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ABSTRACT

The remarkable ability of certain molecules with a bent molecular shape to form hierarchically self- 
assembled helical building blocks with negative Gaussian or cylindrical curvature featuring in-layer 
hexatic ordering– so-called B4 phases – has quickly transformed these molecules into desirable 
building blocks for a variety of potential applications in optics, energy harvesting, and metamater-
ials. We here demonstrate that these building blocks, helical nanofilaments, helical microfilaments, 
and heliconical-layered nanocylinders, can to some degree be predictably blended. Supported by 
scanning as well as transmission electron microscopy and variable angle x-ray scattering data, the 
three bent-core compounds, each forming exactly one of these B4 morphologies, in binary 
mixtures at a 1:1 molar ratio, form either the third missing, or one of the two but with opposite 
handedness, or a random mixture of the two selected morphologies with larger overall dimen-
sions. Furthermore, for two of the mixtures the a priori predicted handedness of the chiral 
filaments was experimentally confirmed. The third mixture with a priori predicted antagonistic 
handedness of the initial morphologies forms a combination of the two, one apparently achiral and 
the other one with opposite handedness.
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1. Introduction

Polymorphism, the ability of certain compounds that 
are chemically identical to exist in more than one form 
that differs in physical properties such as density, crystal 
structure, spectral signatures, melting point, or solubi-
lity [1], is of major concern in drug and materials 
development [2]. Similarly, polymorphism of chemical 
elements, termed allotropy, has equally impactful con-
sequences in many branches of chemistry and materials 
science. For example, in the case of carbon, its allotropy 
encompasses distinct polymorphic shapes such as 

fullerenes, nanotubes, carbon nanofoams, and graphene 
sheets in addition to graphite, diamond, lonsdaleite, as 
well as amorphous carbon among others [3]. Here, 
differences in structure determine shape and greatly 
impact macroscopic properties. A prime example of 
polymorphism in soft matter is the liquid crystalline 
state, where multiple forms (phases) can be observed 
for a given material depending on temperature or the 
concentration of an amphiphilic species such as surfac-
tants, anisometric clays and nanomaterials, aggregates 
of molecules, etc., in a solvent, and further affected by 
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temperature [4–8]. The self-assembly and degree of 
ordering (in one, two or three dimensions) in these 
phases can differ greatly, and a subset of these phases 
is characterised by the self-organisation of molecules 
and ensuing assemblies into distinct three-dimensional 
(3D) crystal lattices as in the case of blue phases [9–12] 
or by the self-organisation of the resulting quasi- 
crystalline building blocks. Among these phases, the so- 
called B4 phase formed by bent-core liquid crystals 
(BCLCs) stands out as a particularly intriguing example 
of morphological variety [13]. The B4 phase, while lim-
ited to certain subsets of bent-core molecules with spe-
cific molecular building blocks, results from the 
hierarchical self-assembly of twisted layer (tape) or heli-
cal ribbon morphologies at the nano- to mesoscale [14].

The classic description of the B4 phase was that of 
a crystalline solid [15]. However, the B4 phase based on 
the then discovered twisted tape morphology, also 
termed helical nanofilament (HNF) phase, forms due 
to an intralayer mismatch between the two molecular 
halves of the BCLC molecules that can only be relieved 
by local saddle splay. This ultimately leads to twisted 
filaments composed of a limited number of layer stacks 
(~5–7 layers) [13,16]. In the case of achiral BCLC mole-
cules, HNFs form conglomerates composed of equal 
portions of macroscopic chiral domains with filaments 
of opposite handedness [17]. Ultimately, the B4 phase is 
neither a traditional crystalline solid nor a conventional 
liquid crystal phase [18]. The internal structure of these 
porous filaments shows hexatic liquid crystal ordering 
[13,17] but the overall, structure is predominantly crys-
talline as determined by solid-state NMR [18].

