this particular case more
informative given the randomness among the spectra taken at
the 45° interval sample rotation angles. We conclude that the
phase and morphology obtained at slow cooling is CD silent
and therefore not of the B4 nature. Further supporting this
argument is the fact that the sample shows no blue structural
color and appears off-white and semitransparent (insert, Figure
9i). Upon rapid cooling, the thin-film CD data share some of
the same features with those seen upon slow cooling but with
one major exception: a clearly discernible positive band
(maximum in Δε) in the averaged CD signal at a wavelength
of λ1 = 350 nm (Figure 9j). One could even argue that there is
another very broad band centered around a wavelength of λ2 =
640 nm. However, the randomness of the signals in the
individual linear dichroism spectra favors the argument that the
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CD signal in the wavelength range from 400 to 800 nm is
practically flat, just not averaging, but close to Δε = 0. A
comparison to the sum-CD spectra reported for IV and seen
for 2 reveals the existence of similar bands at λ ∼ 350 nm as
well as random maxima at longer wavelength. The sign of the
band for compound 5 at this wavelength is positive and
therefore opposite to the sign of the potentially related band
seen for compound 2 with opposite configuration of the chiral
center. However, a relationship between the signs of these two
bands seen for compounds 2 and 5, respectively, is unlikely
since the two chiral centers are on different carbon atoms in
the aliphatic side chain. If any of the Gray and McDonnell
rules were active here, an empirical rule to predict the
handedness of a chiral nematic phase depending on the nature,
location, and configuration of the chiral center in the aliphatic
side chain,115 one would perhaps expect that the sign of these
two bands should be identical, but this is not what is
experimentally observed. In essence, the thin-film CD data
suggest that compound 5 forms a columnar phase with no
chiral signature upon slow cooling and that upon rapid cooling,
a B1 columnar and a B4 nanocylinder phase coexist, thus
supporting the POM, SEM, and TEM data.
To buttress these arguments, further confirmation of the

phase structures was sought by XRD. On slow cooling from
the isotropic liquid phase, 5 shows diffraction peaks labeled
q1
a
−q9

a, which can be indexed as (101), (002), (200), (202),
(004), (203), (301), (105), and (303) with rectangular lattice

parameters of a = 45.5 Å and c = 73.9 Å (q1
a
−q6

a shown in
Figure 9k; all qi

a (i = 1, ..., 9) in the SI, Section S6, Figure
S39a,c). The length of the unit cell a closely matches the one
previously reported for compound IV (a = 44.7 Å), but the
length of the unit cell c is here significantly longer (in
comparison to the Colr−c2mm phase formed by IV, c = 40.9
Å).79 The plane group would be c2mm (2D), with the phase
designated as a B1 Colr phase. Possible reasons for this
expansion of the unit cell are that the two Colr−c2mm phases
of IV and 5 were interrogated at markedly different
temperatures (room-temperature XRD data used for 5 and
∼150 °C XRD data for IV) and that the sample of 5 here has
essentially crystallized, only showing remnants of the B1 Colr
phase detected by POM at elevated temperatures, which is also
indicated by further, nonassigned peaks in the XRD plot
(Figure 9k). Regrettably, compound 5 crystallizes too quickly
to permit XRD studies of the Colr phase upon slow cooling
from the isotropic liquid phase (see Figure 9b and Figure S35
in the SI).
Upon fast cooling, and in line with the phase coexistence

seen by POM, thin-film CD, and electron microscopy imaging,
compound 5 shows two sets of diffraction peaks labeled q1

b
−q3

b

and q1
c
−q8

c (Figure 9l, and in the SI, Section S6, Figure
S39b,d,e). The two intense reflections centered at ∼q = 0.184
Å−1 and 0.284 Å−1 appear here to be overlapping signals
(labeled q1

