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Hough, Loren E. (Ph.D., Physics)
Layer Curvature and Optical Activity in Bent Core Liquid Crystalline Phases
Thesis directed by Prof. Noel Clark

The B4 and Dark Conglomerate are smectic (layered) liquid crystalline phases
formed by bent-core molecules that have both significant optical activity and very short
inter-layer correlation length. Using freeze fracture transmission electron microscopy to
visualize the local layer structure, we show that the Dark Conglomerate is a thermotropic
analogue of the lyotropic sponge phase, and that the B4 phase is a unique variant of
the twist grain boundary phase where the smectic layers rotate about a helix axis.
Both phases are characterized by significant saddle splay curvature. We show that the
observed optical activity is a consequence of the achiral symmetry breaking seen in
bent-core liquid crystals. This optical activity can also be seen in the well ordered B2
phase, although the optical texture is typically dominated by the birefringence.
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Chapter 1

Introduction

This thesis focuses on two smectic liquid crystalline phases formed from bentcore molecules, the Dark Conglomerate and the B4. These phases have in common
significant layer curvature and optical activity. They are two more examples of the rich
phase behavior that results from the spontaneous chirality in bent-core liquid crystalline
phases.
The layer structure of these phases was determined by freeze fracture transmission
electron microscopy (Chapter 2), a technique wherein a sample is quenched to preserve
the layer structure, and then fractured. The fracture surface is “illuminated” with platinum, making the surface topography visible in an electron microscope. This technique
is very valuable in determining the layer structure of novel smectic mesophases, especially those with some degree of disorder, like the two studied here.
The Dark Conglomerate (Chapter 3) is a thermotropic analogue of the lyotropic
sponge phase: the layers curve continuously forming everywhere a saddle type structure.
Such a structure is filled with defects, and has significant mean curvature, and so the
local preference for the saddle structure must be sufficiently large to overcome these
energetic costs. We argue that in this phase (as well as the B4), local anisotropic
compressional stresses result in a significant local preference for saddle structures. This
preference derives from one of the four terms in the free energy allowed by symmetry
in the chiral SmC* phase not present in the achiral SmC, promoting a coupling of layer
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twist, tilt and polar order [1]. The other three terms involve polarization splay (seen
in the B7 phase), helical winding of the director (B3 phase) and an as yet, unobserved
coupling between layer compression and tilt direction.
The B4 phase (Chapter 4) is a form of the twist grain boundary (TGB) structure
in which the layers rotate about a helix axis. Unlike typical TGB structures, where
blocks of planar layers are separated by grain boundaries (planes of screw dislocations
perpendicular to the helix axis), the B4 structure is formed of individual tubes of twisted
layers that form multiple Burger’s vector screw dislocations and are parallel to the TGB
helix axis. These tubes are separated by defects that resemble screw dislocations of the
opposite chirality, and seem to be single Burger’s vector dislocations. This structure resembles the soliton phase of chiral discotics: twist is confined within individual columns
that order in an hexatic array [2].
The optical activity present in the Dark Conglomerate phase is consistent with
that expected from the spontaneous tilt and polar order seen in bent-core smectic phases
(Chapter 5, [3]). We present a simple model including tilt and polar order, and derive
the magnitude and wavelength dependence of the expected optical activity.
We directly demonstrate that this optical activity is present even in the well
ordered B2 phase of GDa104 (Chapter 6, [4]). The optical activity expected for the
chiral B2 subphases is typically masked by the much stronger birefringence. However,
the SmCA PA phase of GDa104 has very low birefringence, making the optical activity
readily observable in this case.
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Chapter 2

Freeze Fracture Transmission Electron Microscopy

2.1

Introduction
Freeze fracture transmission electron microscopy (FFTEM) has long been used

in biological and soft condensed matter systems to determine structure on a 5-1000 nm
length scale. It is a very useful technique for bridging the gap between optical resolution
and the functional size scales of x-ray scattering, especially in disordered media. Here
we describe the application of FFTEM to bent-core liquid crystalline phases.
Bent-core liquid crystalline phases, as opposed to the long studied calamitics,
provide an unique challenge among thermotropic liquid crystals. As described below,
several of the phases observed in these materials are defect filled smectic phases, with
the defects allowing the layers to be curved. Very generally, the bent-shape of the
molecules results in a sufficiently strong local preference for polarization-splay (the B7
phase) or layer curvature (the B4 and Dark Conglomerate phases) to overcome the
energy cost of defects. In either case, the result is a smectic phase where the layers
are curved with a typical radii of curvature in the range of tens to hundreds of nm. In
the B7 phase, the polarization splay stripes form a periodic pattern also visible in the
x-ray scattering spectra. However, elucidation of the the local layer structure of the B4
and Dark Conglomerate phases by optical microscopy and x-ray scattering has proved
difficult. As a result, we have approached these phases using FFTEM.
An overview of the FFTEM procedure applied to liquid crystals is given in figure
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2.1 and the procedure is described in more detail in a FFTEM manual written by
myself, Michael-Scott Heberling, and Alex Martin. A thin sample is placed between
copper or glass planchettes and then cooled into the desired phase. The sample is then
flash frozen, typically by dropping the sample into liquid propane. This quick freezing
locks in the layer structure in these materials before any phase transitions can occur.
The sample is transfered while cold to the evacuated, cooled Baltec freeze etch machine
where it is then fractured and coated. The fracture surface is coated at an angle with
a mixture of platinum and carbon, optimized to minimize the grain size (a few nm).
The platinum/carbon grains “illuminate” the surface, and surface topography leads to
shadows, as the topography of sand dunes can be discerned by the shadows cast by
the sun. This thin platinum film is then stabilized by a layer of pure carbon, and the
resultant replica is then lifted off of the planchette and cleaned to remove all of the
liquid crystalline material. The replica is viewed in a Transmission Electron Microscope
(TEM), and regions that are tilted toward the platinum source receive more platinum
than regions that are tilted away. This difference in coating creates contrast in the TEM,
allowing for reconstruction of the surface topography. The FFTEM images are inverted,
so that regions tilted toward the platinum source appear light. The images are easier
to interpret this way, as they resemble a surface topography that has been obliquely
illuminated with light: dark regions appearing as shadows, and the light regions point
toward the “sun”. The images presented in this thesis will be oriented, if possible, with
the platinum source direction up and right for ease of viewing. If the sample is not fully
cleaned, opaque spots remain on the sample. Upon inversion, these regions appear as
white spots.
The cleaning process is often the most difficult step in the FFTEM process. Our
typical procedure is to soak the samples for an hour in water, and then to exchange the
water for a series of organic solvents. It is important to minimize the surface tension
between any two consecutive solvents, as strong surface tension can destroy the fragile
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Freeze Fracture Transmission Electron Microscopy
1. Prepare sample

5. Coat with carbon
carbon coating

2. Quench by freezing
in liquid propane
3. Fracture

liquid crystal

6. Clean off sample
liquid crystal

7. Transfer sample to
support grid
4. Coat with platinum
platinum coating
liquid crystal

liquid crystal

8. View in a TEM

Figure 2.1: The basic steps in the FFTEM process. (1) First, the sample is sandwiched
between glass or copper planchettes. The sample is then heated to the isotropic and
cooled to the desired phase. Typically, the sample is cooled slowly (degs/hour). However
cooling slowly tends to prevent formation of the Dark Conglomerate phase. If glass
planchettes are used, the phase of the sample can be verified by optical microscopy.
With copper planchettes, it is often convenient to make a glass reference cell and to heat
both cells simultaneously in a microscope hot stage. (2) Once in the proper phase, the
samples are dropped into liquid propane (T ≈100 K) which should freeze them quickly
enough to quench the layer structure. The samples are transfered quickly to liquid
nitrogen (T=90K), taking care to remove the propane without allowing the sample to
thaw. (3) The sample is then loaded into the evacuated, cooled FFTEM machine and
fractured. (4) The sample is coated with a very thin layer (2.5 nm) of platinum (mixed
with a small amount of carbon to minimize the grain size). The platinum shadowing
angle is typically 45 degrees, though low angle rotary shadowing can also be used (for
instance to visualize carbon nanotubes). (5) A thicker support layer of carbon (∼ 20-30
nm) is added to provide structural integrity to the replica. The sample is warmed slowly
under vacuum (∼20 minutes) and then in a nitrogen environment (∼ 20 minutes) to
above 0 ◦ C to prevent ice formation, and then removed from the FFTEM machine at
room temperature. (6) A series of solvents (aqueous and organic) are used to remove
the liquid crystal from the replica. (7) The replica is then transfered to a support grid,
and (8) viewed in a transmission electron microscope.
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replica. As a result, we often use ethanol as an intermediate between the water and a
stronger organic solvent, typically either ethyl acetate or chloroform. In addition, the
liquid crystal must dissolve in the final solvent, but not too quickly because fast reaction
of the liquid crystalline material with the solvent can destroy the replica. As a result,
these stronger solvents are sometimes added very slowly to the ethanol, and occasionally
only very small quantities are used.
The images taken give the topography of the fracture surface, which is representative of the quenched state. As a result, it is very important that the freezing process be
fast enough to reliably quench the desired structure. In biological samples this means
that the freezing has to occur fast enough to prevent ice crystallization. Typically,
high pressure is used to ameliorate this process. In our experience, liquid crystals supercool very easily (even in a microscope hot stage with a maximum cooling rate of
∼ 5 deg/min), and so a relatively slow cooling is still sufficient to preserve the layer
structure of the material. As a result, we use liquid propane rather than pressurized
liquid isopropanol (as in high pressure freezing), and can use glass rather than copper
planchettes. Liquid propane is easy to make, and preferable to liquid nitrogen, which
tends to boil producing air bubbles that insulate the sample from the liquid nitrogen,
greatly reducing the cooling rate. Moreover, because its boiling point is much higher
than that of liquid nitrogen, propane can easily be kept at temperatures far below its
boiling point (-42 C), and so it does not easily boil around the sample. Melissa Spannuth
calculated the rates of cooling in glass planchettes in her Honors thesis [5]. She found,
however, an unreasonably high value for the cooling rate using the thermal conductivity
of glass at room temperature. The measured cooling rate in copper is ∼ 104 K/second
[6].
We developed the use of glass planchettes to allow for alignment at the surfaces
and direct visualization of the state of the sample just before freezing. Again, it is
important to note that that the cooling rate is much slower with glass than with copper
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300 nm

200 nm

1000 nm

Figure 2.2: (A) FFTEM image of a planar aligned sample of SCE9 between glass
planchettes. The layers are perpendicular to the fracture surface, and so are only visible
when the fracture plane moves down into the sample (white arrows). In these regions,
layer steps are visible, and the orientation of the layers can be discerned. (B) Visualization of the smectic layers is much easier in a homeotropically aligned sample, where
the fracture surface is nearly parallel to the surface of the layers. The thin lines (white
arrows) are individual layer steps. (C) Focal conic defects are visible in otherwise well
aligned samples.
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planchettes [5]. However, this seems not to be a problem with these materials, as our
results have typically been quite reproducible. In addition, we found that several bentcore materials react with the copper, destroying the sample. Thus glass, which is more
inert, is preferable for these materials. FFTEM applied to planar and homeotropic
samples of the standard liquid crystal SCE9 demonstrate that visualization of both the
local structure (layered) and the orientation of the layers relative to the fracture surface
can be achieved. The fracture surface is roughly parallel to the substrates, and so is
parallel to the layers with homeotropic alignment and perpendicular to the layers for
planar alignment. The sample fractures most easily between layers, only occasionally
breaking through individual layers to create layer steps. In Figure 2.1, individual smectic
layer steps are highlighted with white arrows. With homeotropic alignment, the layers
appear to be in the plane of the image, and layer steps extend over long distances. In
the sample with planar alignment, the layers are perpendicular to the substrates and
so are typically not visible. Occasionally the fracture surface moves into the sample,
and then individual layer steps are visible. These layer steps indicate that the layer
normal is parallel to the fracture plane. In this sample, we believe that the majority
of the fracture surface coincides with the glass surface where the layer ends are not
visible. Fortuitously, we found that alignment layers (nylon or polyimide) often made
the ends of layers at the substrate surface visible, a feature quite useful for visualizing
the structure of the Dark Conglomerate Phase. Focal conic defects [7] are also visible
in these samples, as in Figure 2.1, where you can see that the smectic layers are very
flat over quite large regions of the sample (microns), and are punctuated by defects.

2.2

The B2 and B7 phases of bent-core liquid crystals
The B2 phase is a smectic phase in which bent-core molecules have both tilt and

polar order within the layers [8]. As a result, the phase is spontaneously chiral despite
being formed from achiral molecules. The three orthogonal direction, namely the layer
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normal, n, the projection of the tilt direction onto the layer plane, c, and the polar
direction p, define a coordinate system that can be either left or right handed, as shown
in Figure 2.2 (note that we define n as the layer normal rather than as the molecular
director). There are four distinct bilayer stackings of such chiral layers; either anti- or
syn-clinic (CA or CS ) and anti- or syn-polar (PA or PS ). All four bilayer stackings have
been observed experimentally. Two of the stackings are chiral with the layer chirality
the same in all the layers, and two are racemic, with the chirality alternating from
one layer to the next. In a display cell (a thin sample between glass plates covered
with transparent electrodes (indium tin oxide) and coated to give planar alignment),
the B2 typically appears as fan shaped domains with an optical texture dominated by
birefringence (the difference in index of refraction between different orientations of linear
polarized light). In X-ray scattering experiments the layer spacing peak is quite sharp,
typically resolution limited as with calamitic smectics. However, due to the quasi-long
range order positional order, the scattering peak appears as a Lorentzian rather than a
true Bragg peak [1].
In the synpolar subphases, a term proportional to ∇ · P favoring polarization
splay (shown in figure 2.2D,E [9]) is a symmetry allowed contribution to the free energy.
Polarization splay cannot fill space. However, one means to accommodate polarization
splay is in stripes, with polarization splay domains separated by defects in the polarization direction (figure 2.2E). The layers are slightly thicker in regions containing these
defects, which can be accommodated in a space filling structure with layer undulations.
When the local layer director (n) is at an angle to the averaged layered normal (s),
the layer is thinner than in regions where n is parallel to s. Such undulations are incompatible with the SmCA PS structure, and so are only observed when the layers are
locally in the synclinic synpolar structure (SmCS PS ). The B7 phase forms a myriad of
beautiful optical textures, from helical filaments to banana leaf domains. The undulation periodicity can often be measured using x-ray scattering, as undulations produce
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satellite peaks around the main layer peak. The layer correlation length is similar to
that of the B2 phase. Application of a sufficiently large electric field irreversibly expels
the undulations and polarization splay, resulting in the SmCS PS B2 subphase.

2.3

FFTEM of bent-core liquid crystals
The application of FFTEM to bent-core liquid crystalline phases was integral to

determining that the layers in the B7 phase are undulated [9]. In Chapters 3 and 4,
I will discuss in detail the layer structure of the Dark Conglomerate and B4 phase as
determined in part using FFTEM. Here, I will review the FFTEM of the B7 phase, and
present some additional examples of FFTEM applied to bent-core liquid crystals.

