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ABSTRACT Liquid crystals (LCs) represent a challenging group of materials for direct trans-
mission electron microscopy (TEM) studies due to the complications in specimen preparation
and the severe radiation damage. In this paper, we summarize a series of specimen preparation
methods, including thin film and cryo-sectioning approaches, as a comprehensive toolset ena-
bling high-resolution direct cryo-TEM observation of a broad range of LCs. We also present com-
parative analysis using cryo-TEM and replica freeze-fracture TEM on both thermotropic and
lyotropic LCs. In addition to the revisits of previous practices, some new concepts are introduced,
e.g., suspended thermotropic LC thin films, combined high-pressure freezing and cryo-sectioning
of lyotropic LCs, and the complementary applications of direct TEM and indirect replica TEM
techniques. The significance of subnanometer resolution cryo-TEM observation is demonstrated
in a few important issues in LC studies, including providing direct evidences for the existence of
nanoscale smectic domains in nematic bent-core thermotropic LCs, comprehensive understand-
ing of the twist-bend nematic phase, and probing the packing of columnar aggregates in lyotropic
chromonic LCs. Direct TEM observation opens ways to a variety of TEM techniques, suggesting
that TEM (replica, cryo, and in situ techniques), in general, may be a promising part of the solu-
tion to the lack of effective structural probe at the molecular scale in LC studies. Microsc. Res.
Tech. 77:754–772, 2014. VC 2014 Wiley Periodicals, Inc.

INTRODUCTION

Transmission electron microscopy (TEM) techniques
are under fast development in terms of, e.g., resolving
power (Meyer et al., 2008), temporal resolution (Kim
et al., 2008), and in situ environmental capability (Gai
and Boyes, 2009). However, for many real-world prob-
lems, the outputs (for example, imaging resolution) are
often limited by the material properties rather than by
the microscope performance. On the other hand, the
technical developments in microscopy-related fields
enable us to revisit some of the earlier challenging
problems and get much improved results. In this
paper, we report some of the initial results of our on-
going efforts to re-pursue high resolution direct TEM
imaging of liquid crystals (LCs), a group of materials
having tremendous impact (e.g., liquid crystal display,
the so-called LCD) but imposing great challenges for
direct TEM observation.

LCs uniquely combine order and mobility, and are
generally described as intermediate states (meso-
phases) of matter between crystalline solid (possessing

both orientational and 3D positional orders) and liquid
(with neither orientational nor positional orders) (Col-
lings, 2002; De Gennes and Prost, 1995). Organic LCs
can be divided into thermotropic and lyotropic LCs,
with the phase transition (change in the amount of
order) mainly driven by temperature in the former,
and by concentration or percentage of the added sol-
vent (most often, water) in the latter. A typical single
component thermotropic LC consists of molecules
(mesogens) with, for example, rigid rod-like or some-
times disk-like middle part and attached flexible ends.
Thermotropic LC materials may exhibit one or more
mesophases (most commonly nematics and smectics)
between the high-temperature isotropic liquid and the
low-temperature crystalline phases. Simply speaking,
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a nematic phase has only orientational order but no
long-range positional order. In the best known uniaxial
nematics, the randomly positioned molecules align
favorably along a single axis, the so-called director n̂.
In addition to the orientational order, a smectic phase
also has a degree of positional order, as the molecules
tend to form layers stacked on top of each other. There
is no further positional order inside each layer for the
two common smectic phases: smectic A (SmA), in
which the rod-like molecules are parallel to the layer
normal, and smectic C (SmC), in which the molecules
are tilted with respect to the layer normal. While for a
smectic B (SmB) phase, the molecules, orienting on
average along the layer normal, are positioned in a
hexagonal lattice within the layers. Details on the
structure of other smectic and crystalline-like meso-
phases can be found elsewhere (De Gennes and Prost,
1995).

Lyotropic LCs are composed of mixed LC molecules
and solvent. The most well-known lyotropic LCs are
formed by amphiphiles, i.e., molecules with one hydro-
philic “head” and one or two hydrophobic ends. Repre-
sentative examples are soaps, phospholipids, and
surfactants. Driven by hydrophobic/hydrophilic inter-
actions, the amphiphilic molecules in solvent (usually
water) aggregate into vesicles and micelles. At suffi-
cient concentrations, the aggregates of amphiphilic
molecules of different shapes pack into mesophases
such as lamellar, hexagonal columnar and cubic
phases depending mainly on the concentration and
properties of the hydrophobic and hydrophilic molecu-
lar parts. A distinct but broad family of lyotropic LCs
is formed by chromonic LCs, consisting of mesogens
with disk-like aromatic central core and ionic outer
groups (Park and Lavrentovich, 2012). While in water,
the molecules self-assemble into columnar aggregates
by face-to-face stacking that minimizes the contact
area with water. Mainly two LC phases can be formed
by these self-assembled columnar aggregates: a low-
concentration nematic phase and a high-concentration
hexagonal columnar phase, often called “M phase”
(Lydon, 2010). Since the molecules in aggregates are
bound together by weak non-covalent interactions, the
length of the aggregates depends strongly on tempera-
ture. Thus the phase diagrams of chromonic LCs,
unlike their amphiphilic lyotropic counterparts, are
very sensitive to the temperature (Park and Lavrento-
vich, 2012).