c + q2
c and q3

c + q2
b), which can be deconvoluted to

extract the individual contributions of these electron density

Figure 10. Compounds 3−5 in n-hexane: SEM images after drying the n-hexane solution on SEM sample holder: (a, b) compound 3, (d, e)
compound 4, and (g, h) compound 5. Solution CD spectra of: (c) compound 3, (f) compound 4, and (i) compound 5 in n-hexane; each inset
shows the formed colloidal dispersion (gels) in a test vial. For color coding in plots, see Scheme 1.
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modulations (see SI, Section S6, Figure S39f,g). The
diffraction data subset qi

b (i = 1, ..., 3) with q2
b = 2q1

b and q3
b

= 3q1
b indicates a highly ordered layer structure with a layer

spacing of d = 44.0 Å that again matches the calculated
molecular length of 5. This further supports the observation of
the nanocylinder morphology of this B4 phase seen by TEM
imaging. The remaining diffraction subset qi

c (i = 1, ..., 8) is
best indexed as (001), (100), (101), (200), (202), (010),
(111), and (303) with an oblique lattice and monoclinic space
group p2 (3D). This coexisting Colob−p2 phase, hinted at by
POM (Figure 9c) and detected in the form of smooth features
by TEM (Figure 9g,h), then features lattice parameters of a =
34.85 Å, b = 11.2 Å, c = 35.2 Å, and β = 103° that are
reasonably similar to those calculated for the coexisting Colob
phase formed by compound 1 upon slow cooling (see Figure
5k). Overall, the phase behavior of compound 5 differs
significantly from those observed for the related compounds 2
and IV, although all the same phases and morphologies are
present. On slow cooling, 5 forms exclusively a B1 Colr−c2mm
and no B4 phase morphology at lower temperature like
compound IV does. Upon rapid cooling, the B4 nanocylinders
coexist with a B1 Colob−p2 phase that is solely seen at higher
temperature and during the heating cycle for compound IV but
not at all for compound 2.
Given this rich polymorphism observed for such a small

subset of compounds with bent molecular shape (i.e., the
formation of these B4 nano- and microfilaments; stable over
months, once isolated), we further examined the self-assembly
of some of them in an organic solvent.
Self-Assembly Behavior in Colloidal Dispersions.

Previous experimental reports,98,102,114 including for some of
the parent compounds I−IV,77,79 show that these types of B4-
forming bent-core compounds can form colloidal dispersions
(gels) essentially consisting of the same types of building
blocks (morphologies) as those formed by the neat
compounds when cooled from the melt. Ordinarily, colloid
formation and gelation in a suitable organic solvent led to the
same, thermodynamically controlled morphologies seen for the
neat material upon slow cooling from the melt.77,79

Pondering about the quite unusual phase behavior as well as
the formation of the FNR and TNR B4-phase morphologies
produced by some of the compounds 3−5, we investigated the
self-assembly behavior in the as-formed colloidal dispersions
(gels) of these three compounds in n-hexane. Initially, all three
compounds fully dissolve in this organic solvent, but upon
standing rapidly transform to a colloidal dispersion. To
characterize these colloids, we first performed solution CD
experiments and then dried the sample on SEM sample holders
(Figure 10).
The SEM images obtained for compound 3 clearly show the

FNRs previously seen for this compound upon slow cooling
from the isotropic liquid phase with matching widths, ranging
from a few hundred nm to about 1 μm. These images convey
that these FNRs, after drying, form fiber mats resembling a
chaotic network of highways crossing above and underneath
one another, and no twist is seen for any of these ribbons
(Figure 10a,b).
The solution CD spectrum (a combination of solution CD

and CD of the FNR colloids in n-hexane) shows two distinct
positive CD couplets (−Δε → +Δε) centered at 270 and 410
nm, respectively (Figure 10c). The couplet in the UV region
originates from the relative orientational differences between
the electric dipole moments of the biphenyl segments116