2.3.1

W508 phase determination

On cooling W508 (Figure 3.2) from the isotropic phase, there is coexistence between bright birefringent grainy textures and the Dark Conglomerate texture. Two
peaks are visible in the small angle X-ray scattering region in the Dark Conglomerate
(done by Dave Coleman and Chris Jones). The brighter peak corresponds to the layer
spacing, while the dimmer one is at nearly half that value, but slightly too high, perhaps
indicative of a bilayer structure. The peaks are quite broad relative to typical smectics, indicative of a short correlation length (≈ 90 nm). Application of a sufficiently
large field (15 V/µm) irreversibly transforms the texture to a typical B2 type texture
although individual domains are quite small (microns). In addition, antiferroelectric
current response peaks suddenly become visible. Once the layers have been aligned,
the current response persists to a much lower voltage (8.5 V/µm). When cooled from
the isotropic in the presence of an applied field, the domains are larger and are clearly
anticlinic. Thus, the field aligned state appears to be SmCA PA .
In FFTEM, two textures are visible. One of the textures corresponds to the
the Dark Conglomerate phase with layers curved on a very short length scale (∼100
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A)
C)
SmCsPs SmCaPa SmCaPs SmCsPa

p

B)

c

n
n
p p c
D)

E)

F)

G)

Figure 2.3: (A) A typical bent-core molecule designed originally to increase the magnitude of the spontaneous polarization in the SmC* state. The polarization direction (p,
the C2 symmetry axis) is in the plane of the molecule, and is orthogonal to both the
layer normal n and the projection of the tilt direction on the layer plane c in a chiral
phase. Despite being formed from achiral molecules, there is spontaneous polar order
in tilted phases formed by bent-core molecules. (C) The four bilayer stackings (B) of
left and right handed layers form the B2 phase. (D,E,F) Polarization splay is present in
the B7 phase, where stripes of splay are separated by defects. (G) The defects make the
layers thicker, which can be accommodated in a bulk structure by layer undulations.
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nm). Layer surfaces are occasionally visible (figure 3.4), demonstrating the typical
saddle splay curvature that characterizes the Dark Conglomerate phase, which will be
described in detail in section 3. The other texture is the B7 texture. Layer undulations
decorate otherwise flat layers. A typical image is shown if Figure 2.4. In this image, you
can see a striped texture which corresponds to layer undulations, which have spacing of
∼35 nm. In this material, you can see defects in the undulations. You can also see that
unlike smectic layer spacing, there is some variability in the undulation spacing. The
extrema of the undulations (the peaks and troughs) are defects between the polarization
splay stripes, and so the layers fracture more easily along the rises and troughs than
against them. For instance, in the region indicated by the white arrow, the layer steps
follows a fairly convoluted path following along the troughs or peaks before jumping over
to the next. As described in Section 3.3, when the layers are not flat, the polarization
direction (parallel to the undulation stripes) is typically along the principal curvature
direction with the smaller curvature.

2.3.2

Preliminary results on the B3 phase

The B3 phase of NOBOW is a strongly optically active phase that appears between the B2 and B4 phases. X-ray scattering indicates that the phase consists of well
ordered layers (sharp layer peak) with in-plane ordering (multiple satellite peaks) [10].
The B3 phase is often missed on cooling from the B2 phase, and so high-resolution xray results confirming these observations have not been obtained. We obtained FFTEM
images of the B3 phase coexisting with the B4 phase, as shown in Figure 2.5. As expected, the B3 phase appears as flat layers. Moreover, the layer steps are quite faceted,
especially in comparison to the layer steps shown in the homeotropic sample of SCE9.
The white arrow in figure 2.5 highlights a particularly jagged layer step. This indicates
local in-plane order, which results in preferential fracture directions given by the local
anisotropy. In the future, we hope to compare FFTEM of the B2 and B3 phases of
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700 nm

Figure 2.4: A FFTEM image of W508 showing well ordered smectic layers decorated
by layer undulations. The undulation periodicity is ∼35 nm. The peaks and troughs of
the undulations correspond to defects in the director orientation, and so fracture more
easily than other regions. As a result, the fracture surface tends to follow these regions,
occasionally leading to a convoluted fracture path, as indicated by the white arrow. The
white splotches are dirt that was not removed from the replica during cleaning.
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NOBOW. We expect that there will be a clear difference between the shape of the layer
steps in these two phases. Thick freely suspended films of the B3 phase consist of helical
domains, as in a SmC* phase, indicating a helical winding of the tilt direction in flat
layers. Thus, it appears that local in-plane order drives a desire for helical winding,
which results in a SmC* structure in the B3 phase and a TGB structure in the B4
phase (chapter 4).
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B4

B3
Figure 2.5: A FFTEM image of NOBOW, of coexistence of the B3 and B4 phases. The
region with flat layers is presumed to be the B3 phase. The rough regions in the upper
corners are more indicative of the B4 phase. In-plane order of the molecules leads to
anisotropy in the plane, and favors certain fracture directions.
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Chapter 3

The Dark Conglomerate: A Thermotropic Sponge Phase

3.1

Dark Conglomerate layer structure
The sponge phase of lyotropic systems consists of locally well-defined lamellae

which form a disordered, interconnected structure dividing the solvent into two distinct
volumes. This isotropic phase is stabilized by a preference for saddle splay curvature of
the layers, [11], and until recently was not seen in thermotropic systems because of the
prohibitive energetic cost of both mean curvature and the edge dislocations required to
form this type of structure in a solvent free system. Cubic smectic systems, where edge
dislocations are also necessary, are predicted to occur if there is sufficient preference for
Gaussian curvature [12], and have typically been restricted to very narrow temperature
ranges [13]. Recently, an optically isotropic fluid phase with robust local layering has
been observed in bent-core liquid crystals [14]. We show that this phase is a novel
thermotropic analogue of the lyotropic sponge phase possessing both long range chiral
order and short-range smectic order.
We call this phase the Dark Conglomerate (DC), but it has also been referred to
as the smectic-1 and BX1 and typically occurs when cooling from the isotropic. When
formed by achiral or racemic compounds, it forms a conglomerate texture of left and
right handed domains as shown in Figure 3.1. These macroscopic domains (10’s of
microns) have significant optical activity but little or no birefringence. The phase is
characterized by well defined local layering forming a disordered structure with smectic
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correlation length of about 100 nm. Several groups have proposed that the presence of
optical activity is evidence for a helical structure [15, 16]. Ortega et al. postulated that
the DC consists of SmCA PA grains with a high tilt angle and thus low birefringence.
They interpreted the SmCA PA as a very tight pitch helix giving optical rotation (OR)
consistent in magnitude with experimental observations [16]. However, we recently
showed that both the SmCA PA and SmCS PS produce significant OR [4], and so the
observed optical activity is not necessarily the resut of a helixal structure. Murthy et
al. proposed that the phase is a form of the B2 phase because the clearing temperatures
in a homologous series of compounds change continuously with tail length even though
some members of the series have the DC phase and others the B2 phase [17]. The phase
has also been observed in a side chain liquid crystalline polymer [18] and in dendrimers
[19].
Here we combine freeze fracture transmission electron microscopy (FFTEM), xray diffraction (XRD), and depolarized transmission light microscopy (DTLM) to establish the underlying structure of the DC phase. We show that the DC phase is a
thermotropic analogue of the lyotropic sponge phase, and that the optical chirality is
due to the local layer structure of one of the homochiral B2 subphases. The DC structure, unlike the thermotropic sponge phase, is a defect filled phase. While there are
a number of reported materials that exhibit the DC phase, we concentrate on W508,
GDa226 [15], UD50 and CITRO[20]. The chemical structures and phase diagrams for
these materials are shown in Figure 3.2.
Melissa Spannuth and I preformed FFTEM on liquid crystal material sandwiched
between two glass planchettes [5]. In FFTEM, a sample is quenched by fast cooling
and fractured, as described in more detail in Chapter 2. A platinum shadowed fracture surface is imaged by transmission electron microscopy (TEM). Replicas taken of
regions where the fracture occurred near the glass planchette surface reveal an interwoven swirling pattern (Figure 3.3) produced by the DC structure at the glass surface.
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Figure 3.1: The Dark Conglomerate is an optically isotropic, yet optically active phase.
(B) Because there is no birefringence, linearly polarized light incident upon the sample
(as in (A)) is rotated as it passes through the sample. As a result, when the analyzer
(which is typically orthogonal to the polarizer) is rotated in the same direction, the
domain will appear dark. The domain of the opposite chirality will rotate light in the
opposite direction, and so will appear light. Similarly, the contrast between the two
domains is inverted on decrossing the analyzer in the opposite direction. When viewed
in a microscope between crossed analyzer and polarizer, the sample appears dark, though
the domain texture is still visible. Rotation of the sample does not change the texture
due to its optical isotropy.
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Figure 3.2: The four DC forming compounds considered in this thesis and their phase
diagrams. If the DC phase has been studied by x-ray, the layer spacing d and correlation
length, ξ are also given. All four materials show coexistence of the Dark Conglomerate
with a strongly birefringent phase (B2 or B7).
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Individual smectic layers form a faint periodic structure with layer spacing of approximately 4nm, consistent with the layer spacing measured by XRD (Figure 3.2). Unlike
calamitic smectics, the layer normal in the DC is only ordered for very short distances
(100 nm). In the FFTEM images, the short correlation length produces the disordered
swirling texture for GDa226 and W508. The layer topography for CITRO appears more
broken, in part because the fracture occurred exclusively through the bulk. Despite the
short correlation length, the layers intersecting this plane are continuous over very long
distances, and edge dislocations marking the end of a layer are only occasionally visible.
In figure 3.3, the fracture surface, which is near the glass planchette in the bottom left,
moves away from the surface into the bulk of the material in the rest of the image.
In the bulk, the fracture occurs most often between, rather than through, the layers,
revealing a distinct saddle structure shown in Figure 3.4, an enlargement of 3.3. The
surface of the saddle is formed by an individual layer, as evidenced by the lack of layer
steps. On the saddle to the right (red arrow), a layer step is visible as a faint line across
the surface of the saddle. Thus, the region to the left of the step is one layer lower than
the region to the right (or vice versa).
These two distinct features of the DC, saddle topography of individual layers,
and layer continuity over length scales much larger than the layer correlation length,
are indicative of a sponge structure. The DC structure is similar to the lyotropic sponge
phase structure with the empty volume of the lyotropic sponge phase filled with smectic
layers. Figure 3.4 shows a schematic of the structure of the phase: the empty space
in a typical lyotropic sponge structure is filled with layers at fixed layer spacing. A
flat cut through the structure reveals a swirling texture as seen in the corresponding
freeze fracture replicas, Figure 3.3. Layers that continue above the flat surface resemble
the saddles seen in Figure 3.4. There is no evidence of an ordered helical superlayer
structure in the freeze fracture images.
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Figure 3.3: FFTEM and optical micrographs of three Dark Conglomerate materials: (A)
GDa226, (B) W508 and (C) CITRO. The three optical images show the same region of
the sample through crossed (middle) and slightly decrossed (top and bottom) analyzer
and polarizer. The texture consists of a conglomerate of opposite handed domains, with
half of the domains becoming bright for each direction of decrossing. The polarizer
and analyzer are not perfectly crossed in middle images, which gives a slight contrast
between domains. Domains of the B7 phase are visible in the micrographs of CITRO.
The thin lines in the FFTEM images are individual smectic layers ( ∼4nm). The layers
bend and swirl to form a disordered texture. The fracture surface in (B) is at the surface
of the glass planchette, and so the fingerprint-like texture is the result of a planar cut
through the structure. In (A) the fracture occurred at the glass surface in the lower
left, and moved away from the glass toward the upper right. The fracture in the bulk
of the material occurs preferentially between layers, and so the distinct saddle features
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(A)

700 nm

(B)

Figure 3.4: The Dark Conglomerate is a sponge type structure filled with smectic layers.
(B) The model of a sponge taken from [11]. A typical feature of the sponge is the saddle
domains (A), shown in the FFTEM image of GDa226 (from figure 2A) and in the
schematic model of the structure (B). In addition, the schematic structure shows the
fingerprint texture typical of a planar cut produced by a fracture at the glass surface
and seen in the FFTEM images.
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3.2

Dark Conglomerate optical activity
The DC is optically isotropic, and forms a conglomerate texture of chiral domains

with strong optical activity. Typical optical textures are shown in Figure 3.1. The DC
phase often coexists with a birefringent phase, either B2 or B7, as seen in the optical
micrographs of CITRO. There is no macroscopic birefringence in the DC phase in any
of the samples, meaning that the optical texture is unchanged on rotating the sample
relative to the analyzer and polarizer. There is occasionally a faint grainy texture
with the appearance of slight birefringence in the local grains. The optical isotropy is
consistent with both the FFTEM and the XRD studies. For instance, for W508, the
correlation length of the layers is approximately 100 nm, therefore in a 4 µm thick cell,
roughly 4 × 104 independently oriented domains are averaged in a single optical volume
of 1 µ m x 1 µm x 4 µm. Thus, the birefringence averaged over the optical volume is
reduced by a factor of 200 from the birefringence of a single domain indicating that the
local birefringence may be consistent with other well ordered bent-core systems. For
instance, the SmCS PS phase of GDa104 (chapter 6) has a birefringence of ∆n ∼ 0.17,
and so would appear (in this volume average) to have a birefringence that is ∼ 10%
the birefringence of the nearly orthoconic SmCA PA of the same material. Therefore it
is impossible to distinguish the clinicity of the local structure, and so the proposal by
Ortega et al. [16] that it is anticlinic is unjustified.
We propose that the optical rotation observed in the DC phase is consistent with
the optical rotation expected from either of the homochiral B2 subphases, the SmCS PS
or SmCA PA [3]. We were able to measure the wavelength dependence of the optical
rotation in materials (W508, GDa226, and UD50) with domains sufficiently large to
occupy the entire field of view with a 50x objective and partially closed condenser aperture. The wavelength dependence of the intensity of light transmitted though slightly
decrossed analyzer and polarizer was measured using an Ocean Optics Spectrometer.
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The minimum transmitted intensity for each wavelength occurs when the decrossing
angle of the analyzer relative to the polarizer is equal to the optical rotation (φd) of the
sample (where φ is measured in degrees per µm, and d is the sample thickness in µm).
At that angle, the polarization of the transmitted light is orthogonal to the analyzer.
The measured optical rotation is plotted in Figure 3.5. Measurements were taken in
relatively thick cells (10-30 µm), and the optical rotation increased linearly with cell
thickness as expected for a bulk effect.
The predicted optical activity from the layer optical chirality (LOC) model (chapter 5) is given by
φ∝

∆2
¯λ2

However, as shown by Wu [21], the dielectric anisotropy increases significantly as one
approaches the UV absorption bands present due to the conjugated structure of the core
of the mesogens. As a result,

∆ ∝

λ2 (λ∗ )2
λ2 − (λ∗ )2


(3.1)

where λ∗ is the peak absorption in the UV. Thus, the optical activity in the Dark
Conglomerate should be
1
φ∝ 2
λ



λ2 (λ∗ )2
λ2 − (λ∗ )2

2
(3.2)