The understanding of detailed LC behaviors at the
molecular level is surprisingly limited, which can be
partly attributed to their uniquely complicated struc-
ture and the lack of effective structural probe at nano-
meter and subnanometer scale. Beyond the classic
polarized light microscopy (PLM) characterizing struc-
tures at a scale of micrometers, x-ray diffraction,
including synchrotron small-angle x-ray scattering
(SAXS), has been the most widely used nanoscale
structural characterization tool in LCs (Hong et al.,
2010), targeting mainly ordered structures with peri-
ods less than tens of nanometers. Nanoscale imaging
techniques, e.g., TEM, scanning electron microscopy
(SEM) (Rizwan et al., 2007), scanning tunneling
microscopy (Frommer, 1992), and atomic force micros-
copy (Yashima, 2010), have also been used, though
their applications so far have been relatively limited.

Among the imaging techniques, a replica TEM tech-
nique, namely freeze fracture TEM (FFTEM), applied
to LCs since 1970’s (Costello et al., 1984; Kl�eman et al.,
1977; Lydon and Robinson, 1972), has attracted contin-
uous interests by revealing the internal structures of a
variety of LC materials (Borshch et al., 2013; Chen
et al., 2013; Hough et al., 2009).

Two major challenges exist for the successful appli-
cation of direct TEM imaging in LC studies: preparing
TEM specimens with preserved native structure and
minimizing radiation damage during TEM observa-
tion. The LC materials are similar to organic liquids,
in which the small molecules (typically a few nano-
meters long) are moving rather freely and spend only a
limited time at the preferred orientation. The forces
keeping the orientational order are very weak, which
makes it easy to use electrical or magnetic field to
manipulate the overall director for practical applica-
tions, but also leads to a relatively high sensitivity to
electron beam as compared even to typical biomateri-
als. For TEM specimen preparation, LCs also pose
some unique challenges in addition to the problems
shared by many non-solid materials. At the current
stage, it is common to use cryo-TEM to observe plunge-
frozen thin films of fluid-like materials that are elec-
tron transparent. However, the molecular alignment
in LCs is highly sensitive to the presence of surfaces
and interfaces. The reason is that the surfaces and
interfaces introduce aligning forces acting on the LC
bulk, thanks to the anisotropy of surface interaction
(the so-called surface anchoring phenomenon)
(J�erôme, 1991). As a result, thin specimens may show
structures strongly influenced by the surface forces.
Some surface-induced structures can be very different
from the bulk LC structures, as shown in the examples
of the so-called helical nanofilament phase in contact
with glass substrate (Chen et al., 2012) and the
nematic LC that develops smectic layering near the
surface (Ruths et al., 1996). In addition, the surface
anchoring may set the molecular orientation in a direc-
tion (for example, parallel to the electron beam) that is
difficult for TEM observation. On the other hand, to
freeze a thick sample with minimized influence of the
surface forces is often not practical, because of the
insufficient cooling rate. The frozen thick samples may
fail to preserve the native structure, which is espe-
cially true for lyotropic LCs with high water content
and some high-temperature thermotropic phases.

Due to the above challenges, despite the promising
early direct TEM imaging results (Bunning et al.,
1994; Gilli et al., 1991; Hara et al., 1988; Voigt-Martin
and Durst, 1987; Voigt-Martin et al., 1992), it is the
indirect technique of FFTEM that remains to be a
dominant high-resolution imaging tool for LC bulk
structures nowadays. In FFTEM, a frozen LC sample
is first fractured at low temperature in vacuum, and
then the fractured surface is replicated by a thin depo-
sition of heavy metal at an angle to create shadows of
the surface topography, followed by a continuous car-
bon supporting layer deposited from the top. The reso-
lution of the FFTEM is largely determined by the
particle size of the deposited heavy metal, which is
normally a few nanometers. Although FFTEM effec-
tively avoids radiation damage by using replica speci-
mens, it disables the use of many TEM techniques
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(e.g., diffraction and spectroscopy), and has a very lim-
ited potential towards sub-nanometer imaging which
is essential to understand LC behaviors (phase transi-
tion, defect, interfaces, etc.) at the molecular scale.