imposed by the specific molecular conformation of compound
3 in solution. The couplet in the visible wavelength region is
then the result of orientational differences between the arms of
these bent-core molecules in the FNRs since it appears at
reasonably similar wavelengths (maximum for the positive CD
signal at a wavelength of λ ∼ 490 nm) as the sum-CD
maximum found for the thin-films (Figure 7i). Compound 4
then forms rather similar FNR colloids in n-hexane, though
shorter in average length, seemingly larger in height (judging
from those ribbons that orient favorably to see this), and with a
larger width distribution (Figure 10d,e). Some of the smallest
ribbons visible in these images tend to feature more a round or
oval cross-section. Differences in length of the FNRs (or TNRs
in the case of compound 3) have already been observed for
compounds 3 and 4 upon slow cooling of the neat materials
from the isotropic liquid phase, and thus far, it remains unclear
which exact experimental parameters affect the average length
of these nanoribbons formed predominantly under thermody-
namic control (out of solution or upon slow cooling). The
solution CD spectrum of 4 is similar to the one recorded for 3
and differs mainly in relative intensities of the bands (Figure
10f). The positive CD couplet in the UV region is centered at a
minimally shorter wavelength of λ = 265 nm; the band in the
visible spectral region never crosses zero. Finally, compound 5
forms uniform rod- or cylinder-like objects (Figure 10g,h) that,
like for 3, form dense fiber mats with a local nematic-like
ordering. In contrast to compounds 3 and 4 forming FNRs
that match those found for the neat compounds upon slow
cooling, compound 5 forms this cylinder-like morphology
matching one of the morphologies found for neat 5 upon rapid
cooling from the melt even with quasi-identical overall
dimensions (Figure 9g,h). The solution CD spectrum of 5
also differs from the spectra recorded for 3 and 4. Now, two
apparently negative CD couplets occur, one in the UV-region
centered around a wavelength of λ = 250 nm and one in the
visible (barely crossing zero) at λ = 385 nm (Figure 10i).
Perhaps not surprisingly, adding the solution CD spectra of
compounds 4 and 5 (each with one chiral center in the meta-
or para-side of the molecule, respectively), after some
normalization of the Δε maxima, virtually reproduces the
solution CD spectrum recorded for compound 3 with a chiral
center in each side chain (SI, Section S7, Figure S40).
Consequently, while the morphologies formed in these
colloidal dispersions differ between 3, 4, and 5, spectropolari-
metrically these three materials are indeed additive.
Overall, just like the parent compounds I−IV, the

compounds featuring either one or two (R)-2,6-dimethylhep-
tyloxy side chain(s), 3−5, replicate the morphologies earlier
found upon slow cooling from the isotropic melt in colloidal
dispersions in an organic solvent upon standing. The only
exception from the common rule is compound 5, which forms
the morphology in colloidal dispersion otherwise found as part
of the morphologies formed upon rapid cooling (i.e., kinetic
control) but not on slow cooling.

CONCLUSIONS

In this work, we demonstrate how the interplay between
chirality and molecular conformation can be predictably fine-
tuned to control the morphology of nanofilaments in B4-phase
bent-core compounds. We can conclude that the number of
chiral centers and the length of the chiral side chain as well as
the position in the molecule overall (longer para-, shorter
meta-side, or both) and in the side chain (C1 or C2 at the
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core-chain juncture) affect both global and local conformations
of the bent-core molecules that, in turn, affect the morphology
of the B4 filaments and the phase or phase coexistence seen
experimentally. The predicted diminishing effect of chirality, as
the chiral center is located away from the core-chain juncture
or as the side chain length increases, directly translates to the
type of B4 filament formed. HNFs are formed due to an
intralayer mismatch between the top and bottom molecular
halves of bent-core molecules such as I that can only be
relieved by local saddle splay with negative Gaussian curvature
(κ1κ2 < 0). In other words, the global and local conformations
of the molecules in these smectic layers spontaneously break
the chiral symmetry leading to a twist of the smectic layers.
Earlier work by Schnur et al.,117 Ghafouri and Bruinsma,118 as
well as Sharon et al.,119 recently reviewed by Grason,120