For a specific class of BCLCs with tris-biphenyl die-
ster (tris-BiPh) central bent-core, subtle modifications 
of the molecular structure led to the discovery of 
a modulated HNF phase (HNFmod) [14] featuring an 
additional intralayer electron-density modulation, two 
types of dual modulated HNF phases (HNFmod2a and 
HNFmod2b) [19,20] with additional intra- as well as 
interlayer modulations, but differing in inner symmetry 
and dimensions, by introducing chiral centres to both 
aliphatic chains with either identical or opposite abso-
lute configuration. In due course, a theretofore never 
observed type of polymorphism was discovered for 
these tris-BiPh BCLCs when a single chiral centre was 
exclusively introduced at the shorter meta-side of these 
molecules [21]. In this case, the formation of entirely 
different phase structures was described solely depend-
ing on the rate of cooling from the isotropic liquid 
phase. Upon rapid cooling at a rate of ≥50°C min−1, 
a B4 phase with another morphology was detected, best 
described as helical microfilaments (HμFs) based on the 
much larger dimensions of the stacked twisted tape 

building blocks. Astoundingly, upon slow cooling at 
a rate of 5°C min−1 an oblique columnar (Colob – B1- 
type) LC phase was formed by these materials [21]. By 
moving the chiral centre to the other side chain, the 
longer para-side of the molecule, yet another morphol-
ogy was uncovered. Unlike the molecules of this series 
described thus far, in the bulk these derivatives formed 
heliconical-layered nanocylinders (HLNCs) – coaxial 
layers of helical ribbons – composed of up to ten coaxial 
heliconical layers with cylindrical curvature. These 
HLNCs can split or merge, braid, and self-assemble 
into a variety of 3D superstructures including feather- 
like, herringbone, concentric rings, or hollow nest struc-
tures, largely controlled by adjusting the sample thick-
nesses and selecting appropriate substrates [22]. Similar 
morphologies such as helical ribbons, nanotubes, and 
twisted fibres have been reported by others including for 
BCLCs in binary mixtures with rod-like nematic LCs 
[23] or for ionic BCLC amphiphiles in water [24].

Considering that all four distinct B4-phase morphol-
ogies are formed by constitutional isomers, whereby 
chiral centres were strategically introduced at one 
(either the shorter meta- or the longer para-side) or 
both aliphatic side chains, we here explored possible 
binary blends between three derivatives of this series 
forming HNFmod2a, HμF and HLNC morphologies, 
respectively, at a 1:1 molar ratio. The notion of a blend 
here refers to the mixing of two solids with the product 
of the blending process showing properties unlike the 
sum of the individual components [25]. The resulting 
1:1 mixtures were then analysed by cross-polarised light 
optical microscopy (POM), scanning as well as trans-
mission electron microscopy (SEM, TEM), and x-ray 
scattering (XRS).

2. Results and discussion

The three B4 materials studied in these blending experi-
ments, meta-(S)-1, para-(S)-2, and (R,R)-3, their dis-
tinct structural colour, morphology, and their phase 
sequences as well as phase transition temperatures 
depending on the cooling rate from the isotropic liquid 
phase are summarised in Figure 1. Each compound 
forms exactly one of the three B4 morphologies, 
HNFmod2a, HμF, and HLNC, and in sum all chiral cen-
tres present in the system would lead to a racemic tern-
ary mixture. (R,R)-3 forms the B4 phase with HNFmod2 

morphology independent of the cooling rate, meta-(S)-1 

as well as para-(S)- 2 show polymorphism depending on 
the cooling rate; between the B1 and B4 phase for meta- 
(S)-1 and distinguished by the space group (symmetry) 
of the B1 phases for para-(S)-2. In addition, para-(S)-2 

shows some biphasic behaviour upon rapid cooling as 
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determined earlier by small-angle X-ray scattering [22]. 
In light of this phase behaviour, the three binary mix-
tures were examined after rapid cooling from the iso-
tropic liquid phase at a rate of ≥50°C min−1 to ascertain 
the morphology by SEM and TEM, and at either cooling 
rate to examine miscibility and study texture evolution 
using both contact preparations and blends by POM.