In this paper, we demonstrate a series of specimen
preparation routines for LCs, aiming to set up an eas-
ily accessible toolbox for TEM imaging especially
direct cryo-TEM examination of the majority of ther-
motropic and lyotropic LC phases. In addition to adopt-

ing and modifying a few of the previous practices
(Kostko et al., 2005; Pierron et al., 1995), some new
concepts are introduced, e.g., suspended thermotropic
LC thin films, cryo-sectioning of high pressure frozen
lyotropic LCs, and complementary combination of
direct cryo-TEM and replica FFTEM. For sub-
nanometer resolution imaging, we demonstrate that a
widely available cryo-TEM, a high sensitivity CCD
camera and a modified low-dose imaging procedure
have made a ready combination for many challenging
LC materials. We present examples of applying the
above techniques to reveal the presence of nanoscale
smectic clusters in bent-core nematic LCs, the exis-
tence of twist-bend nematic mesophase with a complex
director structure that follows the geometry of an
oblique helicoid with a nanoscale pitch, and nematic
arrangement of the elongated aggregates in the lyo-
tropic chromonic LCs. Direct TEM imaging opens the
door for applying a variety of TEM techniques beyond
low-dose imaging, which makes TEM a promising
molecular scale structural probe for LC and other soft-
matter materials.

MATERIALS AND METHODS
LC Materials

Figure 1 shows the chemical structure of the LC
molecules discussed in this paper. The formal names
and their short forms are both given. We report on the
microstructure of three thermotropic (namely, 3RBC-
S, 3RBC-N, and CB7CB) and two lyotropic chromonic
(DSCG and SSY) LCs. The two three-ring bent-core
(3RBC) LCs, are formed by banana-like molecules, in
which a bent rigid core has two aliphatic flexible
chains attached to its ends (Weissflog et al., 2012). The
3RBC-S forms a SmA phase, while the 3RBC-N forms
a nematic phase. In the case of dimeric thermotropic
mesogen CB7CB, the molecule represents two rigid
rod-like segments connected by a flexible central ali-
phatic bridge (Panov et al., 2010). As representatives
of chromonic LCs, we used the two most widely studied
mesogens (Park and Lavrentovich, 2012): disodium
cromoglycate (DSCG), known also as an anti-
asthmatic drug, and Sunset Yellow FCF (SSY), a food
dye. The DSCG samples used here have concentrations
of 6.2 wt% (0.129 mol/kg) and 15 wt% (0.344 mol/kg) in
water, determined by PLM to be in isotropic and
nematic phases at room temperature, respectively
(Kim et al., 2013). The nematic SSY sample is 30.7
wt% (0.98 mol/kg) with 64.8% water and 4.5% MgSO4

(Zhou et al., 2012). In addition, we show results on Au
nanoparticle doped 5CB.

TEM Specimen Preparation Procedures

Figure 2 is a schematic overview showing the basic
routines used in this study to prepare TEM specimens
of thermotropic (Figs. 2a–2c) and lyotropic (Figs. 2d–
2f) LCs for cryo-TEM and FFTEM. Rapid freezing is
used in all the routines to quench the flowing LC mate-
rials, making the static structure inside a TEM speci-
men basically a snapshot of the LC material with both
orientational and positional fluctuations. Here we cat-
egorize the techniques into “thin film” approach and
“bulk” approach based on the form of the pre-freezing
sample. In the former, the LC material or at least part
of it is already electron transparent and can be

Fig. 1. Molecular structures and names (full and short) of the LC
materials used in this article.
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Fig. 2. TEM specimen preparation routines for thermotropic LCs
(TLC) (a–c) and lyotropic LCs (LLC) (d–f). (a) Plunge freezing of sup-
ported and suspended TLC thin films for cryo-TEM. (b) Cryo-sectioning
of plunge frozen “bulk” TLC for cryo-TEM. (c) Freeze fracture of plunge
frozen “bulk” TLC for FFTEM. (d) Plunge freezing of LLC thin film for

cryo-TEM. (e) Vitreous sectioning of high pressure frozen LLC for cryo-
TEM. (f) Freeze fracture of frozen (plunge freezing or high-pressure
freezing) LLC for replica TEM. The scale bars in the schematics roughly
demonstrate the feature sizes. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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transferred directly into the TEM after the freezing
process. While for the “bulk” approach, much thicker
(a few microns to hundreds of microns) material is first
frozen and then goes through further processing to
obtain electron transparent TEM specimen. The
detailed procedures of the methods used in this study
are described as follows.