provide detailed and elegant theoretical assessments of the
driving forces for these and other geometrically frustrated
assemblies. The self-limiting width of HNFs (∼40 nm) is
discussed in the “high chirality” limit, where a sufficiently large
twist elastic constant (K2) arrests or preselects the helical pitch
of the twisted filaments; the self-limiting number of smectic
layers is a consequence of the incompatibility between surface
curvature and equal layer spacing, that is, equal layer spacing
requires that the curvature adjusts as the number of layers
increases.120 Confinement in nanochannels is one option to
alter the shape (curvature) of HNFs,71 adjusting the global and
local conformations by strategically positioning chiral centers
in these asymmetric bent-core molecules, as shown here.
Controlling the effects of the chiral centers on the overall
molecular shape by enabling energetically equivalent local
conformations at the core-chain juncture provides access to

perhaps all the missing B4 nanofilament morphologies,
considering the nanofilament shapes (Figure 11) discovered
for related systems such as the aforementioned Gemini
surfactants55 or assemblies formed by rod-like fd viruses.121

In the latter system, just like for the bent-core compounds
described here, decreasing the strength of the chiral
interactions (by increasing the temperature) permits access
to a range of polymorphic forms, from flat 2D membranes for
weak chirality to helicoidal twisted membranes in the high
chirality regime (low temperature) whose handedness can be
controlled by point mutations in the virus.121

The crystalline order of the B4 nanofilaments observed by
solid-state NMR122 and frequently by XRD (including for all
samples assessed by XRD here) adds further frustration for
chiral ordering, as pointed out by Grason,120 and provides a
path from helicoidal (such as in HNFs) to increasingly spiral
ribbons (from HμFs to TNRs to HLNCs), where the width is
no longer self-limiting as indicated by the commonly larger
width of these B4 morphologies. When the effects of chirality
are greatly diminished, ribbons that are only sporadically
twisted and flat nanoribbons emerge. Overall, relocating the
chiral center and simultaneously adding another branching
point are more conducive for the B4 filament shape to deviate
from the classical HNF morphology, that is, moving away from
the high chirality regime, than increasing the length of the
chiral aliphatic chain (Figure 11).
Finally, thermal annealing (or slow cooling) and rapid

thermal quenching (fast cooling) provide another level of
control over the phase and morphology formed. For the
molecules with elongated chains (1 and 2), the most drastic
consequence is the lack of heliconical layering observed for 2

Figure 11. Graphical summary of the phases and B4 morphologies formed by parent compounds I−IV in contrast to compounds 1−5
studied here depending on the structural modifications (i.e., number and position of chiral centers) in the aliphatic side chains and on the
ensuing diminished effects of chirality. Other phases than the B4 phase morphology are shown only when no B4 phase is formed; essentially
anticipated B4 morphologies, based on the data we have for the homologues series, are shown semitransparent.
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with respect to the parent molecule IV. For the dual-branched
compounds 3−5, rapid cooling produces either the racemate
of the morphology observed by the parent molecules (i.e., a
conglomerate with presumably equal portions of right- and
left-handed filaments) or filaments lacking heliconical layering,
here dubbed racemic nanocylinders (rac) (Figure 11). Slow
cooling leads to the formation of ribbons, either flat, twisted,
wavy, or even undulated, as is the case of the formation of the
Colr−c2mm phase by 5 upon slow cooling.
The conformational freedom in the dual-branched chiral

side chain(s) in 3 and 4, particularly upon slow cooling, that is,
in the thermodynamic regime, is clearly revealed in the random
degree of twist of the nanoribbons from perfectly flat FNRs
over occasionally to periodically twisted TNRs (Figure 12).

