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 Orientation of a Helical Nanofi lament (B4) Liquid-Crystal 
Phase: Topographic Control of Confi nement, Shear Flow, 
and Temperature Gradients 
 The liquid-crystal (LC) phases of bent-core molecules have 
been of great interest because of their unusual polar and chiral 
properties, as well as their exotic collective behavior, including 
the formation of macroscopic chiral structures from achiral 
molecules. [  1–9  ]  The bent-core molecules strongly nanosegregate, 
leading to the formation of polar and chiral arrangements of 
the bent cores into planar or modulated layers. Subtle interac-
tions between layers can be manipulated to produce a variety of 
ferro- or anti-ferroelectric phases. 

 Among the most mysterious and interesting of these new 
phases is the B4, a locally layered phase with hexatic or semi-
crystalline ordering of the layers, showing large optical rota-
tion and light scattering which suggests a strongly chiral local 
structure. Recently, it has been shown that the B4 is a phase of 
spontaneously self-assembling helical nanofi laments (HNFs), 
the morphology of which is driven by a tendency for local 
saddle splay deformation of the semicrystalline layers. [  7  ]  These 
nanofi laments, shown in  Figure  1  b for the bent-core mate-
rial NOBOW (benzoic acid, 4-[(E)-([4-(nonyloxy)phenyl]imino)
methyl]-,1,1’-(1,3-phenylene)ester) (Figure  1 a) grow from the 
higher temperature isotropic or fl uid bent-core phases with 
a well-defi ned pitch of the helical twist and lateral structure 
and dimensions. The bulk B4 is a close packing of HNFs in 
which the fi lament axes are parallel to one another and their 
layer twist becomes macroscopically coherent. In the fi lament 
growth process a nucleation event establishes the handedness 
of a fi lament and this handedness is transferred to subse-
quently growing fi laments to form large ( ≈ 100- μ m dimension) 
homochiral domains with either right-handed and left-handed 
characteristics. Atomic force microscopy (AFM) imaging 
of the air/LC surface of the B4 reveals this bulk structure, 
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showing clearly the collective ordering of the HNF helices 
(Figure  1 c). [  7  ] 

   Bent-core mesogens such as NOBOW are low-molecular-
weight liquid-crystalline materials that can include molecular 
design features that give specifi c properties and functionalities, 
for example large, second order, nonlinear optical susceptibili-
ties or electrical conductivity. In such cases the chiral nanofi la-
ment superstructures can offer intriguing possibilities for the 
production of novel materials. Achieving alignment thus opens 
a wide variety of opportunities for the production of functional 
chiral materials for application in organic semiconductors, thin-
fi lm polarizers, thin-fi lm transistors, lasers, and solar cells via 
controlled self-organization of bent-core molecules. [  10–14  ]  

 Currently available evidence indicates that it is diffi cult to 
achieve macroscopically oriented domains of the B4 phase. 
The B4 grows from the higher temperature fl uid smectic or 
isotropic phase via a fi rst-order phase transition in which nano-
fi lament formation starts at dilute nucleation sites. Growth 
from a texture of B2 focal conic domains yields a B4 texture 
with similar focal conic patterns but much lower birefringence, 
 Δ  n , which indicates either a weak control of the B4 growth 
process by the existing fl uid smectic layering, or that the B4 
just has low  Δ  n . [  15  ]  Growth of the B4 from the isotropic phase, 
for example in mixtures of NOBOW and calamitic LCs, is in 
the form of fl ower-like spherulites with the fi laments generally 
radial but highly disordered. [  16  ,  17  ]  Shearing of NOBOW between 
glass plates increases the birefringence  Δ  n  of its fl uid smectic 
B2 and B3 phases by ten times relative to that of an unsheared 
fi lled cell, producing nearly complete alignment these phases, 
but increases the birefringence of the B4 only by two times, 
to  Δ  n   ≈  0.04, to about 25% of that of the B2. [  23  ]  It is not clear 
whether this low measured value is due to low inherent  Δ  n  or 
poor alignment.  