2.1. POM, SEM and TEM characterisation

The first binary blend, a 1:1 mixture of meta-(S)-1 

and para-(S)-2, yields [meta-(S), para-(S)-1/2] – 
a combination that would result in a theoretical net 
or sum compound (as indicated by the square brack-
ets) featuring a chiral centre with (S)-configuration 
in each of the two chiral side chains, which is de 

facto identical to the homochiral (R,R)-3 analogue, i. 

e. (S,S)-3 [21], with opposite configuration of each 
chiral centre. (S,S)-3, as (R,R)-3, forms only the B4 
phase at any given cooling rate from the isotropic 
liquid phase and is comprised of left-handed 
HNFmod2a building blocks exhibiting an additional 
left-handed secondary twist among filaments in the 
bulk [20]. Blending the HμF morphology of meta- 
(S)-1 with the HLNC morphology of para-(S)-2 

should a priori give rise to a left-handed and blend-
ing of meta-(S)-1 with (R,R)-3 to a right-handed 
morphology based on the combination of chiral cen-
tres involved in each blend and their position in the 
meta- or para-side of the hypothetical molecule rea-
lised with the 1:1 blend (Figure 2(a)) [19].

For [meta-(rac), para-(R)-1/3], one combination of 
the two chiral centres mimics (R,R)-3, which forms 
a right-handed HNFmod2a, and the other combination, 
meta-(S)- and para-(R), a right-handed HNFmod2b mor-
phology (Figure 2(b)). With respect to the latter combi-
nation of chiral centres, experimental SEM and TEM 
imaging data supported by density functional theory 
calculations and stochastic dynamic atomistic simula-
tions confirmed that the configuration of the chiral 
centre in the longer para-side of these molecules deter-
mines the handedness of the HNFmod2 morphologies in 
these B4 phases ((S)- leading to left-handed and (R)- 
leading to right-handed HNFmod2(a/b)) [19]. A conflict of 
handedness arises for the blend of para-(S)-2 with (R, 

R)-3 ([meta-(R), para-(rac)-2/3]). While each individual 
compound forms a right-handed B4 morphology, ana-
lysis of the configurations of the involved chiral centres 
reveals, based on the afore-mentioned calculations and 
imaging data [19], that combinations of the involved 
configuration of the chiral centres would lead to the 
opposite handedness of the blended B4-morphology. 
Hence, one might expect that the ensuing B4- 
morphology would not show signs of shape chirality 
such as a discernable handedness or maybe that such 
mismatch could lead to some sort of phase or morphol-
ogy separation (Figure 2(c)).

Experimentally, prior to examining the blends by 
SEM, TEM and XRS, contact preparations between the 
relevant materials were prepared and studied by POM 
to examine the extent of miscibility and thereby the 
phase behaviour in the contact zone between the two 
components constituting each blend.

Figure 1. (Colour online) Chemical structures of the three B4 materials, meta-(S)-1 [21], para-(S)-2 [22], and (R,R)-3 [20], photograph of 
their distinct structural colours, B4-phase morphologies, and phase sequences as well as phase transition temperatures in °C 
depending on the cooling rate from the isotropic liquid phase. Slow cooling: 5°C min−1, rapid cooling: ≥50°C min−1.
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For [meta-(S), para-(S)-1/2], the two individual 
compounds, meta-(S)-1 and para-(S)-2, show no 
miscibility irrespective of the cooling rate, i.e. 
between the Colob phase of meta-(S)-1 and the 
HLNC morphology of para-(S)-2 on slow cooling 
as well as the HμF and HLNC morphologies of the 
two B4 phases upon rapid cooling (Figure 3(a,b)). 
POM images of the 1:1 blend, however, show tex-
tures typically observed for HNFmod B4 phases 
(Figure 3(c,d), as well as Figure S1 (Supplementary 
Data) that shows photomicrographs of a temperature 
scan on cooling) with no indication of adjacent 
domains with opposite chirality (or handedness) 
upon decrossing the polarisers [19,20].