In fitting the data (fits are shown in red, Figure 3.5), there are two free parameters in
the fit, the magnitude of the optical rotation, and the wavelength of the UV absorption
band. We measured the UV absorption in a dilute solution of dichloromethane and
found the absorption spectrum were quite complex. However, longest wavelength UV
absorption peak gave qualitative agreement with the fit value of λ∗ . Thus we propose
that the local layer structure of the DC phase is either SmCS PS or SmCA PA , and that
no helical superstructure is necessary to produce the observed optical rotation.
Comparison between X-ray layer spacing and molecular lengths of all compounds
indicate that the molecules are tilted within the layer, and the chiral domain structure
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Figure 3.5: The optical activity in the Dark Conglomerate results in rotation of linearly
polarized light as it passes through the sample. (A) We measure this rotation as a
function of wavelength by measuring the transmitted intensity for each wavelength over
a range of decrossing angle of the polarizer. (B) For each wavelength, the minimum
in transmitted intensity corresponds to the optical rotation. (C) The measured optical
rotation is well described by the model, with fits shown in red. The measured values
UV absorption in the UV in dichloromethane is consistent with the fit values for λ∗ ,
although there are several absorption maxima for each material. The highest absorption
peak is λ = 310 nm for W508, λ = 276 nm for GDa226, and λ = 358 nm for UD50.
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leads us to believe that the molecules form a locally chiral layer structure (either the
SmCA PA or the SmCS PS ) with both tilt and polar order as in the B2 phase,.
There has been at least one observation of coexistence between an achiral low
birefringence phase and a chiral low birefringence phase [19]. When cooled from the
isotropic phase under a electric field, two birefringent domains form, one that appears to
be SmCS PS with the field applied, and relaxes to a SmCA PA when the field is removed.
The other type of domain does not respond to the electric field and the extinction
brushes are parallel to the polarizer and analyzer, indicative of a locally SmCA PF type
structure. Upon removal of the electric field, the texture of these domains does not
change, indicating that the ground state is not SmCS PA . The authors suggest that the
structure is locally SmCS PS , but with occasional anticlinic layer domains, resulting in
a switching of the layer chirality. If so, then the two Dark Conglomerate textures could
be a result of the SmCA PA , where the chirality persists over macroscopic distances,
and the chiral SmCS PS , where the chirality persists over a distance much less than the
wavelength of light.
However, determination of the structure within the layers is difficult. In all of the
materials studied here, the DC phase coexists with either the B2 or B7 phase, both of
which have relatively flat layers. Freely suspended films experiments can determine the
equilibrium stacking of tilted, polar layers. However, in such experiments, the layers are
confined to be flat (by surface tension), and so the films experiments may be probing the
coexisting phase rather than the DC phase. In addition, the DC phase of W508 appears
to have little or no current response (work in progress), and strong electric fields (15
V/µm for W508) produce irreversible structural changes: the layers are thought to adopt
a planar orientation, thus maximizing the induced polarization. A simple calculation
of the expected current response for disordered media seems to indicate that a current
response should be visible [22]. Therefore, we tentatively conclude that the local polar
orientation in the DC phase of W508 is pinned by the layer curvature. It is interesting
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to note that the switching behaviors of the field aligned state of GDa226 and CITRO
are ferroelectric (SmCS PS ) [15, 20], while W508 is antiferroelectric (SmCA PA ) [23].
The DC phase appears on cooling from the isotropic, and the growth indicates
that the layer chirality is maintained with the addition of layers. In W508, CITRO and
UD50, small optically active regions grow as dendritic structures where the chirality of
the original nucleation point is maintained. These structures have approximately the
same optical rotation as the final texture, indicating that the growth occurs in the bulk.
In contrast, the nucleation of the DC phase in GDa226 occurs initially at the surfaces,
and we believe that the more angular character of the texture is due to the interaction
with the surface. We also observed this type of growth in very thin cells (<2 µm) of
W508. The characteristic size of the conglomerate texture in either case is determined
by a competition between the growth and nucleation rates.
Synchrotron XRD studies of the materials, preformed by Dave Coleman and Chris
Jones, were consistent with the FFTEM results: a layered structure with short correlation length and tilted molecules. The layer correlation lengths as measured by XRD are
given in 3.2. For example, the x-ray layer correlation length of W508 of 90 nm agrees
well with the observed layer structure from FFTEM 3.3. The W508 scattering reveals
a unique additional peak at 0.0872 Å−1 , nearly (but not exactly) the wave number expected for a bilayer structure (the primary peak is at 0.1726 Å−1 ). The FFTEM images
of W508 also show a faint bilayer. This feature is not observed in the other DC systems
studied here. The layer spacing of W508 is 36.41 Å, which is significantly shorter than
the molecular length. As this phase is at high temperature, coexisting with either the
B2 or B7, and above other phases with liquid in-plane order, we have no reason to
suspect any higher degree of ordering within the smectic layers.
Thus, the Dark Conglomerate phase is an analogue of the lyotropic sponge phase.
A distinct feature of this phase is the saddle splay curvature of the layers, which allows
the layers to be continuous over long distances despite the short correlation length of

http://www.e-lc.org/dissertations/docs/2007_08_27_13_58_36

electronic-Liquid Crystal Dissertations - August 29, 2007

28
the layers. The optical texture of the DC phase is a result of the short correlation length
(thus low birefringence) and of a chiral layer structure similar to that of the B2 phase
(leading to optical activity).

3.3

Polar order and gaussian curvature as demonstrated by polarization splay (B7 texture) on curved surfaces
We believe that the local layer structure of the Dark Conglomerate is similar to

that seen in the B2 phase, that is that the phase has both tilt and polar order. Here
we present FFTEM images of W508 and CITRO in which the polar direction can be
directly related to the curvature of the layers. In the first, W508, focal conic defects in
the B7 phase contain layer undulations (described in Section 2.2), which tend to point in
the direction of least curvature. In the second case, CITRO, B7 undulations are present
in the Dark Conglomerate phase, and tend to point between the two principal curvature
directions. There are two primary differences between these two examples. First, they
occur at very different length scales (10s vs 100s-1000s of nm). Second, in W508, at
first glance, the layer curvature derives from the defect structure, while in CITRO the
layer curvature is strong enough to drive the formation of the DC phase (in the case of
CITRO especially, the DC is probably not the thermodynamic minimum, as very fast
cooling is required to get the DC in this material). The polar direction in GDa226 is
impossible to determine in the FFTEM images.

3.4

Focal conic texture and B7 undulations in W508
We start with the B7 undulations in W508 because the texture is much easier to

interpret. Figure 3.6 is a FFTEM image of the B7 phase of W508 taken from a sample
in which the B7 phase and the Dark Conglomerate phase were coexisting. In this image,
smectic layers forming focal conic defects are visible. In Figure 3.6, the regions marked
(A) show regions where the fracture surface was along the surface of an individual layer,
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and then moved up or down one to a few layers (layer steps). This is what we expect
for a smectic, and it allows us to identify the predominately smooth surfaces in the
images as the surface of individual layers. These layer surfaces show layer undulations,
resulting in the relatively broad striped texture. The overall texture is that of focal conic
defects ([7]), which are dominated by Gaussian rather than mean curvature (defined in
section 3.6) as in the Dark Conglomerate phase. In instances where the layer curvature
is particularly clear (labeled (C) in the image), we can see that the undulation direction
is along one of the principal curvature directions. Although there are a wide range of
radii of curvature, the typical size scale is ∼0.5 µm, while the periodicity of the B7
undulation is ∼25 nm, or five layer spacings.
An outstanding question is whether polarization splay stripes are present in the
Dark Conglomerate phase of W508. No undulations are visible in the fingerprint texture of Figure 3.3. In small regions where the surfaces of individual layers are present,
we again do not see any undulations. However, these regions may be too small for the
undulations to be visible. Figure 3.7 may show a transition from B7 to Dark Conglomerate. In the upper right, undulations decorate the surface of relatively flat layers, again
forming focal conic type defects. In the lower left, the length scale of the layer curvature
has significantly decreased, and the amplitude and periodicity of the undulation texture
on regions where the surface of the layers are visible have correspondingly decreased.
For instance, faint undulation textures are still apparent in the regions highlighted by
the circles. In the highlighted region in the upper left, the undulation periodicity appear
to be as large as ∼45 nm in width (larger than that seen in Figure 3.6), while in the
lower left, the undulations have a periodicity of only ∼15 nm. This leads us to believe
that there is strong interplay not only between the orientation of the polarization stripes
and the layer curvature, but also between the periodicity of the polarization stripes and
the magnitude of the curvature.
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Figure 3.6: A FFTEM image showing B7 undulations on a focal conics defect of W508.
The fracture occurs primarily between smectic layers, revealing the topography of the
layers. (A) Several examples of layer steps in the fracture surface. Here we can directly
see that the structure is layered. (B) In the circular regions, the layers are perpendicular
to the fracture surface, and so the fracture occurs across many layers (as in a leek). (C)
Examples of B7 undulations parallel to one of the principal curvature directions. (D)
The undulation direction rotates by 90 degrees, switching from one of the principal
curvature directions to the other.
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Figure 3.7: A FFTEM image showing a transition from the B7 phase filled with focal
conic defects (upper right corner) to the Dark Conglomerate phase of W508. The
undulation period appears to decrease as the radius of curvature decreases.

http://www.e-lc.org/dissertations/docs/2007_08_27_13_58_36

electronic-Liquid Crystal Dissertations - August 29, 2007

32

3.5

B7 undulation in the Dark Conglomerate phase of CITRO
The Dark Conglomerate phase of CITRO is fascinating. At first glance, it ap-

pears much more like a disordered form of the B4 than the Dark Conglomerate phase.
Saddle splay curvature is still a dominant feature of the phase, with numerous saddlelike regions, as in Figure 3.8. However, unlike the saddles in W508 or GDa226, these
saddles appear to be chiral, and are moreover clearly decorated with stripes. The saddle
structures are also smaller, ∼50 nm across, than in either GDa226 or W508. Recall that
the saddle structures in W508 and GDa104 appear achiral, in that there is a mirror
plane through the center of the saddle (along one of the principal axes of curvature),
as illustrated in figure 3.8. However, in CITRO, the saddle structures appear to lack
this mirror symmetry. The undulations on the surface of the saddles promote fracturing
along the undulations, as in the B7 phase of W508. It does appear that the presence of
undulation stripes which do not run along either of the (seemingly unequal) principle
curvature directions makes the structure chiral.
The stripes that we see on the saddles could be a result of two types of features.
First, and probably less likely, the stripes are actually the ends of layers, and the saddle
structure is formed by a saddle shaped defect surface. The spacing of the stripes is
similar to that of the smectic layer spacing, which could appear longer than the x-ray
layer spacing when the layers are not orthogonal to the fracture surface. The spacing we
measured is in the range 5-10 nm, while the layer spacing is 3.65 nm [20]. A more likely
and quite interesting expanation is that the stripes are caused by polarization splay
undulation stripes as in the B7 phase. Note that the undulation texture is much finer
than in W508 and the undulation length scale in the B7 phase of CITRO which was
measured by Coleman et al. as 15.3 nm [9] and by Nakata et al. as 28 nm [20]. Again,
we see that the undulation length scale is reduced with increased layer curvature. This
may be consistent with the observation that the undulation length scale is much larger
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A)

B)

300 nm

C)
100 nm

D)

E)

F)

100 nm
Figure 3.8: (A-C) FFTEM images of CITRO taken in the Dark Conglomerate phase. In
all three images, the fracture surface is near the glass plate. Individual saddle structure
(examples are enlarged in (E,F)) are decorated with stripes, which are probably polarization splay undulations, as in the B7 phase. (D) shows a FFTEM image of GDa226
for comparison, where the white lines indicate what appear to be mirror planes in the
structure. Such mirror planes have not been seen in the saddles formed by CITRO
(E,F).
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in freely suspended films [9].

3.6

Origin of saddle splay curvature in bent-core liquid crystals
The Dark Conglomerate phase has a remarkable structure consisting of curved

layers and a high defect density. The primary structural motif is saddle splay curvature
of the layers. This curvature is visible whenever the layers are in the fracture plane.
This led us to realize that the Dark Conglomerate may be an example of stabilization
of a phase by a local preference for saddle splay curvature, as proposed by DiDonna
and Kamien [12]. We propose that such a local preference is a result of the local tilt
and polar ordering, and that this preference is related to a chiral coupling between tilt
direction and layer curvature.
For completeness, I will define the saddle splay (or Gaussian curvature) of a
layer, following [24]. Consider a surface parameterized by X(u, v). The derivatives with
respect to u and v define two tangent vectors along the surface, although they are not
necessarily orthogonal. The local layer normal is orthogonal to the tangent vectors, and
so is given by
n=

∂u X(u, v) × ∂v X(u, v)
.
|∂u X(u, v) × ∂v X(u, v)|

(3.3)

To determine the curvature of the surface, the derivative of the normal is taken
along two orthogonal tangent vectors e1 and e2 : Li,j = −ei ·[ej ·∇]n. Conceptually, each
term is the component along ei of the derivative of the normal taken along ej . Derivatives
along the basis vectors can be found using the chain rule: if ei = Aik ∂k X(u, v) where
i cycles over the two basis vectors, and k cycles over u and v and Einstein summation
convention is implied, then [ej · ∇]n = Ajk ∂k n. Finally a very useful definition of L
is Li,j = −ei · (Ajk ∂k n). Practically, all that is left is to define the basis vectors. A
simple choice for their direction is e1 = ∂u X(u, v) and e2 = e1 × n (they should be
p
normalized). Finally, the surface metric is gkl = ∂k X · ∂l X and dA = Det(g).
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Diagonalizing L gives the two principle curvatures κ1 and κ2 . If they are different,
then the eigenvectors of L form an orthogonal basis giving the two principle curvature
directions. In these two direction, the surface locally curves with radius of curvature
given by ri = 1/κi . For instance, for a sphere of radius R, r1 = r2 = R. For a cylinder
of radius R, r1 = R and r2 = ∞ and κ2 = 0. For a symmetric saddle, κ1 = −κ2 .
Given fixed boundary conditions, minimizing the area of the surface (found by
integrating dA), is equivalent to solving Trace(L) = −∇·n = 0. This leads us to identify
Trace(L) = (κ1 + κ2 )/2 as the mean curvature, H. The Gaussian curvature is the other
rotational invariant, KG = Det(L) = κ1 κ2 . Note that for a symmetric saddle H = 0
and KG = −κ2 .
The free energy of a curved surface must be consistent with the symmetry of the
surface. For instance, if the surface is locally isotropic, then the only physically allowed
terms in the free energy must involve only the mean and Gaussian curvatures because
they are invariant under rotations about the layer normal. Moreover, for a thermotropic
liquid crystal or for a symmetric bilayer, since the signs of κ1 , κ2 , and H change on
changing the direction of n, only the squared mean curvatures can enter into the free
energy. That is, the contribution to the free energy of curvature for a symmetric lipid
bilayer to lowest order is:
Z
Fc =

(2K1 H 2 + K24 KG ) d3 x

(3.4)

V

where K1 is the bending modulus and K24 is the Frank constant associated with saddle
splay distortions of the layers. Note that if K24 > 0, then saddle splay curvature of the
layers (such that KG < 0) lowers the total free energy, while a spherical shape (such
R
that KG > 0) costs energy. Finally, for a closed surface, V KG d3 x depends only on
the topology of the surface, that is the number of holes or edges. In a smectic phase,
defects must be present for this term to be non-zero. As a result, this contribution to
the free energy has typically been ignored for smectic phases.
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Moreover, as clearly described by DiDonna and Kamien [25], a structure constructed by taking a single layer and filling space by adding layers at a constant layer
spacing results in both mean (H) and Gaussian curvature (KG ). Thus, in a thermotropic
smectic, saddle splay curvature of a “central” layer results in mean curvature of layers
adjacent to it. For small displacements, a, from the central layer,
H + aKG
1 + 2aH + a2 KG
KG
KG (a) =
.
1 + 2aH + a2 KG
H(a) =

(3.5)
(3.6)

Thus, if a central layer is a minimal surface (H = 0), and has negative Gaussian
curvature, both the mean and Gaussian curvatures of consecutive layers will increase.
However, DiDonna and Kamien recently included the free energy contribution of
saddle splay, and showed that for sufficiently large K24 , an ordered form of the Dark
Conglomerate structure, the Schwartz P surface (also known as “Plumber’s nightmare”–
Figure 3.9D), is stabilized relative to flat layers. In addition to the layer curvature energy, Fc , they included contributions from layer compression, and the obligatory defects.
They found that the stability of the structure was determined by the ratio |K24 |/K1
while the length-scale of the structure was determined by the energy cost of the defects.
The mixing of mean and Gaussian curvature, as well as the energy cost of defects, leads
to the requirement that |K24 | > 6K1 for the Schwartz P surface with the unit cell size
50 times the layer spacing.
In contrast, for lyotropic systems, neither defects nor mean curvature are consequences of saddle splay curvature. A lipid bilayer can (ignoring fluctuations) be a
minimal surface, and so only a weak preference for negative Gaussian curvature is required to drive the structure toward cubic or sponge phases [11]. In the sponge phase of
lyotropic systems, a natural length-scale is set by the volume fraction, with the average
spacing between lipid bilayers being d ≈