 Here, orientational control of HNF growth is reported. Ini-
tial efforts using the topographic surface patterning techniques 
that have proven successful in the orientation of nematic and 
smectic phases of calamitic LCs were not successful. [  18  ]  How-
ever, it was found that such topographical confi nement can 
combine with the thermal confi nement and shear-induced ori-
entation produced by air fl ow over the surface to align HNFs. 
HNF alignment was directly investigated by various microscopic 
techniques including depolarized transmitted light microscopy 
(DTLM), depolarized refl ected light microscopy (DRLM), scan-
ning electron microscopy (SEM), and AFM. Just as alignment 
control has been the key to the development of all known appli-
cations of LCs, such as their various display modes, controlling 
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      Figure  1 .     Material, molecular ordering scheme, and experimental setup. a) The molecular 
structure and phase sequence upon cooling from isotropic phase. b) The nanofi lament phase 
is composed of well-defi ned smectic layers, revealing macroscopic polarization and tilt of these 
layers, making this structure chiral, including mesogenic units (bent-cores) in the layers. Width 
( w ) and half pitch ( h ) of single fi lament are  w   ≈  35 m and  h   ≈  30 nm, and  P  is the director of 
HNFs. c) An AFM image of HNFs shows line patterns in which the gap between green lines 
is the half pitch ( h   ≈  130 nm) of HNFs. d) Schematic of (c) shows how HNFs are aligned. 
e) In order to apply a confi ning effect on the HNFs, NOBOW is fi lled in the isotropic phase by 
capillarity into channels of 5- μ m-depth, 5- μ m-width, and 10-mm-length etched into the surface 
of a Si wafer. Air fl ow (velocity,  v   ≈  9 m s  − 1 ) was then supplied through a pipe of 4-mm-inner-
diameter at an angle of 30 °  from the surface upon cooling from the isotropic to the B4. The air 
fl ow was used to generate fl ow of the B4 to control the orientation of the HNFs.  
HNF orientation promises important ways to use their chiral 
superstructures in soft materials as the cornerstone of new 
applications. The use of topographic confi nement is used not 
only to directly control LC alignment, but also to provide con-
trol of LC temperature and fl ow characteristics operative in the 
alignment process. 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2011, 23, 1962–1967
 Upon cooling from the isotropic phase 
NOBOW forms the B2, a fl uid smectic phase 
with spontaneously polar ordering of the 
bent cores in the layers and tilt of the molec-
ular planes from the layer normal. [  1  ,  4  ]  The B2 
layers preferentially orient normal to the Si 
wafer/LC and glass/LC interfaces and par-
allel to the LC/air interface (Supporting Infor-
mation, Figures S1–S3). These orientations 
are evidenced by the appearance of toroidal 
focal conic defects in thin fi lms on fl at glass 
or Si and in the 10- μ m-width channel (Sup-
porting Information, Figure S4). [  18  ]  Upon 
the transition to the B3 phase some degree 
of in-plane hexatic ordering appears, but the 
layer textures do not change. The transition 
to the B4 phase is strongly fi rst order, with 
the development of more crystal-like in-plane 
ordering and a substantial decrease in the 
layer spacing, the new phase appearing in the 
form of helical nanofi laments. [  7  ]  Basically, a 
single HNF in the B4 phase looks like a rope 
of width  w   ≈  35 nm and half pitch  h   ≈  130 nm 
in which  ≈ 5–8 smectic layers are twisted, 
a structure revealed in freeze-fracture and 
AFM imaging. In the bulk phase these basic 
units self-assemble parallel and next to one 
another to form oriented arrays in which the 
phase of the HNF twist is macroscopically 
coherent. 

 The growth of these fi laments is controlled 
to some extent by the B2 layer texture and 
the LC interfaces. Thus, HNFs tend to grow 
with the fi lament axis  P  parallel to the air/
LC interface, which enables their observa-
tion by AFM, in which the topographic relief 
associated with the rope-like surface of the 
individual fi laments and the coherent twist 
combine to give a surface modulation with 
a periodicity of the HNF half pitch, evident 
in Figure  1 c. In textures between glass slides 
the B2 forms planar-aligned birefringent tex-
tures with the smectic layers normal to the 
plates. [  7  ]  These remain in the B4 phase, but 
with little remnant birefringence. [  15  ]   