SEM as well as TEM then confirm the formation of 
HNFs with dimensions of about 100 nm in width (w) 
and a helical pitch (p) of about 400 nm; closely matching 
the dimensions of the recently discovered larger 
HNFmod2b for the compounds with opposite configura-
tion of the chiral centres in each side chain [19] 
(Figure 4 and Figure S2, Supplementary Data). As 
anticipated a priori, the handedness of the resulting 
HNFs is left-handed just as for the HNFmod2a morphol-
ogy formed by (S,S)-3 reported earlier [20]. Most nota-
bly, blending of HμF and HLNC B4 morphologies in 
essence gives rise to the HNFmod2b morphology with 
overall dimensions for w and p roughly between the 
two original HμF and HLNC morphologies. In addition, 

Figure 2. (Colour online) Chemical structures and B4-phase morphologies of the BCLCs studied in 1:1 blends: (a) [meta-(S), para- 
(S)-1/2], (b) [meta-(rac), para-(R)-1/3], and (c) [meta-(R), para-(rac)-2/3] each with an a priori analysis of the anticipated 
handedness of the B4 morphologies.
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Figure 3. (Colour online) POM photomicrographs (crossed polarisers) taken at room temperature (20°C) for the 1:1 blend of meta-(S)-1 

and para-(S)-2 ([meta-(S), para-(S)-1/2]): (a, b) contact preparations observed (a) upon slow cooling and (b) upon rapid cooling; (c, d) 
1:1 blend observed (c) upon slow cooling and (d) upon rapid cooling.
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however, some of the SEM and TEM images addition-
ally show a nanocylinder morphology, thereby indicat-
ing a certain degree of coexistence with the HNFs, 
which clearly appear to be in the majority. In certain 
cases, the HNFs almost seem to adorn the cylinders, 
mimicking the appearance of the bird’s nest fern leaves 
(Figures S2d – S2f; see Supplemental Data).

For [meta-(rac), para-(R)-1/3], POM images of the 
contact preparation between meta-(S)-1 and (R,R)-3 

show a significant degree of miscibility upon slow cooling, 
whereby the grainy texture of meta-(S)-1 with low birefrin-
gence meets the even less birefringent dark texture formed 
by (R,R)-3. This contact region is characterised by 
a feather-like texture, which exhibits the highest birefrin-
gence (Figure 5(a)). Upon rapid cooling, this contact zone 
shows the appearance of a bright blue band (centre of the 
image), again characterised by the highest birefringence 
(Figure 5(b)). We note that the comparatively low 

mn005mn005
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Figure 4. Electron microscopy images of the 1:1 blend of meta-(S)-1 and para-(S)-2 ([meta-(S), para-(S)-1/2]): (a, b) SEM and (c, d) TEM. 
Note that exclusively left-handed HNFs are formed.
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Figure 5. (Colour online) POM photomicrographs (crossed polarisers) taken at room temperature (20°C) for the 1:1 blend of meta-(S)-1 

and (R,R)-3 ([meta-(rac), para-(R)-1/3]): (a, b) contact preparations observed (a) upon slow cooling and (b) upon rapid cooling; (c, d) 1:1 
blend observed (c) upon slow cooling and (d) upon rapid cooling.
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birefringence texture formed by (R,R)-3 is here more visi-
ble than in the POM image taken at a slow cooling rate. 
These contact preparations suggest that a new morphology 
might be expected for the blend. However, POM images 
taken for the 1:1 blend show a texture (Figure 5(c,d), as 
well as Figure S3 (Supplementary Data) showing 

micrographs of a temperature scan on cooling) closely 
resembling those for [meta-(S), para-(S)-1/2] (Figure 3 
(c,d)).