Thin Film Approach: Plunge Freezing of Ther-
motropic and Lyotropic LCs. For thermotropic
LCs, we employed a simple but effective procedure to
obtain LC thin films either suspended or supported by
thin carbon film. As shown in Figure 2a, the LC mate-
rials were first dissolved in an evaporable solvent
(most often chloroform in this study) to make a �0.1–
0.3% solution. A few microliters of the solution were
put on carbon (continuous or holey) coated TEM grids.
The grids are normally treated with oxygen plasma in
a Fischione 1020 plasma cleaner using 25% oxygen
and 75% Ar mixture gas. LC thin films were deposited
on the carbon films after the solvent evaporates, while
suspended films were obtained in the holes of holey
carbon films. The thin films (together with the TEM
grids) then underwent thermal treatment to achieve
the desired phase, followed by a fast plunge freezing
into liquid ethane or liquid nitrogen to preserve the
structure of the desired mesophase. The thermal treat-
ment normally includes heating to the isotropic phase,
and cooling down to the target temperature. To achieve
repeatable results, enough time should be allowed for
the specimen to stabilize at each temperature and dur-
ing the heating/cooling process. The thickness of the
films can be controlled by the total volume of the LC
solution put on the grids and the concentration of the
solution, but normally a large variation in film thick-
ness can be seen within the same TEM specimen. It is
also recommended to check the LC thin films using
PLM with a heating stage to make sure that the thin
films still exhibit the basic characteristics of the LC
materials, especially for multi-component materials.

For lyotropic LCs with a high percentage of water
(>80%), it is a straightforward process to prepare thin
film cryo-TEM specimens using plunge freezing due to
their relatively low viscosity (Fig. 2d). In this study, we
used a FEI Mark-IV Vitrobot to plunge-freeze the lyo-
tropic samples at room temperature and �100%
humidity. Less than 3 ll of the lyotropic LC solution
was put on a lacey carbon coated TEM grid and blotted
by two filter papers, followed by plunge vitrification in
liquid ethane.

Bulk Approach: Cryo-Sectioning of Thermo-
tropic and Lyotropic LCs. In this study, cryo-
sectioning was utilized to prepare TEM specimens
from frozen LC materials (CB7CB, DSCG, and SSY).
As shown in Figures 2b and 2e, the thermotropic and
lyotropic LCs were first quenched using plunge freez-
ing (in liquid nitrogen or ethane) and high-pressure
freezing (Leica EM PACT2), respectively. The following
cryo-sectioning was implemented at 2150�C or
2160�C using a Diatome cryo 25� diamond knife
mounted on Leica UC7/FC7 cryo-ultramicrotome. The
nominal slice thickness was set to 50–80 nm. The sec-
tions were transferred onto holey lacey carbon coated
copper grids. In the high-pressure freezing of lyotropic
LCs, the LC solution was filled into copper capillary
tubes of �300 lm in inner-diameter. A high pressure

(�2,000 bar) was applied at the two ends of the tube to
dramatically slow down the crystallization of water.
Immediately after the pressure application, liquid
nitrogen was injected onto the tube to freeze the sam-
ple (Studer et al., 2001). For the SSY sample contain-
ing 64.8% water, no cryoprotectant was used in the
vitrification. While for the DSCG samples with 85%
and 93.8% water, 10–20% of dextran (Mr �70k) was
added to vitrify the solutions successfully.

Bulk Approach: Replica FFTEM. In this study,
we also employ FFTEM to study thermotropic CB7CB
and lyotropic DSCG. For CB7CB, the LC material was
put between two copper planchettes (Fig. 2c). The
sandwich structure was then stabilized at 125�C (iso-
tropic phase), and cooled down to 95�C to obtain the
low-temperature twist-bend nematic phase (Borshch
et al., 2013). After quenching in liquid nitrogen, the
assembly was quickly transferred into the vacuum
chamber of a freeze-fracture apparatus (BalTec
BAF060) with the sample stage temperature set at
2140�C. Inside the chamber, a built-in microtome was
used to break the assembly and expose the fracture
surface. �4 nm thick Pt/C was then deposited onto the
fractured surface at a 45o angle to create shadowing of
the surface morphology, followed by a �20 nm thick C
deposition from the top to form a continuous support-
ing film. The samples were then warmed up and
removed from the freeze fracture chamber. The LC
material was dissolved in chloroform, while the replica
films were collected and placed onto carbon coated
TEM grids. For DSCG, the LC solution was vitrified
using high-pressure freezing (Fig. 2f), and fractured at
2160�C. In Figure 2f, we also show schematically the
widely used plunge freezing routine to prepare
FFTEM specimen from lyotropic LCs, in which a thin
layer of the LC solution (a few microns thick) is placed
between two copper sheets.