δ
ζφ2π

where δ is the bilayer thickness, ζ is a

geometrical factor, and φ is the volume fraction [26].
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3.6.1

Isotropic compressional stress drives gaussian curvature in a lyotropic, by not in a solvent free smectic

The interplay between curvature and molecular shape has been extensively studied
in lipid systems. The spontaneous curvature of surfaces created by the segregation of
hydrophilic and hydrophobic groups in lipid molecules is strongly correlated with the
relative size of the two molecular fragments [27]. For instance, lipid molecules with large
head groups tend to form micelles, while those with head and tail regions of similar size
tend to form lipid bilayers. In lipid bilayer systems, molecular shape and tilt contribute
to layer curvature.
Within bilayer forming systems, a slight mismatch in the volumes of the polar
head and hydrophobic tail creates a compressive stress within each monolayer, which
can result in a preferred curvature of that monolayer. Similarly, smectic ordering of
thermotropic liquid crystals segregates the core and tail regions of the molecules, and
produces entropically driven compressional stress in the tail regions. The volume occupied by the floppy tail regions is larger than the core volume at high temperatures
as shown schematically in Figure 3.9A, where the red circles (tails) are larger than the
green cylinders (cores). This stress is relieved in the SmC phase of calamitic mesogens
and the B2 and B7 phases of bent core mesogens through larger tilt in the core of the
molecules than in the tails ([28], Figure 3.9C).
Several authors, most notably Porte et al. [11] considered the total elastic energy
of a bilayer to be a result of the summed elastic energy of each monolayer, as shown in
Figure 3.9. If the elastic energy of a monolayer is
Emono = Kmono (H − co )2

(3.7)

where Kmono is the mean curvature bending modulus of a single monolayer, H is the
mean curvature of the monolayer, and co is the preferred mean curvature of that layer
- resulting from the compressional stress due to the slight area mismatch in head and
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tail regions of the constitutive molecules. The mean and Gaussian curvature energies of
the bilayer are given found by rewriting this in term of the local variables in the bilayer,
which we take to be the interface between the two monolayers. In that case,
Ebilayer = Kmono (H(a) − co )2 + Kmono (H(−a) + co )2

(3.8)

H − aKG
H + aKG
− co )2 + (
+ co )2 )
1 + 2aH + a2 KG
1 − 2aH + a2 KG

(3.9)

= Kmono ((

where now H is the mean curvature of the bilayer. To lowest order, the bilayer thickness
(a) is much smaller than the radius of curvature (R) of the layers, and so we can neglect
terms proportional to a/R, in particular, aH ∝ a/R and a2 KG ∝ a/R. After some
algebra, we have to lowest order
Ebilayer ≈ 2Kmono (H 2 − 2co aKG )

(3.10)

giving an effective mean curvature bending modulus of K1 ≈ 2Kmono and a Gaussian
curvature modulus, K24 ≈ −4κo aKmono . Thus, K24 ≈ −2κo aK1 . If the sign of co is
negative, then the layers prefer to bend toward the central surface, and this energy term
leads to a preference for saddle splay, or negative Gaussian curvature and will stabilize
the L3 (sponge) phase over the Lα (lamellar) phase in lyotropic systems [11]. However,
as we expect a << co for the layers themselves to be stable, K24 < K1 , and so this is not
a sufficiently strong preference for negative Gaussian curvature to stabilize a phase like
the Dark Conglomerate, or the Schwartz P surface considered by DiDonna and Kamien,
where all of space is filled with smectic layers.

3.6.2

In-plane anisotropy increases the local preference for saddle splay
curvature

Building on these arguments, we propose saddle splay as a mechanism for relieving
compressional stress in bent-core systems. Here we propose that there is anisotropic inplane compressional stress along the “arms” of the bent-core molecules (Figure 3.9).

http://www.e-lc.org/dissertations/docs/2007_08_27_13_58_36

electronic-Liquid Crystal Dissertations - August 29, 2007

39
In a tilted bent-core system like the Dark Conglomerate, the two halves of the bent
core are nearly perpendicular to each other when viewed along the layer normal. The
bent shape and tilt combine to produce anisotropic compressional stress and a bending
modulus that have a different orientation in each half of the layer. This is represented
by an oval volume explored by the tail regions which is parallel to the adjacent half of
the bent-core molecule in Figure 3.9. The tightest packing of such objects into layers
deforms the layers into a saddle-type structure, with the polar ordering coupled to the
curvature. The difference in volume of the tail and core regions of the molecules is thus
accommodated by the saddle structure of the layer. As the two sides of the layer are
symmetric, there is no desired mean curvature for each layer. Recall, however, that
once we fill space with layers there will be a distribution of both mean and Gaussian
curvatures.
Finally, note that in this proposal, both the SmCA PA and SmCS PS have the
symmetry required to result in a net preference (averaged over many layers) for saddle
splay curvature. The molecular packing of molecules into the two achiral B2 stackings
does not lend itself to this type of structure. This may explain the relative dearth of
observations of achiral “dark” phases. However, there is at least one observation of such
a phase [19]. This material is unfortunately unavailable for further study.
This led us to consider whether the local preference for saddle splay curvature
is the result of anisotropic rather than isotropic compressional stresses, consistent with
the tilt and polar order of the phase. Let us first assume that the two monolayers are
equivalent, and have two preferred curvatures (of equal bending moduli) in the two
orthogonal directions. This this case, Equation 3.7 becomes

Emono = Kaniso (κ1 − κo1 )2 + (κ2 − κo2 )2 .

(3.11)

As above, if we consider the curvature at the interface where one monolayer has been
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Different Models Giving Layer Curvature
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Figure 3.9: A slight mismatch between the density of the hydrophobic tail (green) and
the hydrophilic head (red) of a lipid bilayer can create a compressional stress favoring
curvature of each monolayer (B). In thermotropic systems, a similar mismatch between
core and tail regions (with larger tail regions) will be relieved through preferential tilt
of the core of the molecule relative to the tail (C). In the isotropic case, considered
by Porte [11], the preferential curvature of each monolayer toward the lipid bilayer can
favor the sponge phase. However, in the thermotropic case, where all of space is filled
with layers, this preference is not sufficiently strong to stabilize the Schwartz P surface
(D) relative to flat layers [25]. As the Dark Conglomerate is a disordered form of the
Schwartz P surface, we looked toward anisotropic compressional stress as mechanism
for driving saddle splay curvature of the layers. (E) Fournier [29] considered the role
of anisotropic inclusions in a lipid bilayer and found that they spontaneously order into
saddle shaped regions. Similarly, we propose that the compressional stress induced by
the mismatch between tail and core regions points along the direction of the “arm” of the
banana (thus the tails are now red ovals in (F)). When viewed along the layer normal
(G) the two arms are nearly orthogonal, and close packing of such objects results in a
saddle splay distortion of the tails (H,I). This is similar to the case considered by both
Helfrich [30] and Seifert[31] who considered twist of the lipid tilt direction between the
two monolayers of a lipid bilayer.
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rotated by π/2, we arrive at


Ebilayer ≈ 2Kaniso (κ21 + κ22 ) + (κo2 − κo1 ) (κ1 − κ2 ) + a(κ21 − κ22 ) .

(3.12)

There are three terms, two of which resemble the mean and Gaussian curvature, and a
third term that is proportional to κ1 − κ2 . We can recognize this term as exactly the
coupling (present only in chiral SmC phases) between the tilt and polar directions and
the layer curvature. De Gennes identified four terms present in the free energy of chiral
smectic C phases that are not present in achiral ones [1]. They are
Fchiral = D1 (c · ∇c · p) − D2 (p · L · c) + D3 (n · ∇c · p) + D4 (p · ∇γ)

(3.13)

where γ is the dilation of the layers. The first term is polarization splay, seen in the B7
phase. The third term promotes the helical winding of the c director, as seen in calamitic
SmC*s and the B3 phase. The last term involves compression of the layers. Finally, the
term of interest here is the second term, which we call Ftwist because it promotes twist
of the layer along the polarization direction. If the polar direction makes an angle α
with one of the principal directions of curvature, then in the coordinate system defined
by the principal directions of curvature the second term is

 

 κ1 0   sin(α) 
Ftwist = −D2 (cos(α), sin(α)) · 
·

0 κ2
−cos(α)

(3.14)

where the choice of the sign of the right hand term is given by the chirality of the phase.
As a result, Ftwist = −D2 (κ1 − κ2 )sin(2α)/2, proportional to κ1 − κ2 as above. Note
that it is easier to see that this term does not depend on the choice of n than in our construction above: if the sign of n is switched (recall that L is proportional to derivatives
of n), then you also switch the sign of c and so the sign of Ftwist remains unchanged.
Interestingly, unlike the Gaussian curvature, this term is not a total derivative and so
does not depend solely on the surface topology [32]. The addition of this term to lipid
bilayers has been considered by Helfrich and Prost [33]. In particular, they showed that
it stabilized the formation of helical ribbons and tubes.
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Unfortunately, space cannot be filled with structures of uniform curvature and
uniform polarization direction. The Dark Conglomerate structure therefore must be
a trade-off between terms which favor curvature, and the energy cost of the resulting
splay of the c director. Finally, we note that for a minimal surface, (κ1 − κ2 )2 = −KG .
Both terms favor saddle splay curvature of the layers.
Several other authors have considered the case of in-plane anisotropy (Figure
3.9). Seifert, Shillcock, and Nelson considered a lipid bilayer in which the molecular
tilt is not parallel (or anti-parallel) in adjacent monolayers [31]. They showed that
the orientation of molecular tilt in adjacent monolayers is coupled to the curvature
of the bilayer. When the tilt directions in adjacent layers are not parallel, flat layers
are unstable with respect to deformations into an egg-carton like structure. This is
similar to the approach of Helfrich, who considered couplings of twist of the lipid across
the bilayer to the curvature of the bilayer [30]. Fournier considered the addition of
anisotropic inclusions to an un-tilted bilayer structure [29]. The spontaneous ordering
of wedge shaped inclusions promoted a similar egg-carton instability and a contribution
to the free energy of the form κ1 −κ2 . Each of these models results in a coupling between
the curvature direction and the molecular orientation, as in the term considered by de
Gennes.
In conclusion, we propose that the free energy contribution favoring saddle splay
curvature of the layers may be the chiral coupling proposed by de Gennes between
layer curvature and the orientation of tilt and polar order [1]. A full comparison of the
energetics of a surface like the Schwartz P surface considered by DiDonna and Kamien
is necessary to determine the strength of the coupling that would be required to stabilize
such a phase over flat layers [12]. Although this term is present in SmC* phases formed
from calamitic molecules, we propose that the shape of bent-core molecules enhances
this contribution.
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Chapter 4