SEM as well as TEM imaging reveal a type of filament 
with a large helix angle [26] and dimensions of about 
200–300 nm in width and 500 to almost 900 nm for the 

500 nm500 nm

ba

1 !m 500 nm
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Figure 6. Electron microscopy images of the 1:1 blend of meta-(S)-1 and (R,R)-3 ([meta-(rac), para-(R)-1/3]): (a, b) SEM and (c, d) TEM. 
Note that exclusively right-handed HμFs are formed.
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Figure 7. (Colour online) POM photomicrographs (crossed polarisers) taken at room temperature (20°C) for the 1:1 blend of para-(S)-2 

and (R,R)-3 ([meta-(R), para-(rac)-2/3]): (a, b) contact preparations observed (a) upon slow cooling (white arrows point at the 
birefringent threads) and (b) upon rapid cooling (white dashed lines emphasise the two new phases or morphologies); (c, d) 1:1 
blend observed (c) upon slow cooling and (d) upon rapid cooling.
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helical pitch more closely resembling those of the 
HμF morphology (see Figure 6 as well as Figure S4, 
Supplementary Data) [21]. The a priori predicted hand-
edness (right-handed) is also preserved throughout all 
SEM and TEM images similar to the HμFs formed by 
meta-(R)-1 exclusively upon rapid cooling [21]. In this 
particular case, the conformation of the chiral centre in 
the longer para-side again dictates the handedness 
(assuming the experimental data from the homo- and 
heterochiral HNFmod2(a,b) morphologies) [19], and the 
presence of a chiral centre in the shorter meta-side the 
overall morphology. Contrary to [meta-(S), para-(S)- 
1/2], [meta-(rac), para-(R)-1/3], formed by mixing 
compounds forming B4 phases with HμF and 
HNFmod2a morphologies, does not form the third and 
missing morphology (here HLNC), but forms filaments 
with dimensions similar to the HμFs.

For the final binary blend [meta-(R), para-(rac)-2/3], 
POM images of contact preparations between para-(S)- 
2 and (R,R)-3 again show one additional texture (phase) 
upon slow cooling (Figure 7(a)) and even two upon 
rapid cooling (Figure 7(b)). On slow cooling, the contact 
zone studied by POM displays thin birefringent threads 
(similar to dashed lines; indicated by white arrows in 
Figure 7(a)) and on rapid cooling two distinct blue 
bands with lower birefringence than para-(S)-2 at centre 
left, but higher birefringence than (R,R)-3 at the centre 
right of the photomicrograph (indicated by two white, 
dashed lines in Figure 7(b)). With the electron micro-
scopy studies all performed with samples prepared 

using rapid cooling, this observation perhaps forebodes 
the formation of two added morphologies. POM inves-
tigations of this blend ([meta-(R), para-(rac)-2/3]) show 
textures (Figure 7(c,d), as well as Figure S5 
(Supplementary Data) showing micrographs of 
a temperature scan on cooling) that bear resemblance 
to those for neat para-(S)- and para-(R)-2 reported 
previously; blueish focal-conic like domains upon slow 
cooling (not especially well-defined) and a grainy tex-
ture similar to the B1-domains of the biphasic system 
obtained upon rapid cooling [22]. Such phase behaviour 
could suggest that [meta-(R), para-(rac)-2/3] forms a B4 
phase with HLNC morphology just as para-(S)-2. The 
configuration of all involved chiral centres and again 
assuming a priori that the handedness imposed by the 
longer para-side of the net or sum molecule [meta-(R), 
para-(rac)-2/3] would suggest that the resulting fila-
ments would not display any preferred handedness.

SEM and TEM imaging, however, show a coexistence 
of two morphologies, one resembling HLNCs and a left- 
handed HNF morphology (see Figure 8 as well as 
Figure S6, Supplementary Data). This is particularly evi-
dent in the SEM image in Figure 8(b) (lower and upper 
left-hand corner of the image) and in the two TEM 
images shown in Figure 8(c,d). The nanocylinder-like 
morphology is characterised by smooth, often pointy 
features varying in diameter (these could perhaps also 
be nanotubules, although TEM images show no contrast 
variation across these filaments, thus supporting 
a nanocylinder morphology) without any visual evidence 

1 �m 1 �m

a

500 nm

b

200 nm

c d

Figure 8. Electron microscopy images of the 1:1 blend of para-(S)-2 and (R,R)-3 ([meta-(R), para-(rac)-2/3]): (a, b) SEM and (c, d) TEM. 
Note that exclusively left-handed HNFs are formed simultaneously with smooth cylinder-like filaments.
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of heliconical layering (or layering of helical ribbons) 
frequently bundling together with a diameter ranging 
from about 200–600 nm (most average about 350 nm).