In our practice, complementary use of the above rou-
tines has been applied to both thermotropic and lyo-
tropic LCs, which helps towards comprehensive
understanding of the complicated LC behaviors. In
this paper, we report results of combined thin film
plunge freezing, bulk cryo-sectioning, and bulk
FFTEM, on two of the samples (CB7CB and DSCG).

TEM Observation and a Modified Cryo-TEM
Low-Dose Procedure

TEM results shown in this paper were obtained
using a versatile FEI Tecnai F20 microscope (200 kV)
equipped with scanning TEM unit, energy-dispersive
x-ray spectrometer (EDS), Gatan imaging filter, anti-
contaminator, and low-dose operation mode. A Gatan
626.DH cryo-holder was used to keep the specimen
temperature<2170�C for cryo-TEM, while the replica
specimens of FFTEM were examined at room tempera-
ture. The TEM images were recorded using a Gatan
UltraScan 4K CCD camera.

A modified cryo-TEM low-dose procedure was
employed in this study especially for thermotropic LCs
in which the microstructure often cannot be visualized
with large underfocus at low magnification. In the
modified procedure, the electron beam was carefully
aligned to maintain the same position and size for dif-
ferent “spot sizes” (corresponding to the current of the

758 M. GAO ET AL.

Microscopy Research and Technique



1st condenser lens) even for high magnification
(�70K–90K in our study). The searching and focusing
of the area of interest (AOI) were carried out quickly at
the same magnification as the final exposure, but at a
much lower beam intensity/area controlled directly by
“spot size”. The low-magnification searching was only
used to locate regions in the LC films with suitable
thickness. To minimize radiation damage, the beam
was always blanked when the specimen was not
imaged. Compared to the dose level used for normal
biomaterials (10–25 e21/Å2), a much smaller dose level
was normally required for thermotropic LCs. For some
extremely sensitive materials, a dose of 0.2 e2/Å2 was
often used for the rapid searching, and 2 e2/Å2 for the
image acquisition. The movement of specimen and
underfocus can help the searching of AOIs at low dose.
It should be also pointed out that some LC materials
are relatively more robust under electron beam than
others, and a higher dose can be applied to improve
the signal/noise ratio. On the other hand, the standard
low-dose procedure works well for lyotropic LCs which
normally have uniform structure and have comparable
beam sensitivity to aqueous biological samples.

To study the influence of surface effect and film
thickness, low-loss electron energy-loss spectroscopy
(EELS) was used to determine the inelastic mean-free-
path (MFP) and the thickness of the LC thin films
(Egerton, 2011). The MFPs measured from several
thermotropic LCs materials range between 130 nm
and 150 nm.

RESULTS AND DISCUSSION
Subnanometer Resolution Imaging of

Thermotropic and Lyotropic LCs Using Thin
Film Approach

For a beam sensitive material, the achievable reso-
lution in a given high-performance TEM is mainly lim-
ited by statistical noise (depending on the electron
dose level) and the property of the image recording
device. Our measurements (not shown) on the Gatan
Ultrascan 4000 CCD camera (Zhang et al., 2003) used
in this study indicate that a dose rate of �10 e2/pixel
or even less can allow an imaging resolution of 2–3 pix-
els (considering the Nyquist theorem for 2-
dimensional imaging). For example, at �10 e2/pixel
and a magnification of 285K (binning 2, 0.78 Å/pixel),
the 2.04 Å Au (200) lattice can be resolved, which is 1.3
times the Nyquist frequency spacing (1.56 Å). Using
this as a rough guidance, we can estimate that for our
routinely used imaging condition (a magnification of
71K at a binning of 2 for the CCD, leading to a pixel
size of 3.3 Å /pixel) and the minimum dose of 2 e2/ Å2

(�22 e2/pixel without the specimen), a subnanometer
resolution can be achieved for thin specimens. A
higher resolution and “nice” images to bare eyes (with
better signal/noise ratio) can be obtained for those
more robust samples to which higher dose can be
applied. It should be pointed out that the results dem-
onstrated in this paper were taken mostly from materi-
als that can stand a higher dose.