 Figure 2   –4 compare the results of cooling 
channel-confi ned NOBOW into the B4 with 
and without airfl ow. Without airfl ow the B2 
grows in the channels in the form birefrin-
gent domains that are periodically modulated 
along the channel. This sort of modulated 
structure is found in calamitic smectics and 
the B7 phase of bent core molecules, [  19  ,  20  ]  
and generally arises from the frustration associated with the 
tendency for layer alignment parallel to the air/LC top interface 
and the alignment normal to the channel sides and bottom. 
Cooling channel-confi ned NOBOW into the B4 phase yields low 
birefringence domains (Figure 4). AFM imaging at room tem-
perature shows the HNF orientation  P  at the air/LC interface 
heim wileyonlinelibrary.com 1963
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      Figure  2 .     AFM images (left: height mode; right: defl ection mode) of the B4 phase of NOBOW 
confi ned in channels and grown with and without air fl ow. a) Line patterns are aligned mostly 
along the channel direction although small parts of those are randomly oriented without 
applying the air fl ow. This means HNFs are mostly aligned perpendicular to the channels as 
shown in scheme. b) Uniformly aligned lines perpendicular to the channel can be seen after 
applying the air fl ow. This means HNFs are very well aligned along the direction of the chan-
nels and air fl ow. c) Enlarged area of (b) clearly shows half-pitch of HNFs. d) Surface profi le 
of (c) shows the very periodic nanofi lament helix of half-pitch,  h   ≈  130 nm. e) Perpendicularly 
aligned HNFs with few defects are shown when the air fl ow is applied perpendicular to the 
channel direction. The oblique lines at the top and bottom of the AFM images are due to the 
side of the tip sliding on the top edge of the channel wall.  
tending to be nearly normal to the channel sidewalls, as shown 
in  Figure 2 . That is, the HNFs appear to have nucleated and 
grown out from the sidewalls. 

 For the air-fl ow experiments the hot stage temperature for 
obtaining the isotropic phase was set well above the bulk iso-B2 
phase transition temperature  T   =  175  ° C, to  T   ≈  235  ° C at which 
the LC in the channels is isotropic, even in the presence of 
air fl ow. The gas fl ow sets up turbulent room temperature air 
above the sample surface, which tends to cool the air/sample 
interface by thermal conduction through a thin boundary layer. 
Since the thermal conductivity (  λ  ) of the Si is much higher 
than that of the LC and air (  λ   Si   ≈  148 W m  − 1   ° C  − 1 ,   λ   LC   ≈  0.2 
W m  − 1   ° C  − 1 , and   λ   air   ≈  0.025 W m  − 1   ° C  − 1 ), [  21  ]  the temperature 
decrease of the LC surface due to the thermal fl ux out of the 
sample surface is much larger than that of the Si. In general, 
the heat fl ux  J = 8

(
�T
�L

)
   will be out of the surface, where  Δ  T  

is the difference between the surface temperature and room 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wewileyonlinelibrary.com
temperature, and  Δ  L  is the distance over 
which this temperature drop is achieved. 
With no air fl ow, taking  L   ≈  1 cm, one obtains 
 J   ≈  400 W m  − 2  and a temperature gradient in 
the LC at its surface of  ∇T     ≈  0.002  ° C  μ m  − 1 . 
With air fl ow one estimates a boundary layer 
thickness  Δ  L   ≈  2  μ m and  ∇T    ≈  10 ºC  μ m  − 1 , 
and a LC surface temperature  ≈ 50 ºC cooler 
than the Si, with contours shown in Figure 3. 
The 2D simulation of the temperature distri-
bution in the channel (Figure  3 a) shows the 
lowest LC temperature along the LC center-
line at the air/LC interface.   

 The factors relevant to the observed 
ordering of the HNFs are as follows:  

 (i)       Channel confi nement : The confi ning ef-
fect of the silicon channel makes the 
mesogenic units (bent-core molecules) 
align parallel with side wall and perpen-
dicular to the bottom as shown in Figure 
 2 . Near the LC/air interface the HNFs pre-
fer to orient parallel to the surface [  7  ]  and 
the molecular anchoring parallel to the 
channel side wall induces, in absence of 
air fl ow, some HNF alignment in the LC/
air interface plane upon cooling, with the 
HNFs generally normal to the side wall, 
as shown in Figure  2 a and Figure S6, Sup-
porting Information. As now discussed, 
the principal benefi t of the channels is to 
provide a well-defi ned thermal gradient 
and LC fl ow orientation in the presence of 
air fl ow.   

 (ii)      Temperature gradients : Without air fl ow the 
LC temperature in the channels is only a 
few 0.001  ° C cooler along the channel cen-
terline than at the channel surface, and no 
specifi c alignment effects have been attrib-
utable to this difference. However, with air 
fl ow, the  ≈ 50  ° C difference achieved means 
that with slow cooling the LC surface 
centerline will reach the I-B2, B2-B3, and B3-B4 transitions 
well before the LC that is closer to the Si, and these phases 
will then sequentially grow out from the centerline, toward 
from the channel surfaces. The importance of this air-fl ow-
induced temperature gradient on the B4 HNF morphology 
was probed by cooling with the air fl ow on through the I–B2 
transition and then turning the air fl ow off for the transi-
tion into the B4 phase. In this case the HNFs grow in from 
the channel walls (Figure S6, Supporting Information), as 
in the case where there was no air fl ow for either transition 
(Figure  2 a). Thus, for air fl ow to affect the HNF alignment, it 
must be present when the B4 grows in.   