The simultaneously observed HNFs are on average 
70 nm in width with an average helical pitch of about 
200 nm and are all exclusively left-handed. These fila-
ment dimensions are most similar to those of the classi-
cal HNF [13], HNFmod [14] or HNFmod2a [20] 
morphologies, but their left-handedness (visible only 
in the TEM images) is puzzling considering that the 
HNF component in this particular blend, i.e. (R,R)-3, 
forms a B4 phase with exclusively right-handed 
HNFmod2a twisted layer filaments. Only one of the two 
combinations of the involved chiral centre configura-
tions (meta-(R)/para-(S), see Figure 2) supports this 
handedness of the HNFs if, as in all other cases, the 
configuration of the chiral centre in the longer para-side 
determines filament handedness.

Another question arises from the fact that only this parti-
cular mixture shows coexistence of two morphologies. POM 
studies of contact preparations between para-(S)-2 and (R,R)- 
3 (Figure 7(b)) already implied this by showing two additional 
phases or morphologies in the contact zone. All current and 
previous POM studies of contact preparations [20,21] revealed 
that the various B4 morphologies do not mix because shapes 
are incommensurate or the handedness is opposite, frequently 
accompanied by the induction of additional phases. In contact 
preparations the two components are forced into contact as 
melts (isotropic liquids); here all mixtures investigated by 
electron microscopy of POM (as blends) were mixed using 
an organic solvent prior to heating into the isotropic liquid 
phase and subsequent rapid cooling to room temperature. 
Nevertheless, the mixture between para-(S)-2 and (R,R)-3 is 
the one with the largest difference in phase transition tem-
peratures from the isotropic liquid to the B1 or B4 phase upon 
rapid cooling (ΔTIso-B = 47.2°C). The blends [meta-(S), para- 
(S)-1/2] and [meta-(rac), para-(R)-1/3] show notably lower 
differences in this phase transition temperature; ΔTIso-B 

= 14.2°C and ΔTIso-B = 33.0°C, respectively. If such difference 
in phase transition temperatures upon rapid cooling drives the 
simultaneous formation of two B4 morphologies it would 
imply some degree of self-sorting – molecules that form 
HLNCs and molecules that form HNFs. The two observed 
morphologies are, however, unlike the two morphologies 
being mixed initially. The nanocylinders are much larger 
with respect to their average diameter and smooth showing 
no features in the electron microscopy images of any helico-
nical layering; the HNFs are just slightly larger in width and 
height, identical in helical pitch, but have opposite handedness. 
One possible explanation could be that two fractions are being 
formed upon rapid cooling, one rich in para-(S)-2 and one 
rich in (R,R)-3. Para-(S)-2 could then serve as a chiral additive 
affecting the formation of larger HNFs with a given 

handedness (an (S)-configuration of the chiral centre in 
these tris-biphenyl derivatives leads to left-handed HNFs), 
and (R,R)-3 would serve as additives, driving the formation 
racemic nanocylinders because the longer para-side of the 
molecules in the blend experiences a lower enantiomeric 
excess (no longer pure (S)- by adding some amount of (R)- 
configuration). Oddly, the blend [meta-(S), para-(S)-1/2] also 
showed coexistence of two morphologies despite the lowest 
ΔTIso-B of only 14.2°C. In this case, however, the additionally 
observed nanocylinders are just a minor component of 
a blend otherwise dominated by the formed HNFmod2b 

morphology.