We have employed such “high resolution” direct
imaging to study the nanoscale structure of the two
3RBC thermotropic LCs (Fig. 1), revealing the first
direct evidence of smectic nanoclusters in the nematic
phase of 3RBC-N (Zhang et al., 2012). The two mole-

cules, 3RBC-S and 3RBC-N, have similar structure
and length with rigid aromatic cores and flexible
hydrocarbon tails. 3RBC-S has a macroscopic SmA
mesophase in the temperature range between 66.5�C
and 118.6�C. Figure 3a is a cryo-TEM image from a
3RBC-S LC thin film quenched at SmA temperature
range (87�C in this study), showing domains (num-
bered in Fig. 3a for convenience) separated by abrupt
boundaries. The domains, ranging from a few hun-
dreds of nanometers to microns in size, are believed to
consist of smectic layers in different orientations,
while the domain boundaries are corresponding to the
discontinuity of the layers. The contrast of the domains
may come from the differences in layer orientation and
thickness. The domains (I, III, and V in Fig. 3a) with
visible layered structure are those at edge-on orienta-
tion. The layers inside each domain are basically con-
tinuous, but often bent (Fig. 3a). Though the curvature
of the layers is gradual, the orientation change can
amount to a large degree with distance. Despite of the
curvature, the layer spacing is very well defined, rang-
ing between 3.75 nm and 3.85 nm, as measured from
the images and the fast Fourier transform (FFT) pat-
terns (the inset of Fig. 3a). The result matches the
�3.7 nm spacing determined by synchrotron SAXS
(Zhang et al., 2012). Figure 3b is a magnified image of
the marked region in Figure 3a, showing the smectic
layers and the slight bend. A molecular model of the
layered structure is given in the inset of Figure 3b.
The shape of the domains can be irregular. For exam-
ple, judged by the layer continuity and orientation,
domain I extends to the lower right region in Figure 3a
and is overlapped with domain III in the thickness
direction. Figure 3c shows a magnified image of the
overlapping area (I1III), and the corresponding FFT
pattern (the inset).

In contrast to 3RBC-S, 3RBC-N does not have a mac-
roscopic smectic mesophase, but a nematic phase
between 62.5�C and 100.1�C. However, recently there
has been speculation of the possible existence of short-
range smectic-C clusters which may likely be the cause
of some unusual macroscopic behavior in bent-core
nematics (Hong et al., 2010). By quenching nematic
3RBC-N thin films at different temperatures during
the cooling process from isotropic phase, we reported
the observation of nanometer-sized smectic domains,
which was enhanced at lower temperature (Zhang
et al., 2012). Figure 4a shows a typical cryo-TEM
image and the corresponding FFT pattern from the
3RBC-N thin films, indicating no long range 1D order
but layered smectic nanoclusters in the nematic sub-
strate. The smectic clusters are normally a few tens of
nanometer in length and consist of 1 to 10 layers. The
layer spacing of the clusters is not rigid and mostly
varies between 2.8 nm and 3.1 nm, which is independ-
ent of the quenching temperature. The considerably
smaller spacing when compared to 3RBC-S can be con-
sidered as an evidence for a tilted director, i.e., the
formation of a SmC structure, as proposed by Hong
et al. (2010). Similar to the abovementioned result for
3RBC-S, the layers can also bend, especially in larger
clusters, and overlapping of clusters in the thickness
direction can be observed (as indicated by solid arrows
in Fig. 4a). The existence of smectic nanoclusters in
the nematic phase, including well-defined single
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layers, indicates clearly the strong tendency of bent-
core LC molecules to close pack into layers. Though
very different orientations can be found in neighbor-
ing clusters due to the local director fluctuation
(Zhang et al., 2012), notable orientation preference
can be identified frequently in local areas, probably
owing to the consistent director alignment as the
smectic clusters evolve from the nematic substrate.
Figure 4b shows a local region with the majority of
the clusters having similar orientation. Figure 4c
shows that some clusters with almost the same orien-
tation are assembled into a large cluster with more
than 40 layers. Such large assemblies can only be
found rarely, but small scale side-by-side assemblies

often with very similar orientations seem to be a com-
mon characteristics of the smectic nanoclusters. In
Figure 4a, we use hollow arrows to point out a few of
them. The lower insets of Figure 4a are magnified
images of two assemblies enclosed by dashed squares.
An edge dislocation-like extra half layer can be identi-
fied in the left inset. While in the right inset, a clear
gap of a few nanometers in width can be seen in the
lower part of the assembly where the layers of the two
sides are not aligned along the layer normal, i.e., out
of phase.