The Structure of the B4 Phase

The formation of internal interfaces driven by intramolecular chemical incompatibility is an important organizational theme governing the phase behavior and selfassembly of soft materials [34]. Spontaneous interface curvature, a result of mismatch
in the effective area of molecular subgroups stratified near an interface, has emerged as
a particularly important property, especially in systems with well defined internal interfaces, such as lyotropic liquid crystals and block copolymers, wherein the variation from
high to low interfacial curvature generates phases ranging from micellar to rod-like to
lamellar [35]. Other effects arising from areal mismatch are molecular tilt relative to the
layer normal in lamellar phases (e.g. thermotropic - calamitic and bent-core - smectic
Cs [28] and lipid Lβ ’ phases [36]), and interfacial modulation in lamellar structures (e.g.
the polarization splay stripes in thermotropic bent-core smectics [9], and the interfacial
splay domains of the lipid Pβ ’ phases [37].
Here we report the structure of the B4 phase of bent-core liquid crystal (LC) forming molecules, an exotic structure appearing in a variety of molecular species [38,
39, 40], revealing a remarkable new manifestation of soft matter interface curvature, the
first in which chirality plays a dominant role in the structural organization. The chirality
of the B4 structure, evidenced by the spontaneous formation of conglomerate domains
(chiral domains of macroscopic dimension, Figure 4.1B) is especially interesting since
many of the molecules in question are covalently achiral and the handedness appears
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via a spontaneous breaking of mirror symmetry. The B4 phase was one of the first
new phases to be observed in bent-core smectics [10], and has been probed by a wide
variety of experimental techniques (depolarized transmission light microscopy (DTLM)
[38], x-ray diffraction (XRD) [41], second harmonic generation (SHG) [42], dielectric
spectroscopy [43], nuclear magnetic resonance (NMR) [44], and atomic force microscopy
(AFM) [45]), but its structure and origin remain mysterious and controversial. Here we
present the detailed structure of this phase and substantial evidence that it appears
because of spontaneous interface curvature due to resulting from intra-layer frustration.
The B4 phase appears on cooling from the B2-like phases which are fluid lamellar smectics in which the bent-core molecules spontaneously develop polar order and
tilt to form chiral planar layers, and which order in bulk into one of the four bilayer
arrangements of polarity and tilt [8]. The B3 phase, with increased local order but well
defined planar layers, appears in some materials between the B2 and B4 phases. The
transition from the B2 to the B4 phases is marked by two key and apparently inconsistent structural changes: (i) the B2 in-plane fluid becomes ordered into a hexatic lattice,
as might be expected for a lower temperature phase [41]; (ii) however, this change is
accompanied by the loss of the long-ranged lamellar smectic order of the B2. As shown
in Figure 4.1, in scattering experiments where the lamellar reflection of the B2 phase is
resolution limited, indicating well defined lamellar order over 1000 nm dimensions, the
B4 layering x-ray reflections appear as diffuse peaks, indicative of local layer ordering
over scales of only ∼40 nm (∼8 layer thicknesses). Nevertheless, this B4 local layering,
although only short ranged, is robust, yielding several harmonic reflections (Figure 4.1).
Also accompanying the transition to the B4 is a dramatic demonstration of broken achiral symmetry; the synthetically achiral molecules spontaneously organize into
macroscopic optically active chiral domains of up to millimeter dimensions, ∼ 105 times
larger than the extent of the local layering (Fig. 4.1). This combination of layering
with macroscopic chirality led to the proposal [38] that the B4 is a kind of twisted grain
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Figure 4.1: (A) The structure and phase sequence on cooling of three B4 forming compounds. The B4 phase of P12OPIMB (A, X=Y=OC12H19) has a striking chiral conglomerate optical texture (B) consisting of macroscopic domains (100s of microns in
dimension) with low birefringence and significant optical activity. (C) High resolution
powder x-ray diffraction of NOBOW(P9OPIMB) (A) shows that the resolution limited
peaks of the high T fluid smectic phases (B2) give way at the transition to the B4 to
a diffuse reflection suggestive of local layering only. At the same time, hexatic order
within the layers in the B4, giving several peaks in the wide angle scattering, replaces
the diffuse wide angle peak indicative of liquid in plane order of the B2. (D) Although
short ranged, the layering is very robust, and several harmonics of the layering peak
are visible, shown here for MHOBOW (A). The width of the harmonics increases with
qo (the peak position).
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boundary phase (TGB), in which a helical winding of smectic layers is mediated by
either planar arrays of screw dislocations (grain boundaries) [46], or melted sheets [47].
Here we present the results of AFM, freeze fracture transmission electron microscopy (FFTEM), XRD, and DTLM studies of the B4 phase of the bent-core compounds in the PnOPIMB series (Figure 4.1), directed toward establishing the B4 structure and its microscopic origin. Our work demonstrates that: (i) locally the B4 phase
is a lamellar smectic (layer spacing d) with hexatic herringbone in-plane layer order;
(ii) mismatch of the hexatic order in molecular half-layers combined with the bent-core
molecular shape leads to a preference for local chiral saddle splay distortion of the layers;
(iii) saddle splay layer distortion appears essentially everywhere, filling space in the form
of a soliton phase of tubes of twisted layers, each of which forms the core of multiple
Burgers vector screw dislocations, and which pack to form a TGB structure.
FFTEM and AFM were used to reveal details of the B4 local layer structure,
resulting in the images of the layer organization of the B4 phase for members of the
PnOPIMB series (FFTEM) and P12OPIMB (AFM) in Figures 2 and 3. FFTEM, in
previous studies of smectic liquid crystals [48, 49] and bent-core molecular systems
[9], has enabled visualization of the smectic layer organization. Our experiments were
carried out by quenching a thin film of the LC (10’s of microns), sandwiched between
2mm by 2mm glass or copper planchettes, from several temperatures in the B4 range
to T < 100 K by rapid immersion in liquid nitrogen or propane, and fracturing cold
in a vacuum. TEM of Pt-C fracture face replicas revealed periodic arrays of saddle
splayed and twisted layer domains. At temperatures near the B2-B4 transition the
B4 phase is clearly fluid but becomes glass-like and brittle at lower temperature (c.f.,
cracks in OR image in Figure 4.1B), enabling aquisition of AFM deflection mode images
of surfaces of B4 samples that were slowly cooled between glass plates to 25 ◦ C, and then
broken apart. The fracture occurred preferentially at the B4-glass interface. The AFM
images revealed features of the layer organization distinct from those of the FFTEM
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and vice versa, but common features appeared in a substantial subset of the images,
indicating the two techniques were yielding complementary information on the same
layer organization.
The images, surface topographies of planar slices through the bulk structure, show
three modes of periodic ordering on three distinct length scales. On the smallest scale,
smectic layering is apparent, as indicated by the parallel lines spaced by d ∼ 5nm in
Fig. 4.2B-D, and the smooth saddle splayed fracture surfaces in Fig. 4.2B,C but it is
immediately clear that the layers are strongly distorted from being flat as they are in
the B2 phase, rather exhibiting local domains with curvature of radius comparable to
only a few layers. In the places where the layers appear to intersect the imaging plane
(plane of the page) at right angles, i.e., where one would expect to be able to reliably
measure layer spacing d (e.g. Fig. 4.2D), we find dafm = 5 nm. This value compares
well with the x-ray spacing dxray = 4.89 nm, confirming these features as the smectic
layering.
The longest length scale, h, the repeat distance of periodic supermolecular order,
is well defined within a given image, but varies widely, in the range 100nm < h < 400nm,
among the ∼ 200 images collected (h = 100 nm, 180 nm, and 390 nm in Figures 4.2B, C,
and D, respectively). However, the images with the largest h (e.g., Fig. 4.2) exhibited
the distinctive ”Bouligand” pattern typically produced by the local director orientation
on a plane slicing through a helical chiral nematic liquid crystal almost normal to the
helix axis [50]. This observation and the local smectic layering makes it clear that the
bulk organization of the B4 is indeed a form of the helical TGB structure [46, 51], in
agreement with previous evidence [41, 45, 52], having in the PnOPIMB series a halfpitch p/2 = hmin , where hmin = 100 nm, the smallest value of h observed, obtained
when the image plane is parallel to the helix axis (Fig. 4.2B). The larger values of h
were found when the image plane made an angle defined in Fig. 2A relative to the
helix axis, the apparent period then being given by h(θ)/hmin = sec(θ), enabling the
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Figure 4.2: The B4 phase is a twist grain boundary phase. (A) In a typical TGB phase,
the rotation of the smectic layers (spacing, d) about the helix axis (green arrow) is
mediated by parallel arrays of screw dislocations (spacing, ld ) which comprise the grain
boundaries (spacing, lb ). FFTEM (B, NOBOW) and AFM (C,D, P12OPIMB) images
show planar cuts of the B4 structure at the glass-LC interface. On the smallest length
scale, individual layers are visible as thin dark lines (d ≈5 nm). The image plane is at
an angle (θ) relative to the TGB helix axis resulting in the periodicity on the longest
length scale in the images (h = (p/2)/cos(θ)). For image planes nearly parallel to the
helix axis (B,C), one can see bands where the layers are perpendicular to the image
plane alternating with bands where the layers lie predominantly in the image plane.
The latter reveal the distinct saddle structure of the layers. (D) The Bouligand texture,
typically produced by a cut oblique to a cholesteric or TGB helix axis, shows the rotation
of the smectic layers. The periodicity at intermediate length scales (ld ∼ 20 nm)—the
dark lines in (D), and the repetition of saddles within a single TGB block in (B,C)—is
produced by the individual screw dislocations.
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measurement of θ from h/hmin .
An additional characteristic feature of the B4 structure is the spacing ld perpendicular to the TGB axis. In a conventional TGB structure, this would be the spacing
of the screw dislocations which constitute the grain boundaries [7]. In Fig. 4.2B,C this
periodicity produces the repetition of distinct saddles, having, in mid-saddle, the smectic layers parallel to the fracture surface, with a spacing between the saddles of ld ∼ 25
nm. The periodic repetition of saddles perpendicular to the TGB helix axis results in
a structure in which the smectic layers are essentially distorted everywhere. Moreover,
in these regions it is apparent that the dominant layer distortion is saddle splay.
In contrast to previously observed TGB systems where the blocks of planar layers
are much thicker than the grain boundaries, here it appears that minimally thin regions
of nearly planar layers are separated by complex grain boundaries. This led us to
consider whether this traditional view of the TGB structure was applicable to the B4
phase.
First, we consider a models of the grain boundary itself. A model of the grain
boundary, described in detail by Kamien and Lubensky [53], is that of Sherk’s first
surface, a minimal surface that mediates the rotation of layers between two planar
arrays. It is important to note is that there appear to be two definitions of Sherk’s first
surface in the literature, the chiral surface considered by Kamien and Lubensky and a
less general, achiral surface in which the rotation of the layers alternates between right
and left handed across the grain boundary. The latter results in a periodic array of
saddles, as shown in Figure 4.3. Kamien and Lubensky showed that the chiral form of
Sherk’s first surface is topologically equivalent to an array of screw dislocations with
Burger’s vector of 2.
In Figure 4.3, you can see that the basic construction of Sherk’s first surface
consist of a planar array of layers which are cut into strips. Each strip is then rotated
about its center, and then the strips are reconnected, resulting in a second planar array
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A)

B)

C)

Figure 4.3: (A) Sherk’s first surface connects regions of planar layers and is equivalent
to an array of screw dislocations. One interpretation of the basic structure is that the
layers are cut into strips, and each strip is rotated individually. Once rotated, the strips
are reconnected to form a second block of planar layers. This can be seen in (C), where a
series of surfaces each rotating the layers by 90 ◦ have been connected. Each rotation of
the layer involved breaking layers into sections, and reconnecting them. The structure
shown in (A) and (C) is chiral while the one shown in (B) is achiral. All three structures
are built from the same basic unit - a strip of layer being rotated. In (B) the front right
corner and back left corner involve right handed rotation of a strip (counterclockwise as
you go up), while at the other two corners (right back and front left) the layer rotates
left, or in a clockwise manner as you go up.
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of layers. As pointed out by Kamien and Lubensky, the smectic layer spacing is dilated
in the middle of the grain boundary, and the defects occur between the strips. This
surface strongly resembles the B4 phase. First, by definition, this surface enables the
rotation of smectic layers. Second, the twisted portion of each strip forms a saddle, as
shown in Figure 4.3. Thus there is a periodic array of such saddles perpendicular to the
direction of layer rotation. In the case of the B4, the distance between saddles is about
five times the layer spacing, indicating that several layers are rotated together to form
the structure. Finally, this structure is strongly chiral, with the layers rotating in the
same direction in each strip.
However, in the B4 phase, there are no clear regions where the layers reconnect
and form a planar array. This led us to consider whether the basic structure of the B4
phase is simply the rotation of strips of smectic layers, separated as in Sherk’s surface
by defects. Strong evidence for this model was found recently in FFTEM of P12OPIMB
taken by Michael-Scott Heberling. In Figure 4.4, the fracture surface is very near the
glass, and so the image overall looks quite smooth. Fracture surfaces through the bulk
typically have much more topography. In the left half of the image, you can see several
individual “tubes” of twisted layers which connect to the bulk structure. There, you
can see that the saddle regions of the tubes form the flame tip structure typical of
bulk FFTEM images. Thus, whereas in a typical TGB structure one might expect the
fracture surface to occur between blocks of planar layers, in the B4 structure this tube of
twisted layers comprises a robust unit, with the fracture occurring between tubes rather
than across them. We cannot tell whether these tubes represent a transitional state
as this phase grew from the B2 or B3 phase, or whether they are surrounded by fully
formed B4 structure. However, in the image, the edge of the regions showing typical
B4 textures always occur along the helix axis independent of how well formed the local
structure is, indicating again that the structure fractures most easily along the helix
axis. In a typical TGB structure, one would naively expect the fracture to occur along
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the grain boundary, since it is formed by a parallel array of screw dislocations. This
fracture would occur perpendicular rather than parallel to the grain boundary.
Thus, to model this structure we considered stacks of smectic layers rotating
along a helix axis, as shown in Figure 4.4. A central helicoidal layer is defined by
X(r, z) = (rsin(qz), rcos(qz), z) and additional layers are constructed so that the layer
spacing is constant. This is equivalent to Kleman’s construction for a multiple Burger’s
vector screw dislocation [54]. We chose to construct this basic unit of the structure
with no compressional energy because we expect that although there will be a trade-off
between compressional energy and other energies, the effect on the overall structure
will be minimal because the compression will be a small fraction of the average layer
spacing. With this construction, we considered the energetics of a single tube (ignoring
interactions between tubes) using the formalism developed in Section 3.6. As expected,
the structures display significant negative Gaussian curvature. We considered a contrio )2 ),
bution to the free energy setting a preferred Gaussian curvature (FG = κ(KG − KG

and found that for a given width of tube, there was a preferred pitch.
If we consider each “tube” to be cylindrical in shape with the central layer rotating
about the center of the tube, then this layer intersects the tube in a line that winds
around the circumference of the tube. This line makes an angle of γ with the tube axis,
where γ = tan−1 (c/p) ∼ tan−1 ((30π)/200) ∼ 26 ◦ where c is the circumference of the
tube, and p is the helix pitch. This sharp angle is consistent with the flame tip features
of the B4 phase, as indicated in Figure 4.4, but the observed angle always appears to
be larger than 26 ◦ . Presumably the fracture surface is dictated in part by the angle
the layer makes to the fracture surface (that is, once the layer tilt is greater than some
value, the surface is not longer visible), which would tend to make the saddle regions
look smaller.
Such a construction produces the geometrical constraint that layers in adjacent
tubes meet at an angle, as shown in Figure 4.4, just as the threads of two parallel screws
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Figure 4.4: (A) A model for the basic B4 structure. Layers at constant layer spacing
surround a central helical ribbon. (B) In contrast to typical TGB structures, fracture
in the B4 phase occurs between these tubes of twisted layers (B). This image was taken
from a sample of P12OPIMB showing individual tubes connecting to form the flame-tip
texture. (C) The flame-tips form an angle that is typically bigger than that expected
from a layer edge winding around a cylinder (D) of diameter equal to the spacing between
saddles. The red wedges are typically narrower than the tip of the saddle feature, and
so don’t match the lines in the image. (E) The packing of homochiral tubes involves
layers crossing each other, as across a grain boundary. The layer edges on the front of
one tube go up and right, while the layer edges on the back of the tube go up and left.
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cross. The layers that intersect the front surface of a right handed tube diagonal up
and right, while the layers on the back when viewed from the front diagonal up and
left. As a result, there is a sheet of screw dislocations separating adjacent columns
when the layer normal of each column points perpendicular to the line separating the
columns. However, when the layer normal points toward an adjacent column, the defect
is now more similar to a convex lens, with the two surfaces of the lens formed by the
outermost layer in the two columns. At a surface perpendicular to the helix axis, as in
the Bouligand texture, the only defects visible are those parallel to the layer normal,
because those along the layer normal are easier to overcome with the addition of planar
anchoring at the surface.
This construction is similar to that proposed by Lubensky and coworkers [55, 2]
for chiral columnar phases. They considered three phases formed by chiral discotics:
a hexagonal phase where the twist has been expelled (analogous to the SmA* phase),
a soliton phase where there is twist of the molecules within a hexagonal lattice, and a
moiré phase consisting of grain boundaries perpendicular to the column direction mediating the rotation of the hexagonal phase. It appears that the B4 phase is analogous to
the soliton phase, with coherent twist of the layers in individual helical tubes. Lubensky and coworkers proposed a hexagonal lattice for the soliton phase of either discotic
molecules [2] (three fold rotational symmetry) or twisted ropes [55] (continuous rotational symmetry). The twisted tubes present in the B4 phase have two fold rotational
symmetry which may indicate that the B4 forms a square lattice although the lattice
in the B4 phase remains undetermined. In any case, the presence of a lattice breaks
the translational symmetry of the phase. There is no clear evidence of a lattice in the
FFTEM or AFM images. In analogy to the conventional TGB phase, the average layer
normals of each of the tubes are parallel in the soliton phase formed from the twisted
tubes.
We propose that the driving mechanism for the formation of the B4 phase is the
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first order coupling between director and polarization orientation and layer curvature
present in chiral SmC* phases, Fp = −D2 (p · ∇k · c), where c is the projection of the tilt
direction onto the layer plane, p = n × c is the polar direction, n the layer normal, and
∇k the curvature tensor[1]. For a minimal surface, Fp2 = KG , as discussed in Section
3.6, and so this coupling is similar to a local preference for saddle splay curvature, which
DiDonna and Kamien showed was sufficient to stabilize the Schwartz P surface despite
the necessary defects[12].
The primary outstanding question about the structure of the B4 phase is the
interactions between the tubes. We think that the tubes form a lattice in part because
of the very regular packing of saddles orthogonal to the helix axis as seen in figure
4.5. There is clear registry between adjacent tubes; the layer orientation is much more
highly correlated than the ordering of the twisted tubes. At any point, the B4 structure
could “pause” and form an array of planar layers. This occurs, in particular, at the glass
surface in the Bouligand texture, where all of the layers are planar. The “healing” of the
structure along the layer normal in these textures seems to indicate that it is normal
to the layers where adjacent tubes join. As described above, these are the defects that
are easiest to imaging overcoming. In several images, there is some indication that
this occurs in the regions where the layer normal is the in the fracture plane, as the
periodicity within these planes is often different than in the rows of saddles, where the
layers are in the fracture plane. This could occur because the fracture surface is at glass,
where planar alignment of the layers is favored.
Given that the B4 structure is formed of these “tubes”, there is surprisingly loose
registry between the saddle or flame-tip features in one row (perpendicular to the helix
direction) and an adjacent row. In a traditional TGB structure the blocks of planar
layer between screw dislocations destroy the registry between grain boundaries; only
twist penetration into the sample or slight distortions of the layer could maintain it.
Perhaps the occasional joining of the layers disrupts the tubes, destroying the long
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Figure 4.5: Additional images of the B4 phase
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range tubular order. This is in some ways similar to the moiré phase proposed by Yan
et al. where the lattice is rotated by a series of screw dislocations [2] .