2.2. X-ray scattering studies

To unequivocally confirm phase assignment and structure of 
the B4 phases formed by the three binary mixtures we per-
formed X-ray scattering experiments after heating the samples 
to the isotropic liquid phase (180°C) and subsequently cooling 
to room temperature (20°C) at a rate ≥50°C min−1 in the 
q-range (momentum transfer range) from 0.1 to 1.7 Å−1. The 
diffraction patterns shown in Figure 9 clearly indicate that all 
three blends are layer structures like all other B4 phase 
morphologies as well as the typical noncommensurate high- 
q maxima signifying the commonly observed crystalline nat-
ure of the B4 phase (Figure 9). A comparison of the current to 
the X-ray scattering patterns previously obtained for the var-
ious B4 morphologies reveals that the pattern obtained for 
[meta-(S), para-(S)-1/2] (Figure 9; blue curves) closely 
matches the pattern obtained for (R,R)-3 (or (S,S)-3) forming 
a B4 phase with HNFmod2a morphology [20], but also suggests 
additional features from the XRS pattern of the HLNCs [22]. 
Complicating the matter is that the peaks overlap, which 
corresponds to the varying internal structures of each filament 
type [20–22]. However, deconvolution of the low-q peaks (see 
Figure S7 and Table S1) then reveals what was already seen by 
SEM and TEM imaging, a coexistence of the HNFmod2 and 
another B4 phase nanocylinder morphology and superposi-
tion of the two separate XRS plots would provide the blue 
curve shown in Figure 9. Analogously, the scattering pattern 
acquired for [meta-(rac), para-(R)-1/3] (see Figure 9; green 
curves as well as Figure S8 and Table S2, Supplemental Data) 
largely coincides with the one obtained for meta-(S)-2 [21], 
even the maxima indicating the coexistence of the B4 
HμF phase with the B1 (Colob) phase [21]. In fact, several of 
the SEM and TEM images of [meta-(rac), para-(R)-1/3] show 
areas with less defined HμFs and additional wavy bulk struc-
tures (see Figure 6(a,b) as well as Figures S4a and S4c) like 
those recorded previously by SEM for the B1 (Colob) phase 
formed by meta-(S)-2 [21]. Finally, the pattern for [meta-(R), 
para-(rac)-2/3] appears most similar to an average of the 
patterns previously obtained for para-(S)-2 [22] and (R,R)-3 

[20] (with respect to peak position and relative intensity), 
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which is conceivably also responsible for the peak broadening 
(larger FWHM) in comparison to the narrower peak widths 
seen for the other two blends (Figure 9; red scattering curve as 
well as Figure S9 and Table S3). As such, the collected XRS 
data fully support both the SEM and the TEM imaging results, 
which showed clear coexistence of some form of nanocylin-
ders and HNFs.

3. Conclusions

In conclusion, we establish that B4-phase morphologies 
such as HNFmod2, HμF, and HLNC can be mixed using an 
organic solvent leading to three distinct blends that exhi-
bit quasi the entire range of B4 morphologies with vary-
ing degree of coexistence, with similar or entirely new 

dimensions with respect to height, width, diameter, and 
helical pitch. The data continue to support theoretical as 
well as experimental data that the configuration of the 
chiral centre in the aliphatic chain attached to the longer 
para-side dictates the handedness of the resulting fila-
ments. A priori predictions of the filaments’ handedness 
by considering the configurations of the chiral centres 
involved are confirmed experimentally. This includes the 
observed racemic nature of the nanocylinders, where the 
side chain of the sum or net compound is racemic in the 
para-side. Because of this, the observed nanostructures 
lack signs of heliconical layering. A similar, but thermo- 
reversible process has been observed for peptide amphi-
philes, where helical ribbons or tubules can be reversibly 
switched to twisted tapes [27,28]. Finally, XRS analyses of 
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— [meta-(S), para-(S)-1/2]

— [meta-(rac), para-(R)-1/3]

— [meta-(R), para-(rac)-2/3]

— [meta-(S), para-(S)-1/2]

— [meta-(rac), para-(R)-1/3]

— [meta-(R), para-(rac)-2/3]