Besides the simple cases shown above, complicated
situations also present frequently, leading to more
complex assembly structures. For example, some

Fig. 3. (a) A cryo-TEM image revealing domain structure in a
3RBC-S thin film quenched at 87�C. The inset is the corresponding
FFT pattern. The domains are numbered for convenience. (b) A mag-
nified image of the local region identified by a dashed square in
domain I of Figure 3a. The inset shows a schematic of the molecule
arrangement in the proposed SmA layer structure, and the arrow

indicates the layer normal. Note that the molecules can rotate freely
around the long axis at the absence of external fields. (c) A magnified
image and its corresponding FFT pattern of the overlapped area of
domains I and III (Fig. 3a). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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neighboring clusters have different layer numbers or
different orientations, and some assemblies involve
more than two clusters. Figures 4d–4g show a few rep-
resentative complex assemblies. By using the snapshot
specimens, it is difficult to determine the lifetime of
the smectic clusters or the sequence and dynamics of
the processes. However, the detailed structure
revealed by direct TEM imaging, e.g., partially con-
nected assemblies and adjustments of the layers near
the cluster joints, seems to suggest that the molecules
between the side-by-side clusters may align them-

selves in layers and form junctions to connect the
neighboring clusters. Such later-stage “bridging” pro-
cess may account for a major part of the complex
assembly structures in addition to possible growth
defects in individual clusters. Figure 4d shows prob-
ably a fully connected assembly consisting of at least
three small clusters which are roughly “in phase”. The
upper junction (marked by a hollow arrow) is smooth,
while the lower one bends sharply because the connec-
tions of layers shift by one layer along the layer nor-
mal, i.e., the smectic layers in the junction have a
different orientation from that of the clusters. The
upper junction marked in Figure 4e is between two
parallel clusters shifted by half of the layer spacing,
while the lower junction involves three clusters. Note
that the two junctions are only 1–3 nanometers in
width, even narrower than the layer spacing, and the
left side of the lower junction seems to be incomplete,
i.e., the alignment of the molecules in the gap may be
still in progress before the freezing process. In addi-
tion, a short extra layer (pointed out by a solid arrow)
is formed between the two upper clusters that tilt from
each other by about 18�. Edge dislocation-like addi-
tional layers can be found when misalignments occur
between the layers in different clusters, which is espe-
cially common when the two clusters have different
layer numbers or orientations. Figure 4f shows
another junction of three clusters. An extra half layer
is indicated in cluster I as it forms a sharp bend with
cluster III that is tilted by �40� from cluster I. Though
there is only �15� tilt between clusters II and III, two
extra half layers can still be identified (Fig. 4f). Figure
4g shows a relatively big assembly in which the two
clusters are parallel to each other and only slightly
out-of-phase. Three extra half layers are marked,
which are mainly caused by the changing orientations
of the “bridging” layers in the junction. The non-
parallel “bridging” layers may be partly caused by the
fluctuation of the molecule orientation. The detailed
structures in Figures 4e–4g also suggest that some of
the layers are bridged to two of the layers in the neigh-
boring cluster instead of the normal “one-on-one” cor-
respondence. In addition, the local layer spacing near
the complex junctions can largely deviate from the
average value (�2.95 nm). For example, we have
observed layer spacings smaller than 2.5 nm or larger
than 4 nm. The successful observation of the above
detailed structures demonstrates the unique advant-
age of direct TEM imaging combining high resolution
and projection along the whole thickness of a thin
specimen.

In Figures 5a–5e and 6a, we show cryo-TEM tex-
tures of the lyotropic chromonic LCs (DSCG and SSY)
prepared by the technique of thin film plunge freezing
(Fig. 2d). At the quenching temperature (room temper-
ature), the chromonic LC samples exhibit isotropic
(6.2% DSCG) and uniaxial nematic (15% DSCG and
30% SSY) phases, respectively, revealed by PLM (not
shown). The uniform contrast of the suspended 6.2%
DSCG thin film (Fig. 5a) and the stripes with bright/
dark contrast in 15% DSCG (Fig. 5b) match the iso-
tropic and uniaxial nematic structures, respectively.
The dark stripes can be understood as the elongated
chromonic aggregates formed by face-to-face packing
of the DSCG molecules in water. Figure 5c shows the