Thermal annealing usually leads to the formation of
thermodynamically more stable polymorphs, thereby favoring
the formation of the wider nanoribbons expected for the lower
chirality regime. These morphologies are then essentially
reproduced in colloidal dispersions formed upon standing in an
organic solvent. Finally, the wealth of twisted structures and
morphologies with predictive control over the helical pitch and
other overall dimensions will provide a suitable and versatile
platform for the chiral assembly of a range of materials, from
nanoparticles123 to emissive dyes80 and quantum dots,124 that
can further be controlled by the addition of chiral additives.75

METHODS

Optical and Thermal Characterization. Polarized optical
microscopy (POM) observations were carried out under an Olympus
BX-53 polarizing microscope equipped with a Linkam LTS420E
heating/cooling stage. Samples were heated above the clearing point
as indicated by differential scanning calorimeter (DSC) and then
cooled at either <5 °C min−1 (commonly 2 °C min−1; slow cooling)

or ∼50 °C min−1. Phase transition temperatures and enthalpies were
determined using a PerkinElmer Pyris 1 DSC at two heating and
cooling rates (5 °C min−1 and 50 °C min−1), reporting data from the
second heating and cooling runs, respectively. Temperatures are
calibrated with indium and zinc as standards.

Spectroscopy. Thin-film circular dichroism (CD) spectropo-
larimetry was performed using an OLIS spectrophotometer with
quartz substrates. To eliminate contributions from linear dichroism
and birefringence, all samples and sample areas were investigated at
45° interval sample rotation angles. The spectra were then summed
up or averaged to provide genuine CD signals of the sample area. The
area interrogated by the light beam, given by the instrumental slit size
and shape, is ∼0.4 cm in diameter and larger than most individual
domains seen by POM of the samples sandwiched between two
quartz substrates using nominal spacers of 10 μm.

X-ray Diffraction. Variable-angle X-ray diffraction was carried out
at the SMI beamline of the National Synchrotron Light Source II
(NSLS-II) at the Brookhaven National Laboratory (BNL) with a
beam energy of 16 keV (beam: 400 mA, spot size of 2.2 × 25 μm, 1
mm capillaries in vacuum) and on beamline 7.3.3 of the Advanced
Light Source (ALS) of Lawrence Berkeley National Laboratory125 (10
keV incident beam energy, 1.24 Å wavelength, utilizing a Pilatus 2 M
detector). At the ALS (beam: 500 mA, 10 s exposure, spot size of 250
× 800 μm, in air and between Kapton windows), materials were filled
into 1 mm diameter quartz X-ray capillary tubes, which were then
mounted into a custom-built aluminum cassette that allowed X-ray
detection with ±13.5° angular range. A silver behenate standard was
used to calibrate the detector distance and beam center, and the
calibrated 2D images were converted to radially integrated 1D curves
using the NIKA SAXS data reduction software.126 At BNL, scattering
patterns were collected on an in-vacuum Pilatus 1 M detector,
consisting of 0.172 mm square pixels in a 941 × 1043 array, and the
exposure time was set to one second. Data were acquired at both BNL
and ALS because of the difference in spot size with respect to the
relative dimensions of the domains in samples showing phase
coexistence (more local vs more global data sets).

Scanning and Transmission Electron Microscopy. SEM
analysis was performed using a Quanta 450 FEG SEM with or
without prior metal deposition as noted. TEM was carried out on an
FEI Tecnai F20 microscope, operating at 200 kV and equipped with a
Schottky field emission gun and a twin-blade anticontaminator. All
images were recorded using a Gatan 4K Ultra Scan charge-coupled
device camera. Since these organic material films are sensitive to the
electron beam irradiation, the films were normally previewed rapidly
at a dose of 20 e− nm−2. Selected areas were then imaged at a dose
level of 200 e− nm−2, which did not cause radiation damage. A drop of
a solution of each compound in an organic solvent such as ethylene
chloride (or n-hexane for the colloidal dispersions) was placed on
either indium tin oxide substrates for SEM or grids for TEM. After
complete evaporation of the solvent in vacuum, the sample was heated
and cooled as described for the POM experiments.
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