Figure 9. (Colour online) X-ray scattering analysis (azimuthally integrated intensity (a.u.) versus q (Å−1) after heating to the isotropic 
liquid phase followed by cooling to 20°C at ≥50°C min−1: (a) comparison plot 0 ≤ q ≤ 1.7 (Å−1) and (b) low q-range; 0.1 ≤ q ≤ 0.6 (Å−1); 
[meta-(S), para-(S)-1/2] – blue pattern, [meta-(rac), para-(R)-1/3] – green pattern, and [meta-(R), para-(rac)-2/3] – red pattern. Data 
with exact values for q, relative intensities, and indexing mapping the origin of the scattering maxima to the actual B4 morphology are 
provided in the Supplementary Data (Figures S7 – S9 and Tables S1 – S3).
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the blends at room temperature support the results 
obtained by electron microscopy, and even captures the 
coexistence of two simultaneously formed morphologies 
or phases in each of these three blends. Thus, one could 
argue that these, particularly in the cases of [meta-(S), 
para-(S)-1/2] and [meta-(rac), para-(R)-1/3], are cases of 
a coexistence of cocrystals, where one or more compo-
nents form unique crystalline solids that here coexist in 
the form of the various filaments as defined by Stahly 
[29]. However, in the case of [meta-(R), para-(rac)-2/3], 
the two original filament types coexist but appear to be 
doped by one another affecting the resulting handedness 
or lack thereof. Overall, these data demonstrate that com-
plex nano- or microscale morphologies can be blended 
with fairly predictable outcomes vis-à-vis shape and espe-
cially filament handedness, which could further support 
various applications of these fascinating materials and 
morphologies for structural colour reflectors, chiral 
detection, and photonic films for security applications 
among others as recently demonstrated by Yoon and co- 
workers [30–33].

4. Experimental section

The synthesis of meta-(S)-1 (4ʹ-[4-(4ʹ-octyloxy)biphe-
nyloxy]-3-[4-(4ʹ-[2-(S)-heptan-2-yloxy]biphenyl)]- 
biphenyl)), para-(S)-2 (4ʹ-[4-(2-(S)-heptan-2-yloxy) 
biphenyloxy]-3-[4-(4ʹ-[4ʹ-octyloxy]biphenyl)] biphe-
nyl)), and (R,R)-3 (biphenyl-3,4ʹ-diyl bis-(4ʹ-[2-(R)- 
heptan-2-yloxy]biphenyl-4-carboxylate)) and the com-
plete characterisation of these materials were reported 
previously [20–22]. Unless otherwise stated, all organic 
solvents used for the synthesis were EMD Millipore 
grade and purified by a PureSolv solvent purification 
system (Innovative Technology Inc.). Blends were pre-
pared using standardised solutions of each compound 
in an organic solvent such as methylene chloride fol-
lowed by mixing equal volumes of these solutions to 
produce each 1:1 mixture. Contact cells were prepared 
between two untreated microscope glass slides by fill-
ing the space between them using capillary forces start-
ing with the compound with higher clearing point (i.e. 
the B1- or B4-phase to isotropic liquid phase transition 
temperature) followed by the one with lower clearing 
point until contact between the two components is 
established. POM observations were carried out using 
an Olympus BX-53 polarising microscope equipped 
with a Linkam LTS420E heating/cooling stage. SEM 
analysis was performed using a Quanta 450 FEG SEM 
on the direct sample without prior metal deposition. 
TEM was carried out on an FEI Tecnai F20 micro-
scope, operating at 200 kV and equipped with 
a Schottky field emission gun and a twin-blade 

anticontaminator. All images were recorded using 
a Gatan 4 K Ultra Scan charge-coupled device camera. 
As 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 we found did not cause any radiation damage. 
XRS was carried out on beamline 7.3.3 of the Advanced 
Light Source of Lawrence Berkeley National 
Laboratory [34] (10 keV incident beam energy, 1.24 
Å wavelength, utilising a Pilatus 2 M detector). Prior to 
XRS analysis, materials were filled into 1 mm diameter 
quartz X-ray capillary tubes. The analysis was made in 
Igor Pro software with Nika package [35].
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