4.1

Origin of layer curvature in the B4 phase
Our observations led us to consider details of the wide angle x-ray scattering and

electron diffraction (ED) to see if the tendency for saddle splay could be understood in
terms of the molecular organization within the layers. XRD and ED experiments were
performed on powder samples, showing three principal diffuse peaks from the in-plane
structure, at qa = 1.37 Å−1 , qb = 1.64 Å−1 , and qc = 1.93 Å−1 , (Fig. 4.1C) in agreement
with published data [10], and indicating some sort of in-plane hexatic ordering (4.58 Å,
3.84 Å and 3.26 Å). Further experiments on very thin NOBOW films, prepared by shear
alignment between NaCl crystals to generate planar layers, enabled electron diffraction
from single hexatic domains (Fig. 4.1A,B). This scattering exhibited a rectangular
reciprocal space lattice with principal reflections at q11 = 1.3 Å−1 , q02 = 1.6 Å−1 , and
q12 = 1.9 Å−1 , wave vector magnitudes that agree with those of the powder XRD and
ED, indicating that the 11, 02, and 12 peaks in the single domain scattering (Fig. 4.1B)
are yielding the local in-plane structure of the B4. This single domain ED revealed an
in-plane centered-rectangular, herringbone lattice which is formed by the local packing
in a half-layer of the rod-like arms of each half of the bent-core molecule, and, when
viewed from the direction parallel to the long axes of the half-molecule arms, is of unit
cell dimension 5.7 Å x 7.7 Å, indicating a close packing of the arms.
Next we must find the tilt angle with respect to the layer normal (z) of the halfmolecule rods in the hexatic lattices, which can be determined from the NOBOW arm
length, L = 15.4 Å from molecular conformation calculations [56], and the thickness of
the core region of the layer (half of the O-O distance). This thickness cannot directly
be measured, but a rough estimate can be obtained from measured layer spacings of
the NOBOW homologous series (P-n-OPIMB) of B4 forming compounds taken by Chris
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Figure 4.6: The local packing of the ’arms’ of the bent core molecule into a herringboned
(A, green), centered-rectangular (blue) lattice conflicts with the packing constraints of
planar layers, leading to frustration and layer curvature. (B) The electron diffraction
pattern showing additional peaks (green arrow, circles) that are present only when
the there is additional herringbone structure in a centered rectangular lattice. (C) We
understand this lattice to describe the local packing of the ‘arms’ of the molecule, shown
in blue and yellow, with the molecular plane and polar direction given in turquoise. (D)
However, the projections of the lattices from each half of the molecule onto the layer
plane (red) do not coincide if the layers are planar. (E) Saddle splay of the layers relieves
this frustration. (F) The opening angle of the molecule (ψ), tilt angle of each arm (β),
and molecular tilt angle (φ) shown in the HexCP geometry.
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Jones (which differ from the published spacings [41]). The X-ray data for the homologous
series fits a linear profile d = 2.06n + 30.3Å (figure 4.1). If the tails are fully extended,
then the tilt of the tails is given by cos−1 (2.06/(2 ∗ 1.25)) ∼ 34 ◦ . The data are well fit
by a line, indicating that this could be a good description. The core size is given by
30.3 − 3.5 = 26.8Å, because the extrapolated core size includes the size of the terminal
methyl group. The thickness of half the core is T = 13.4 Å. This results in an arm tilt of
∼ 30 ◦ (whereas the published data give 12.6 Å or 35 ◦ ). Thus, each half layer comprises
half-molecule arms forming a tilted hexatic herringbone lattice (Fig. 4.1C) and it then
remains to establish how within a layer these two half-layer lattices are structurally
related. The rectangular symmetry of the lattices allows only two possibilities: either the
two half-layer tilt planes (Fig. 4.1C) are coplanar, or they are mutually perpendicular,
the latter producing the hexatic CP (HexCP) structure, shown in Fig. 4.1C. In other
strongly segregated tilted hexatic systems, such as the lyotropic lipid Pβ phases, the
former choice is universally made, with the aliphatic tail tilt directions being the same
in the two molecular layers making up a bilayer (synclinic). In the present case, with
the molecular arms in the two half-layers connected by a linkage giving a preferentially
bent conformation, the coplanar structure would be anticlinic instead of synclinic, i.e.,
hexatic AP (HexAP). The two possible B4 in-plane structure scenarios are then as
follows. HexAP: In the HexAP structure the two half layer molecular positions project
onto the same centered rectangular lattice in the layer midplane (red, Fig. 4.1C), a
lattice that is stretched in the tilt direction by a factor of 1.15 = (cos(30 ◦ ))−1 and is
thus significantly less dense than the closely packed arms. Relaxation of the resulting
compressive strain would require reducing β, which is resisted by the molecular bend.
The HexAP tilt plane is a mirror plane so that the HexAP structure is achiral. The
bent core opening angle (Fig. 4.1A) for the HexAP is ψ = 120 ◦ . HexCP: With the
tilt directions orthogonal the two half layer molecular positions do not project onto
the same mid-layer lattice (Fig. 4.1D), but can be made to do so by distortion of the
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half-layer lattices, i.e., compressing the yellow half-layer of Fig. 4.1D in the x-direction
and dilating it in the y-direction until it is a centered square lattice, combined with
the opposite-sign deformation of the blue layer. The resulting overall layer structure
is an energetically unfavorable strained centered square lattice. However, in absence of
positional correlations between molecules in adjacent layers (the phase is a smectic) this
strain can be reduced by sliding the layers over one another in such a way as to produce
a local saddle splay layer deformation. Now the half-layer lattices can project onto the
same centered square lattice in the layer midplane, a lattice of the same areal density as
the mean areal density in the half-layers. With the half-layer tilt planes orthogonal the
layer structure is polar and tilted and thus chiral. The bent core opening angle (Fig.
4.1A) for the HexCP is ψ = 138 ◦ . In Figure 4.1, we have assumed that the thickness is
overestimated by ∼ 10%.
Since the HexAP is achiral and the HexCP is chiral the manifest chirality of the
B4 phase rules out the former and leads us to the conclusion that the in-plane structure
is HexCP, i.e., that there is better energetic accommodation by local saddle splay and
orthogonal tilt on the appearance of herringbone hexatic in-plane order than simply
by coplanar tilt. Since the HexAP and HexCP opening angles differ substantially, we
investigated whether the relative stability of the HexCP could be accounted for on the
basis of the energetics of the molecular conformations having effective opening angles in
this range. We found many conformations with ψ in the range 107 <ψ < 132, all with
nearly the same energy [56]. This would appear to rule out the HexCP phase, with the
opening angle in that case extrapolated to be 138 ◦ . However, this calculation assumes
the the tails are fully extended and that the tilt does not change between the carbons
close to the core (1-5) and those far from the core (6-n). This assumption gives a tilt
angle in the B2 of the tails of 56 ◦ which is unreasonable. Therefore, we believe there is
insufficient evidence to choose between the HexAP and HexCP on this basis.
In the HexCP, the molecules are tilted with respect to the layer normal, allowing
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Figure 4.7: (A) The liquid state energies of conformations that we would expect for
the HexAP and HexCP are indistinguishable (compare to the room temperature value
of KB T. Molecular geometry of the HexAP (left, pink) and HexCP (right, turquoise)
phases as well as an intermediate state (middle, green). In the HexAP, the molecules
are not tilted, and so the opening angle of the molecule (ψ) determines the tilt angle
of the arms (β). In a tilted phase, the molecular tilt angle (φ) is determined by the
opening angle (ψ) and the tilt angle of the arms (β). The tilt of each arm relative to
the layer normal (β) is constrained by the layer spacing of homologous series (F). The
extrapolation of the layer spacing as a function of the number of carbons to zero carbons
is the thickness of the core region plus the size of a methyl group (3.5 Å). This results in
an apparent thickness T ≈ 13.4 Å. This thickness is probably overestimated. Here, we
assume a thickness ∼ 10% smaller (that is assuming the portion of the tail close to the
core is upright). The apparent opening angle due to a thickness of 13.4 Å is discussed
in the text. Although there are many conformations with indistinguishable liquid state
energies [56] and so a wide range of opening angles (E), the length of the arms are very
well constrained (to 15.4 or 15.6 Å). Combining this length with the thickness of the
core region gives the tilt angle of the arms (∼ 30 ◦ ). In the HexAP, this gives an opening
angle of ∼ 110 ◦ , and the distance between the terminal oxygens is ∼25.1 Å, (pink, B).
In the HexCP described in the text, the projection of the opening angle onto the layer
plane is = 90 ◦ , and so the opening angle is ∼ 132 ◦ . This gives an O-O length of ∼28.1
Å, (turquoise, D). The two conformations shown (B,D) were obtained by rotation about
the bonds highlighted in red in (C) by 120 degrees.
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for polar order [8] to produce layer chirality, as in the B2 phase. Thus, in temperature
cycling between the B2 and B4 phase [57], the layer chirality is maintained even though
the layer structure is radically altered. Strong in-plane order and a chiral structure of
the layers combine to produce huge chiral domains, whose optical activity is a result of
both the helical winding of the layers and the chiral layer structure [3].
In short, the appearance of layer deformation as a new degree of freedom for
relieving in-plane strain exchanges in-plane compressional energy, resulting from the
stratification of like molecular elements in the formation of the smectic layers, for curvature elastic energy in the form of saddle splay. DiDonna and Kamien showed that a
local preference for saddle splay curvature can only stabilize layer curvature in a thermotropic system (that is with all of space filled with layers) if the local preference for
saddle splay is sufficient large relative to the local bending curvature [12]. In-plane
compressional stress in a system with isotropic in-plane order results in K24 <K1 (section 3.6), thus is insufficient to stabilize saddle splay deformation in a thermotropic
system. However, anisotropic in-plane order escapes this limitation. Thus, the polar
order, present in bent-core but not calamitic systems, may be required to stabilize this
structure. Moreover, the shape and larger size of bent-core molecules makes the layering
more robust, reducing molecular out-of-layer fluctuations and rendering the structural
incompatibilities accompanying layering more difficult to accommodate.
In conclusion, the B4 phase presents an unusual paradox wherein increased intermolecular order destroys, rather than enhances, long range order. The organization
of molecules with distinct structural subfragments into layers is intrinsically incompatible with the filling of space. While crystals order periodically in spite of this, layer
curvature presents a new mechanism of structural ordering that accommodates such incompatibilities in thermotropic liquid crystal systems. Simultaneous achiral symmetry
breaking leads to a remarkable twist grain boundary structure and huge chiral domains
with significant optical activity. This is the first thermotropic system demonstrating
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that, as proposed by DiDonna and Kamien [12], a local preference for saddle splay of
layers can drive mesoscopic order.
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Chapter 5

Optical Activity Produced by Layer Chirality in Bent Core Liquid
Crystals: Theory

5.1

Layer Optical Chirality Model
We present a model for the optical chirality of layered liquid crystalline phases.

The model demonstrates that uniform stacking of chiral layers can lead to significant
collective optical rotation, even in the absence of a superlayer helix. We predict the
optical rotation of the B2 phases of bent core liquid crystals, which can have optical
rotation as large as 1000 times the molecular optical activity.
Gyrotropy or optical chirality is an important property of chiral materials, in
particular chiral liquid crystals (LCs). These materials exhibit a variety of chiral optical
effects, including the spectacular Bragg reflection and photonic bandgap effects from
macroscopically helical chiral nematic and smectic (SmC* or SmCA) phases [58, 59].
Chiral nematic LCs show giant divergent pretransitional optical rotation (OR) produced
by helical molecular orientation within nematic-like correlation volumes at temperatures
just above the isotropic to cholesteric transition [60, 61]. These phenomena have been
modeled by a variety of analytical and numerical methods in which the medium consists
of optically achiral molecular elements (either uniaxial or weakly biaxial) assembled into
macroscopically chiral superstructures [62, 63, 61, 64, 65, 66]. In all of these models, the
observed and predicted optical activity of the supermolecular structures is much greater
than that which would be expected from isolated chiral molecules.
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Optical rotations of linearly polarized light by ∼0.1 to 1 ◦ /µm in the visible and
near UV wavelength ranges have recently been observed in isotropic but optically active
(dark conglomerate) phases of bent-core molecules (Chapter 3). This work has renewed
interest in the origins of optical rotation in LC phases [67, 68]. In order to explain the
Dark Conglomerate observations, Ortega et al. recently modeled the SmCA PA with a
locally achiral dielectric tensor with optic axes rotating continuously and a pitch of two
layers. This work indicates that layer-scale structural chirality can lead to observable
optical rotation [69]. Furthermore, Olson et al. have observed chiral optical effects in a
single layer of freely suspended B2 films [70]. With only one layer present no superlayer
structure exists. The optical modeling employed was therefore based on the chirality of
the layer itself. They modeled the layer as two uniaxial halves whose optic axes were
oriented along the arms of the tilted, bent-core molecule. In a freely suspended film,
the finite system size makes this optical structure chiral, even though the stacking of
such layers would form an achiral bulk structure.
These observations led us to explore the consequences of introducing layer chirality into the optical modeling of bulk chiral smectic LC phases. These effects should
be particularly important when superlayer helixing and associated strong optical rotatory effects are absent. Previous models of bulk optical activity in LCs have assumed
chiral helical supermolecular organization of achiral elements (Figure 5.1(b)), which
produces the colossal visible wavelength OR observed in chiral nematic and SmC LCs
(φ ∼ 100 ◦ /µm, roughly 106 times larger than that arising from the optical activity of
individual molecules φ ∼ 1 ◦ /cm, Figure 5.1(a)). Here we demonstrate that the uniform
achiral stacking of chiral layers produces significant collective chiral optical activity,
generating OR in bent core systems of magnitude φ ∼ 1 ◦ /µm, approximately 104 times
the individual molecule value and the dominant OR effect in the absence of supermolecular helixing. We refer to the collective optical activity of chiral layers as layer optical
chirality (LOC), which has not been widely studied in LCs because their optical prop-
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erties are generally dominated either by birefringence or by supermolecular helixing.
However, in helix-free situations where the macroscopic birefringence is small, LOC can
be the dominant bulk optical effect. This occurs, for example, in the “orthoconic” tilted
chiral smectics [71], and in the recently discovered “dark conglomerate”—both of which
are believed to be locally chiral tilted smectics. Here we calculate the LOC of bent-core
systems, though our approach is also appropriate for any chiral layered phase.
Figure 5.1 illustrates the layer optical model for the application to B2-based bentcore phases, which are particularly good candidates for this approach. As shown in the
space-filling model of the compound W508[72] in Figure 5.1(f,g), the layer structure is
dominated by two distinct sublayers of elongated, nearly uniaxially birefringent arms
connected in a bent fashion by a covalent linker at the center of the molecule. The
layers are capped at their ends by a sublayer of aliphatic tails at the interface with
the adjacent layer. Since the plane containing the arms is tilted with respect to the
layer normal, z, as shown in Figure 5.1(f), the layer structure is C2 symmetric about y.
The layer structure is also chiral if mirror reflection symmetry about the x-z plane is
absent, a condition caused by the distinct nature of the layer center (linker) and layer
edge interfaces which generate a net polar structure. Thus both these features—tilt
and distinct interfaces yielding polarity—must be incorporated into the layer optical
model to yield LOC. In the present case (Figure 5.1(f-g)) the arms are modeled by
homogeneous tilted uniaxial birefringent slabs (light shading) each of thickness c/2.
The core/tail difference is incorporated by adding an isotropic layer (dark shading) to
model the low-birefringence tail region. The bulk phase is represented by stacked layers,
of total thickness d, all with the C2 axis along y. The layers are stacked either identically,
alternately reflected through x or y, or reflected through x and y, to produce the B2
subphases SmCS PS , SmCA PA , SmCA PS and SmCS PA respectively [73, 74]. Thus,
while the typical calculations of smectic LC optical chirality are based on the chiral
supermolecular organization of achiral layers, here we consider the achiral organization
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Figure 5.1: Schematic of the three distinct structural regimes of condensed phases that
produce optical rotation: (a) isotropic phases of chiral molecules, (b,c) chiral superlayer
structures, (d-g) layer optical chirality (LOC). (a) Isotropic liquid of chiral molecules,
which produces small visible wavelength optical rotation (1 ◦ /cm). The optical rotation
can be modeled by introducing gyrotropy into the molecular polarizability tensor. (b) A
SmC* supermolecular helix, with rotation of the molecular tilt (magenta/gray straight
T symbols) and polarization (arrows) about the layer normal z. (c) Projection representation of the local achiral layer structure as a biaxial dielectric tensor. The colossal
optical rotation (100 ◦ /µm) for wavelengths near a Bragg reflection can be accounted
for by the helical winding of such achiral elements, i.e., without local optical chirality.
(d) Representation of the inherently chiral local layer structure by deformed T symbols.
(e) Uniformly stacked chiral elements which form multilayer synclinic synpolar layers
(SmCS PS ). (f,g) Optical model of LOC, motivated by the molecular structure of a
typical bent-core mesogen (W508). The molecule is sketched in x-z and y-z projections,
where the envelope around the molecular structure is thicker in regions which project
toward the reader. The core region (light background) consists of a pair of homogeneous
achiral uniaxial slabs (light gray/yellow cylinders), consistent with the C2 symmetry of
the molecules. The structure is made chiral by the addition of distinct tail regions (dark
background), which are taken to be isotropic (dark gray/cyan circles), as the core birefringence dominates in bent-core molecules. Alternatively, the tail region could consist
of uniaxial slabs (dark gray/cyan cylinders) with orientation different from the core regions. This structure produces large optical rotation (1 ◦ /µm), intermediate between
the optical chirality of individual molecules and superlayer helices.
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of chiral layers.
Our calculation of the OR begins with the Fourier components of the local dielectric tensor. Focusing on the SmCS PS as an example, we only consider variation
away from the average dielectric tensor, ¯, and so subtract the q = 0 component. The
dielectric tensors of the two uniaxial arms of the banana are constructed by rotating the
dielectric tensor of a uniaxial birefringent medium with the principal optic axis along
z. First we rotate about x through angle ±ψ, where the two sublayers have opposite
sign. We fix ψ to be π/6, which corresponds to an opening angle of 120 degrees. We
then rotate around y, the C2 symmetry axis, through angle θ, which corresponds to the
tilt angle of the molecule. We will use as reference a tilt angle θ = π/6, and show the
tilt-angle dependence of the optical rotation in Figure 5.2. The dielectric tensors of the
uniaxial slabs are thus given by:


−7
48
√




± = ∆ ± 3
 8
 √
3 3
16

√

±

3
8

−1
12

± 83

√
3 3
16 





.
± 83 



(5.1)

11
48

These matrices are identical except for the sign of four components. There are two
simple z dependences in our model, both square-wave like and zero in the isotropic
slabs. The components 12 , 21 , 23 , and 32 alternate sign between the two halves of the
core. We label the Fourier transform of these components f2 . The other components
have only two values, one in the core and one in the tail, and their Fourier transform is
f1 . For convenience we introduce gi , defined by
3/2

fi (q) = (2π)

∞
X



2πm
δ(qx )δ(qy )
gi (m)δ qz −
d
m=−∞


,

(5.2)

where d is the layer spacing and m is a nonzero integer. The dielectric tensor of the


mπ(d−c)
SmCS PS is described by the functions g1 (m) = sin
/(πm) and g2 (m) = (1 −
d

cos mπc
)/(πmi).
d
Following Landau, the optical rotation of linearly polarized light per unit length l
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is given by φ =

ko2
2¯
γ

[75]. Here γ is the appropriate component of the tensor γijk defined
∂E

by Di = 0ij Ej + γijk ∂xkj , and ko = 2π/λ is the wavenumber of the incident light. The
relevant components of γ for light propagating along z are γxyz = −γyxz .
In order to calculate γ, and thus the optical rotation, we follow Bensimon et al.,
who derived an expression for the optical rotation of a macroscopically isotropic medium
in which the local birefringence is modulated on a length scale much smaller than the
wavelength of light [62]. This limit has also been considered by Galatola [76] and Oldano
[77]. Bensimon found that in the long wavelength limit, γ is given by


Z
−i ∞ 3
∂Gml (k, q)
γijk =
d q im (q)lj (−q)
,
V ¯ −∞
∂qk

(5.3)
q q −k2

where  is the modulating part of the dielectric tensor, Gij (k, q) = ki 2j−q2o , and V is
o
√
the volume of the system. Note that i multiplying the integral is −1, and that we
are using the Einstein convention that summation over repeated indices is implied. For
simplicity we define Hmlk =

∂Gml (k,q)
.
∂qk

We only consider systems with a single periodic

direction, which we choose to be along z. This assumption is valid for uniform layered
systems, as well as for cholesteric and SmC* phases. In this case, there is only one
nonzero component of q, and the small wavelength limit (ko /q → 0) has a striking
consequence: Hij,k=z , is zero (and so γij,k=z = 0); there is no contribution along the
direction of periodicity. That is, any optical rotation along the direction of a helix must
depend on higher powers of d/λ. This result is also obtained by Oldano [77]. However,
if k = x or k = y there are nonzero components of H:
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We now show the results in detail for light propagating parallel to the x axis.
The strength of the OR is determined by γzyx . This is the propagation direction with
the largest predicted OR (the predicted OR of light propagating parallel to the C2
symmetry axis is ∼ 30% smaller). Substituting the long wavelength limit form of H
(eq. 5.4) and the dielectric tensor for our model into the equation for γijk (eq. 5.13)
yields

|2

γij,k=x =

i∆2
V ¯

Z

∞

−∞

b12 f1 f2∗


|2

b13 |f1 
b11 |f1




∗
2
∗

,
q b21 f1 f2 b22 |f2 | b23 f1 f2 


b31 |f1 |2 b32 f1 f2∗ b33 |f1 |2

d3 q

(5.5)

where the numerical factors bij are products of the components of ± /∆. Note that
P
each component of γ is of the form m gi (m)gj (m)/m. Only terms with i 6= j will
be nonzero, since g1 is odd and g2 even. In the SmCS PS case, there are two pairs of
non-zero components for k = x, γzyx = −γyzx , and γyxx = −γxyx . Light propagating
parallel to the layers is only affected by the γzyx pair, which we calculate here. The
other pair contributes to off-axis propagation, discussed below for the SmCA PS . We
find
Z
i(2π)3 ∆2 ∞ d3 q 2
γzyx = b32
δ (qx )δ 2 (qy ) ×
V ¯
q
−∞
 


∞
X
2πn
2πm
δ qz −
g1 (m)g2∗ (n).
δ qz −
d
d
m,n=−∞

(5.6)

As above, the m = 0 and n = 0 terms are excluded from the sum. Integrating gives a
single sum, and the factor of volume is canceled by one set of delta functions. Finally,
γzyx =

8π 2 d∆2
ζzyx ,
¯

where
ζzyx = ib32

∞
X

1
g1 (m)g2∗ (m).
m
m=−∞

(5.7)

This sum has a magnitude that depends only weakly on the ratio of c to d, and is
purely imaginary so ζ is real. To estimate the order of magnitude of the expected OR,
we approximate c/d ∼ 0.5 and find ζ ∼ 0.03. For the dielectric constants, we use the
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values of the typical smectic mesogen DOBAMBC: ∆ = 0.7 and ¯ = 2.4 for light with
λ = 633nm [70]. The calculated OR is then φ =

ko2 γ
2¯


≈ 2 ◦ /µm.

The predicted OR from chiral layers with no chiral superlayer structure is significant. In particular, it is much greater than either the nematic pretransitional OR or the
OR extrapolated from dilute solutions of chiral molecules. The optical rotation found
here is a direct consequence of the LOC, and is large enough to be observed in systems
with very low birefringence. Our prediction is consistent with the magnitude of optical
rotation seen in several helix free bent core smectic systems: the Dark Conglomerate
[68] and orthoconic SmCP [78] [79].
The optical rotation of the B2 subphases is predicted to depend significantly on
the optical propagation direction. The macroscopically chiral SmCA PA has significant
optical rotation, roughly half that seen in the SmCS PS , whereas the macroscopically
achiral SmCS PA is optically inactive for all propagation directions. The macroscopically
achiral SmCA PS has two nonzero components of the k = x optical rotation tensor,
γxyx = −γyxx which do not contribute to optical rotation of light propagating along the
x,y, or z directions (these geometries maintain the structural mirror planes). However,
the mirror symmetries are eliminated for off-axis propagation leading to OR. The OR
observed for off-axis propagation in the “banana leaf” domains of the B7 phase [80]
arises because these tensor components are nonzero. The sign of the optical rotation
depends on the illumination direction, not on any intrinsic chirality of the material
[75]. In the case of the SmCA PS , the optical rotation is due to the inequivalence of the
opposite chirality layers when viewed in the tilt plane, and at a nonzero angle to both
the layer normal and the layer plane. One set of layers has a higher effective dielectric
anisotropy. For the SmCA PS , ζ ∼ 0.008 sin(2Θ) cos(Φ), as shown in Figure 5.2(a). Note
that Θ and Φ represent the direction of light propagation in polar coordinates. This
has the expected form: Φ = 0 lies in the tilt plane, and the layers appear equivalent
when viewed from a direction orthogonal to this plane. As found above, there is no
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Figure 5.2: (a) 3D Polar plot of optical rotation, φ, vs. optical propagation direction, k
(relative to the layer normal), in the SmCA PS (inset). This structurally achiral phase
is optically chiral when k breaks the structural mirror or glide symmetries. (b) OR, φ,
vs. molecular core tilt angle, θ, for on-axis propagation in the SmCS PS parallel to x
(solid) and y (dashed). The phase is generally chiral for θ 6= 0. (c) OR, φ, vs. θ for 45 ◦
off-axis propagation in the x-z plane (blue arrow), shown for the SmCA PS (dashed) and
SmCS PS (solid). The SmAP phase (θ = 0) has optical rotation for off axis k.
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optical rotation for light parallel to the layer normal, or more generally to the direction
of periodicity (Θ = 0).
Similarly, taking the tilt angle to be zero in either the SmCA PS or the SmCS PS
gives a polar Smectic A phase (SmAP ) which has significant predicted off-axis OR
(Figure 5.2(c)), but no on-axis OR (Figure 5.2(b)), because the structure contains horizontal and vertical mirror planes. The maximum OR predicted for a typical SmAP is
also substantial, approximately 0.5 ◦ /µm.
Inhomogeneous addition of isotropic optical absorbence (i.e. preferentially in
the core) produces circular dichroism (CD, the difference in absorbence (A = − log10 T ,
where T is the transmitted intensity) of right and left handed circularly polarized light),
an effect related to the generation of CD by introducing achiral absorbers into a macroscopically helixed birefringent medium [81]. The calculated CD of a one micron thick
SmCS PS sample with optical density of 1 is ∼ 0.1 for propagation along x.
Application of our optical model to the dark-conglomerate banana phases requires
the additional steps of orientationally averaging over the disordered layer structure and
accounting for the dispersion in the optical anisotropy [21], effects considered along
with OR data in chapter 3. Our results show that the OR of unhelixed SmCS PS and
SmCA PA are comparable, calling into question the interpretation by Ortega et al. [69]
of their dark conglomerate OR data as indicating a helical SmCA PA structure.
In summary we have developed a layer optical chirality (LOC) model for layered
liquid crystalline phases. The intrinsic chirality of the layers in smectic liquid crystals
can lead to significant and experimentally observable optical rotation. Even in the
absence of any chiral superlayer structure such as a helix, LOC produces optical rotation
several orders of magnitude larger than typical molecular OR. We have applied this
model to the B2 phases and analyzed the optical rotation as a function of tilt angle and
propagation direction. We also predict observable optical rotation for off-symmetry axis
propagation in racemic structures.
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5.2

Derivation of Shrikman Result
Our analysis of the optical rotation of a layered system begins with the dielec-

tric displacement of a birefringent, optically active media; following Landau it can be
expressed as [75]:

Di = 0ik Ek + γikl

∂Ek
.
∂xl

(5.8)

In Eq. 5.8, the first term contains the usual dielectric tensor which, in the absence
of absorption, is real and symmetric. The second term results in the optical rotation,
where γikl ∝ ijk , the antisymmetric tensor. If there is no birefringence but γ is nonzero,
the eigenmodes are circularly polarized, and the rotation of linearly polarized light is
given by φ/l =

k02
2o γ.

If such a material also has birefringence, then the eigenmodes are

elliptically polarized. Palffy-Muhoray has considered the full solution to this problem
[82]. However, for most liquid crystalline samples, the birefringence is much stronger
than the optical rotation. For instance, a sample with ∆n ∼ 0.1 and thickness of order
1 µm forms a half wave plate, and so could rotate light by as much as 90 degrees. In
contrast, the optical activity discussed here has an order of magnitude of 1 deg/µm. As
a result, the eigenmodes will be nearly linearly polarized, and so the optical rotation
adds only a small perturbation. For plane waves, these two terms can be combined into
a single term, with an effective dielectric tensor containing off diagonal complex terms
proportional to k.
We will use a first order approximation to solve Maxwell’s equations for the local
induced field. The solution will depend on the local dielectric tensor , and the external
applied field, E o . We consider layered structures (with layer spacing d) where the
modulation of the dielectric tensor (O(10 nm)) is much smaller than the wavelength (λ)
of the optical field (O(500 nm)). Throughout this section, we only consider the lowest
order in d/λ. This discrepancy in length scales suggests Taylor expanding E o in our
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solution to the induced field. In doing so, we will obtain an expression for the dielectric
k
displacement of the form, Di = · · · + γ˜ikl ∂E
ikl as the tensor in equation
∂xl , and identify γ˜

5.8.
Separating dielectric tensor into an average (o ) and modulated component ()
allows us to consider a first order expansion of D and E: E = E o + E 1 and D =
o E o + o E 1 + E o . Here, Do and E o are the fields due to the average dielectric tensor
o . Keeping only first order terms and assuming µ is constant, Maxwell’s equations give:
∇2 E 1 − o µ

∂2 1
∂2
E
=
µ
(E o ) + ∇[∇ · (E o )].
∂t2
∂t2

(5.9)

It is possible to solve for E 1 in Fourier space, where we use the transformation:
1
im (r) =
(2π)3/2
. This gives: Ei1 =
qi qj −ko2
,
ko2 −q 2

1
o
o Gij (q, k)(E )j

Z

d3 qim (q)eiq·r

where we have used the substitutions: Gij (q, ko ) =

ko2 = o µw2 . Returning to real space, we obtain the Greens function equation,
Ej1 (r)

1
√
=
o
 ( 2π)3

Z

d3 r0 Gjk (k, r − r0 )kl (r0 )Elo (r0 ).