 (iii)      Shearing effect of air fl ow : If the transition to the B4 is made in 
the presence of air fl ow, there is a signifi cant change in the 
growth morphology, with AFM showing that the HNFs with 
air fl ow grow at the surface parallel to the air-fl ow direction 
(Figures  2 b–e), as indicated by the distinctive  h   =  130 nm 
inheim Adv. Mater. 2011, 23, 1962–1967



www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

A

      Figure  3 .     The 2D simulated temperature gradients in the channel and growing sequence with air fl ow. a) Temperature at the top-center surface of the 
LC is just under isotropic phase ( ≈ 175 ° C) and much warmer at the side and bottom walls of the silicon channel ( ≈ 235  ° C), with a big thermal gradient 
(T  =  60  ° C). b) Scheme of the structure, thermal boundary layer, and LC. c) Serial perspective view of cooling with air fl ow along the channel showing 
temperature gradient from low  T  (blue) to high  T  (red), fl ow along the channel induced in the LC. and the resulting HNF growth, d) air fl ow applied to 
perpendicular to the channel direction produces LC circulation and therefore HNF orientation perpendicular to the channel.  
topographic modulation of the HNF half pitch. Since the 
thermal distribution of the LC in the channels is largely 
the same for air fl ow parallel and normal to the channel, 
this observation points to the mechanical response of the 
LC system of the air fl ow as being the dominant alignment 
mechanism, rather than the direct thermal effects of the air 
fl ow. The thermal gradients associated with air fl ow do have 
the interesting consequence that the HNF  h   =  130 nm topo-
graphic modulation is much more robustly established at 
the surface, exhibiting clearer surface relief than for the no-
air-fl ow case, likely a result of the of larger gradient in the air-
fl ow case forcing the growth of HNFs to start at the surface. 
At high temperatures the HNFs can slide along one another, 
making the B4 phase fl uid and shearable between fl at plates. 
Because of the anisotropic shape of the HNFs, the HNF di-
rection is oriented in shear fl ow parallel to the fl ow direction 
and normal to the fl ow gradient. This kind of shear align-
ment appears to be the operative alignment mechanism, 
with fl ow of the LC induced by the air. Such air-fl ow-induced 
LC velocity currents are indicated in Figure  3 c,d for the two 
air-fl ow directions, the fl ow across the channel aligning the 
HNFs normal to the channel axis and the fl ow parallel to the 
© 2011 WILEY-VCH Verlag GmbHdv. Mater. 2011, 23, 1962–1967
channel inducing parallel orientation, respectively. The topo-
graphic patterning serves to hold the LC in place, enabling 
cellular fl ow. These closed fl ow velocity loops are present in 
the isotropic phase, infl uencing the orientation of the nucle-
ating B4 domains as they appear along the channel center-
line (Figures  2  , 3). This oriented growth penetrates down into 
the channel, as evidenced by high-resolution SEM imaging 
of fractured parts of air-fl ow-cooled samples, which show 
well-aligned HNFs in the interior of the channel as well as 
on the LC surface (Figures S7,S8, Supporting Information). 
This shear-induced HNF orientation, although preferable 
along the channel is not perfect, indicating that factors other 
than the induced fl ow come into play. HNFs appear by a 
nucleation and growth process that maintains their handed-
ness over macroscopic distances, meaning that extant HNFs 
nucleate the new ones. [  22  ]  Such a process leads to an increase 
in the number of fi laments growing in parallel and thereby 
to splay in  P ( r ), the spatial distribution of HNF directions 
(see the detail in Figure 3 of Ref. [7]). Splay of  P ( r ) would 
then lead to a bend in the surfaces of constant phase in the 
HNF twist and account for the bending of the modulation 
bands visible in the AFM images of the surface in Figure  2 .    
 & Co. KGaA, Weinheim wileyonlinelibrary.com 1965
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      Figure  4 .     Comparison of depolarized transmission optical textures of 
the NOBOW B4 with and without air fl ow for several cell orientations. 
a,d,c,f) channels are parallel or normal to the polarizer. b,e) channels 
are at 45º to the polarizer. a–c) Without airfl ow the B4 shows mostly 
dark and bluish-to-yellowish domains in the channels. d–f) The textures 
with air fl ow are clearly smoother and exhibit channel lengths of several 
hundred nm with uniform birefringence, measurement of which yields  
Δ n  ≈  0.04 for the B4 phase.  
 The structure of the B4 phase in the channels either with 
or without air fl ow was also studied optically. DRLM images 
of NOBOW cooled in the channels without air fl ow show very 
dark grey and bluish optical morphology that are characteris-
tics of B4 phase, with brightness that is increased when the 
crossed polarizer and analyzer are rotated to 45 °  relative to 
the channel direction ( Figure 4   a–c and Figure S9, Supporting 
Information), a result of weak birefringence due to the wall 
induced alignment (Figure  3 a). Optical anisotropy is also 
found in B4 phase of NOBOW aligned by air fl ow (Figure 
 4 d–f and Figure S10, Supporting Information), but with sub-
stantially larger birefringence,  Δ  n   ≈  0.04, comparable to that 
found in shear-aligned cells. [  23  ]  The independent AFM evi-
dence of Figure  3 b that the air fl ow treated B4 is well aligned 
in the channels thus shows that the B4 birefringence is actu-
ally quite small, a result of orientational averaging due to the 
molecular tilt and twist of the layers in the nanofi lament struc-
ture (Figure  1 b). The similarity of the  Δ  n   ≈  0.04 values found 
here for alignment in channels to that found in shear-aligned 
cells, [  23  ]  thus indicates that shearing cell plates can also sub-
stantially align the B4.  

 In summary, it was shown that topographic channel confi ne-
ment can produce well-oriented domains of the helical nanofi l-
aments of the B4 phase of several bent-core materials, but only 
if used in conjunction with air-fl ow-induced shear alignment. 
In this combination, the role of the topographic patterning 
of the surface is generalized beyond simply providing proxi-
mate aligning surfaces. The topography limits the gross fl ow 
of the LC, keeping it in the channels and controlling the LC 
circulation in the presence of the driving air fl ux. The topog-
raphy combined with the high thermal conductivity of the con-
fi ning patterned substrate controls where LC will fi rst appear 
upon cooling. Thus, the success of this combination is based 
on the topography also controlling both temperature gradients 
and shear fl ow in the sample to be aligned. The achievement of 
alignment of the B4, notoriously diffi cult to orient with other 
methods, shows that the use of topographic confi nement to 
control effects such as fl ow and gradients may prove to be a 
powerful combination in the use of LCs in applications beyond 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
displays, where systems that are attractive are often diffi cult to 
align, for example in organic electronics.  

 Experimental Section 
  Sample Preparation : The bent-core molecule (NOBOW) was prepared 

as reported previously (Figure  1 a). [  15  ]  Rectangular line and space 
patterned silicon wafers were prepared by using photolithography and 
reactive ion etching techniques. [  18  ]  The patterned surfaces employed here 
have a square cross section with a depth  d   =  5  μ m, width  w   =  5  μ m, and 
length  L   =  10 mm (Figure  1 e) and were chemically cleaned for planar 
anchoring by immersion in a mixture of dimethylformamide (DMF) and 
methanol to remove both organic and inorganic impurities, followed by 
rinsing several times with deionized water. The LC material was dropped 
on one end of channels and fi lled by capillary force at the isotropic 
phase, using a hot stage (INSTEC HCS410) and controller (INSTEC 
STC 200), and then cooled very slowly down to room temperature at 
–0.02  ° C min  − 1 . Samples were cooled either with or without air fl ow. 
During cooling samples with air fl ow, room temperature air was supplied 
by a 4-mm-inner-diameter copper tube, controlled by a fl ow regulator at 
a rate of 15 CFH (cubic feet per hour: ft 3  min  − 1 ), 0.42 m 3  hr  − 1 , giving a 
velocity of fl ow about 9 m s  − 1  across the surface (Figure  1 e). 

  Microscopy : The optical anisotropic textures of samples in the 
channels in the B4 phase were observed under DTLM and DRLM (Nikon 
Eclipse E400 POL) at room temperature. Study of the surface topology 
of the sample was performed under ambient conditions with an AFM 
(Nanoscope III: Veeco Instruments, Santa Barbara, CA). Contact mode 
AFM with Si 3 N 4  cantilevers with a small spring constant of 0.06 N 
m  − 1  was used to minimize unexpected deformation of the sample. For 
SEM experiments, samples were imaged using JSM-7401F (JEOL) after 
coating with a 5-nm layer of gold to make the surface conductive and 
reduce electron beam damage.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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