(5.10)

It suffices to consider only the lowest order terms in the Taylor expansion of
E o (r0 ), as it is the slowly varying quantity in the problem, and the kernel, G(k, R) is
peaked about small R. We replace E o (r0 ) with its Taylor expansion: E o (r0 ) = Elo (r) +
0 )
(rm − rm

∂Elo (r)
∂rm |r

in equation 5.10 and note that the derivative is independent of r0 , the

integration variable. The full expression for D contains the term:
Di (r) = · · · + eij (r)Ej1 (r) = · · · +
√1
o ( 2π)3

R

0 )
d3 r0 ij (r)Gjk (k, r − r0 )kl (r0 )(rm − rm

∂Elo (r)
∂rm |r

(5.11)

Combining equations (5.8) and (5.11) gives eq 4.2 of Shrikman, a second order expansion
in k for the optical rotation tensor, however here in SI units:
γijk

1
= o
 (2π)3/2 V
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For convenience of calculation, it’s best to return to Fourier space:


Z
−i
∂Gml (k, q)
3
γijk =
d qim (q)lj (−q)
V o
∂qk

(5.13)

This is result desired, a simple expression for the optical rotation in terms of the local,
quickly varying, dielectric tensor. However, the problem can be further simplified by
applying the limit d/λ << 1 to G(k, q). The optical rotation in this case is proportional
to k 2 , however as discussed in chapter 3, ∆ also has a strong wavelength dependence.
Moreover, the derivative of G is quite simple:


∂G0ml (k, q)
qk qm ql
1
.
Hmlk =
= − 2 δmk ql + δlk qm − 2
∂qk
q
q2

(5.14)

We consider materials which are periodic in only one direction (z), and uniform in the
plane perpendicular to this axis. In order to take advantage of this symmetry, yet still
be able to find the optical rotation due to light incident from an arbitrary direction, z‘,
we calculate the optical rotation in the frame of the material, and then rotate to the lab
frame (the prime frame). The most convenient means to rotate the tensor is to rotate
k (the derivative) via a direct coordinate transformation, and the final two indices, i
and j, via matrix multiplication. The derivative rotates as:

∂G0ml (k,q)
∂qk0

=

∂qp ∂G0ml (k,q)
.
∂qp
∂qk0

Finally,
0
= Rαi (θ, φ)
γijk=3

∂qδ
γαβδ Rjβ (θ, φ)
0
∂qk=3

(5.15)

This formalism can be applied to any modulated structure with characteristic
period much less than the wavelength of light. The results agree quantitatively with
those of Oldano [77] for the SmC*, a case of supermolecular-scale optical chirality. We,
instead apply this formalism to a model of the B2 phases where the chirality is expressed
only through the homogeneous achiral arrangement of chiral units (LOC).

5.3

Additional Details of Results
This section describes how the optical activity was calculated for the other B2

phases. Note that two more dielectric tensors are needed, π+φo and π+φo , since the

http://www.e-lc.org/dissertations/docs/2007_08_27_13_58_36

electronic-Liquid Crystal Dissertations - August 29, 2007

77
other phases form bilayer structures. As in Eq. 5.1, the dielectric tensors differ only in
the sign of their components, which are listed here:

SmCa Pa

SmCs Pf

Isotropic

π+φo

π−φo

SmCa Pf

Isotropic




SmCs Pa

Isotropic
 

Isotropic
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(5.16)
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There are now two additional spatial dependences:




mπ(b + c)
mπb
− cos
− cos
− cos (mπ) + 1
d
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1
mπb
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g4 (q) =
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d
d

1
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πmi

If γ =



8π 2 d∆2
ζ
o
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(q)/∆ =

f1 f2 f4 




f2 f1 f3 




f4 f3 f1


ζk=1 =



SmCa Pf


f1 f2 f1 




f2 f1 f2 




f1 f2 f1

 



0  0
s
0 
0 0

 


 

0 0 −r+  −s 0 −t+ 

 


 

0 r+
0
0 t+
0


ζk=2 =

SmCs Pf




0 r− 
 0




 0

0
0




−r− 0 0





SmCs Pa
 



f1 f3 f4  f1 f3 f1 

 


 

f3 f1 f2  f3 f1 f3 

 


 

f4 f2 f1
f1 f3 f1





 0 u 0




−u 0 0




0 0 0



0 t− 
 0




 0

0
0




−t− 0 0





0 0 0




0 0 0




0 0 0





0 0 0




0 0 0




0 0 0





0 0 0




0 0 0




0 0 0
(5.19)

Using the same values as in section 5, we have:
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r± ≈ (0.34a13 a23 ± 0.12a12 a33 ) ≈ 0.03(0.02)

(5.20)

s ≈ 0.12(a12 a13 + a11 a23 ) ≈ −0.002

(5.21)

t± ≈ 0.12(a13 a23 ± a12 a33 ) ≈ 0.015(0.004)

(5.22)

u ≈ (0.34a12 a13 + 0.12a11 a23 ) ≈ 0.007

(5.23)
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Chapter 6

Optical Activity Produced by Layer Chirality in Bent-Core Liquid
Crystals: Experiment

In chapter, we directly demonstrate that tilt chirality produces optical activity
in the SmCA PA phase of GDa104. This work supports the idea that optical activity is
an intrinsic property of the chiral B2 subphases. Typically, in the B2 phase, significant
birefringence dominates the optical texture, masking any chiral optical effects. The
SmCA PA phase of Gda104 has a tilt angle near 45 degrees (nearly orthoconic), and so
has very low birefringence allowing for direct observation of optical activity.
Synthesis, current response, and initial electro-optic investigations of GDa104
were reported by Dantlgraber et al [83]; the chemical structure and phase sequence
on cooling are given in Figure 6.1. The polarization current response of this material
shows two peaks, indicating that the material is antiferroelectric, and consistent with
optical investigation indicating coexistence of the SmCA PA and SmCS PA subphases. A
third peak was initially observed and attributed to coexistence of ferroelectric domains.
However this peak is a result of ion flow, and can be eliminated by well insulating the
material from the electrodes.
We made freely suspended films of GDa104 in order to verify that the optical
activity was produced by the SmCA PA phase rather than a tight pitch helix [73, 84]. We
observed their behavior under an applied electric field while simultaneously measuring
the layer thickness. The SmCA PA and SmCS PA subphases coexisted within the films,
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Figure 6.1: A sketch of the LOC model for the SmCS PS . Significant optical activity
results from the achiral stacking(b) of chiral layers(a,c). This model incorporates tilt
and polar ordering of the bent-core molecules, where the polar direction is represented
by the black arrow (bull’s eye), and the tilt direction by the dark (magenta) T on
the surfaces of the cube (a), which in this case is curved to represent the chirality
of the layer. The orientation of a typical bent-core molecule within a layer is shown
in (c): the dark (magenta) envelope around the molecular structure represents the
projection of the molecule out of the plane of the paper: it is thickest for portions of the
molecule projecting toward the reader. Each layer is divided into four achiral sublayers,
representing the four structural segments of a bent-core molecule: two uniaxial slabs
with optic axes parallel to the arms of the bent-core molecule form the core (light
cylinders) and two isotropic sublayers represent the aliphatic tails of the molecule (dark
circles). (d) The molecular structure and phase sequence on cooling (deg C) of GDa104.
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Figure 6.2: (a) A freely suspended film of GDa104 showing coexistence of SmCA PA
and SmCS PA . (b) Transverse polarization (PT ) is perpendicular to the tilt plane of
the molecules, while longitudinal polarization (PL ) is within the tilt plane. (c,d) The
polarization of each layer is diagrammed for the SmCA PA (left column) and the SmCS PA
(right column). (c) Odd layered films of either the SmCA PA or SmCS PA have PT 6= 0,
in this case out of the plane of the page (bullseye) [73]. (d) Surface polarization along
the long axis of the molecules (green/light gray arrows) results in PL 6= 0 in even layered
SmCA PA films [84].
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10 µm
Figure 6.3: Optical activity is visible in chiral domains of GDa104 in the low birefringence (∆n = 0.003) SmCA PA . (a) The tilt chirality of the domains was confirmed in the
field induced SmCS PS (crossed polarizers), where domains of opposite chirality within
a single fan-shaped region are separated by a dark line (red arrow). The birefringence
of the SmCS PS is ∆n = 0.17, and so it appears green in a 4.5 micron display cell. (b)
In the SmCA PA , such domains appear identical under crossed polarizers. (c) Contrast
between the domains becomes apparent when the analyzer is decrossed relative to the
polarizer, and (d) this contrast inverts when the decrossing direction is reversed. In
these images, the decrossing angle is 5 degrees, and the contrast has been enhanced for
clarity.

as evidenced by even layered domains showing either longitudinal polarization or no
net polarization while the odd layered films showed transverse polarization (Figure 6.2).
In particular, we saw no even layer films with transverse polarization, which would be
evidence of the SmCS PS : the expected stable structure for a very thin film when a tight
pitch helix is present in the bulk.
We focus on the SmCA PA , which is the predominant B2 subphase present on
cooling GDa104 from the isotropic phase and has a typical texture and electro-optic
behavior. In the SmCA PA , the optic axis is parallel to the layer normal. Because the tilt
angle is nearly 45 degrees and so the optic axes in adjacent layers are nearly orthogonal,
the SmCA PA has very low birefringence, ∆n = 0.005, and appears dark gray in a 4.5
micron thick capacitor cell (Figure 6.3). Orthoconic materials, those with a tilt angle
of exactly 45 degrees, have been recognized for their use in display applications [71] and
have been observed in bent-core systems [85]. Application of a large electric field (20
V/µm) switches the sample to a high-birefringence SmCS PS state, and the extinction
brushes rotate to nearly 45 degrees from the analyzer or polarizer. The direction of

http://www.e-lc.org/dissertations/docs/2007_08_27_13_58_36

electronic-Liquid Crystal Dissertations - August 29, 2007

83
rotation depends on the tilt chirality.
GDa104 is an ideal material to test the LOC model because domains of opposite
tilt chirality coexist within a single fan shaped area. In the SmCA PA , this allows for the
direct observation of the optical activity produced by tilt chirality without the need to
correct for changes in optic axis or birefringence. In the SmCA PA (Figures 6.3, 6.4) the
only difference between two adjacent chiral domains within a single fan shaped domains
is the tilt chirality. The optic axis is parallel to the layer normal which is continuous
across the chiral domain boundary.
Optical activity can be clearly observed in the SmCA PA when the analyzer is
decrossed relative to the polarizer. Between perfectly crossed polarizer and analyzer,
the two chiral domains are identical and no domain boundary is visible. A very slight
difference can be seen in Figure 6.3(b) due to the difficulty in perfectly crossing the
analyzer and polarizer. Decrossing the analyzer relative to the polarizer reveals contrast
between the two domains; one becomes brighter and the other darker (Figures 6.3(c,d),
6.4(b)); this contrast is inverted when the direction of decrossing is reversed. This is a
clear indication of optical activity, because in an optically achiral phase decrossing the
analyzer clockwise or counterclockwise relative to the polarizer yields identical results
consistent with the symmetry of the phase. If there were no birefringence, the linearly
polarized light would be rotated, but would remain linearly polarized as it propagated
through the sample. However, with birefringence, as for GDa104, light leaves the sample
elliptically polarized. As discussed below, the magnitude of the optical rotation can be
found from the contrast difference between right and left handed domains.
We confirmed that the chiral domains identified by their optical activity are domains of tilt chirality, showing a typical chiral response under application of an electric
field. With a strong applied field, the domains switch to the SmCS PS while maintaining their layer chirality. Strong pretransitional effects, where the tilt angle and
birefringence increase simultaneously with increasing field, allow for the direct observa-
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a)SmCSPS

b)SmCAPA

Figure 6.4: Molecular orientation and typical texture within a fan shaped domain of
the (a)SmCS PS and (b)SmCA PA with tilt angle near 45 degrees. The layer chirality is
indicated by the color of the schematic molecules (cyan or magenta), and portions of the
bent-core molecules which project toward the reader are thicker. The polar direction is
into (cross) or out of (bullseye) the plane of the paper. The optic axis in the SmCS PS is
nearly 45 degrees from the layer normal, in opposite directions for the two chiralities; as
a result, the extinction brushes in the two domains are nearly parallel. The optic axes
of the two domains are averaged at the resolution limited domain boundary, making it
quite dark. In the SmCA PA , the optic axis is SmA like (parallel to the layer normal)
and thus continuous across the chiral domain boundary. The only difference between
the two domains is the layer chirality, and the contrast between the domains visible
(dark and light gray) when the analyzer is decrossed relative to the polarizer is due to
optical activity.
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tion of the rotation of the optic axes, which rotate in opposite directions within the two
chiral domains. In the final switched state, the extinction brushes appear to be nearly
continuous across the domain boundaries; the optic axes are nearly orthogonal in the
two domains and so when the optic axis in one domain is parallel to the analyzer and
hence dark, the optic axis in the other domain is nearly parallel to the polarizer, and is
also dark. However, as seen in Figure 6.3, a small discontinuity in the brush direction
across the chiral domain boundary is visible. Finally, the domain boundaries appear to
have very low birefringence due to the averaging of the optic axes of the two domains
(as in the SmCA PA ). The domain boundaries appear to be darker than the SmCA PA
only because the exposure time is much longer for the SmCA PA images than for the
SmCS PS image.
To quantify the optical activity, we measured the gray scale intensity of the images
taken with the analyzer decrossed by 5 degrees relative to the polarizer. We define the
contrast as the ratio of the difference in the intensity of the two domains to the average
intensity. The contrast depends somewhat (roughly a factor of 3) on the orientation of
the optic axis relative to the analyzer and polarizer, and so we measured the contrast
when the optic axis was ∼ 45 degrees to the analyzer. In this case, the contrast is ∼ 10%
in the SmCA PA .
The optical activity required to produce this contrast was found by modeling
the sample as a uniaxial medium where the optical activity is produced by complex
off-diagonal terms, ±iγ, in the dielectric tensor,


 k iγ 
=

−iγ ⊥

(6.1)

where ∆ = k − ⊥ . The optical rotation per unit length, φ, of linearly polarized light
as it passes through a sample with the same optical activity but no birefringence is
φ = ko2 γ/(2) [3]. Although the LOC model and measurements in the dark conglomerate indicate that there is a strong wavelength dependence, we do not consider that
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here because the wavelength dependence is dominated by the birefringence and we are
mainly interested in the average magnitude of the optical rotation. Although analytically difficult, it is straightforward to numerically solve for the transmitted intensity,
which depends on the decrossing angle (5 deg), sample thickness (4.5 microns) and dielectric tensor (eq 6.1). The contrast is relatively insensitive to the average dielectric
constant, which we took to be 2.4, and ∆ was found from the birefringence. For the
SmCA PA , the measured contrast of 10% would correspond to an optical rotation 0.2
deg/micron in an isotropic sample, consistent with the OR measured in some dark conglomerate materials (which we have observed to range from 0.1-1 deg/µm for λ = 650
nm). Note that even though GDa104 has relatively low birefringence, γ is still 20 times
smaller than ∆.
This calculation highlights the difficulty in measuring the optical rotation in a
typical B2 phase. For example, the field-induced SmCS PS state of GDa104 has ∆n =
0.17, and so the same optical activity would give a contrast difference of only 0.05%. The
LOC model predicts a slightly higher (factor of 2) optical activity in the SmCS PS than in
the SmCA PA , but still not enough to be experimentally observable by this method given
that domains with parallel optic axis are not adjacent in the SmCS PS . Therefore, the
scarcity of optical activity observations in the SmCS PS could be a result of the difficulty
in the measurement, not necessarily a result of any difference in the magnitude of the
optical activity relative to the SmCA PA . In fact, there are dark conglomerate phases
with a single peak in the current response, indicating that they are ferroelectric (and so
presumably locally SmCS PS since they are chiral) [86].
Thus, we directly observe that domains of tilt chirality in the SmCA PA phase
of GDa104 have significant optical activity. In agreement with the LOC model [3], we
propose that that optical activity is an intrinsic quality of the chiral B2 phases, but the
optical properties of the phase are typically dominated by the birefringence.
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