Fig. 4. (a) A typical cryo-TEM image showing the smectic nanoclus-
ters in 3RBC-N nematic thin films. The narrow solid arrows point out
a few overlapping clusters, while the hollow arrows denote assemblies
of side-by-side clusters. The upper inset is the corresponding FFT pat-
tern. The lower insets are the magnified views of the 30 nm 3 30 nm
junction areas marked by squares. An extra half layer is pointed out
by a solid arrow. (b) A representative region of smectic clusters with
preferred orientation. (c) A rare local area with a large smectic assem-
bly over 40 layers. (d–g) Magnified images of representative complex
assemblies. The junctions are marked by hollow arrows, and the extra
half layers by solid arrows. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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corresponding FFT pattern of the nematic texture in
Figure 5b, while Figure 5d is a magnified image of the
marked local area. The length of the columnar aggre-
gates was measured to be 25–80 nm. The values match
reasonably well the estimated upper limit of aggregate
length, 20 nm, in the isotropic phase of 14% DSCG
immediately above the nematic-to-isotropic phase
transition (Nastishin et al., 2004). The spacing
between the stripes varies from 3.6 nm to 5 nm, and
averages around 4.2 nm, which matches the measured
value from the FFT pattern. The spacing of the aggre-

gates measured from the side-views can be underesti-
mated due to the projection effect. In addition, the
aggregates seem to assemble into some bundles of tens
of nanometers in size, which rules out any long range
order and may partly account for the diffused bright
spots in the FFT pattern. The nematic arrangement of
the aggregates is also evidenced by the frequent obser-
vation of groups of dark dots (Fig. 5e), which should be
small bundles of aggregates oriented perpendicular to
the specimen surface. The relative positions of the
aggregates in each bundle are rather random,

Fig. 5. (a–e) Cryo-TEM results of DSCG lyotropic chromonic LCs
prepared by the “thin film” approach (plunge frozen specimens). (a) A
typical image of 6.2% DSCG. (b) A typical image of 15% DSCG. (c)
Corresponding FFT pattern of the nematic structure shown in Figure
5b. (d) A magnified image of the marked local area in Fig. 5a. (e) An
image of the aggregates perpendicular to the thin film surface

observed in 15% DSCG. (f) and (g) CEMOVIS images of nematic
regions in 15% DSCG with 10% dextran. The hollow arrow in (g)
points out a domain of aggregates perpendicular to the specimen sur-
face. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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consistent with the nematic structure. It is expected
that in the hexagonal columnar phase, at higher con-
centration, the aggregates would form a lattice. The
distance between neighboring aggregates, measured
from such top-views, ranges between 4 nm and 5 nm
with an average around �4.6 nm, slightly larger than
the measured spacing using the side-view images and
matching the XRD measurements closely (Collings
et al., 2010; Tortora et al., 2010). The DSCG samples
contain a relatively small amount of organic materials,
only 6.2 wt% and 15 wt%. Because of the high water
content and low viscosity, the TEM specimen prepara-
tion by thin film plunge freezing, can be performed in a
manner similar to the preparation of aqueous biologi-
cal samples.

Figure 6a shows a cryo-TEM image of the SSY solu-
tion, in which the percentage of the organic component
is higher, about 30 wt%. With the decrease of the water
content, the lyotropic nematic phase becomes rather
viscous, making it challenging for the blotting process
before the plunge freezing. As a result, prolonged blot-
ting or larger blot force are often required to make a
thin specimen, which may cause change in water con-
centration and modification of the LC structure.
Reduced amount of solution (<0.5 ml) applied onto the
TEM grids, short blot time and small blot force were
found to help the preservation of the chromonic struc-
ture. In Figure 6a, the projected distance between the
aggregates are normally between 2 nm and 2.4 nm,
which is consistent with the XRD measurement (Park
and Lavrentovich, 2012; Park et al., 2011) and the
result from the “bulk” approach shown in Figure 6b.
Similar to Figure 5b, the aggregates in the same hole
have very similar orientations, influenced by the hole
edges of the supporting carbon film.

Application of Cryo-Electron Microscopy of Vit-
reous Section (CEMOVIS) in Lyotropic LCs

In this study, we apply the so-called CEMOVIS to
lyotropic LCs, i.e., high-pressure freezing is employed
to obtain vitrified “bulk” lyotropic LCs, followed by
cryo-ultramicrotomy (Fig. 2e) and cryo-TEM. Figure
6b shows a CEMOVIS image taken from the SSY solu-
tion. The chromonic nematic LC has a relatively low
water percentage (65%), and can be directly high pres-
sure frozen without any cryoprotectant. The successful
vitrification is evidenced by the lack of crystalline ice
(hexagonal or cubic). Figure 6b demonstrates that the

“bulk” CEMOVIS approach yields very similar results
to the “thin film” approach in terms of the aggregate
assembly and spacing.

In contrast, the DSCG samples with higher water
contents (93.8% and 85%) cannot be directly vitrified
by high-pressure freezing. In this study, we employed
dextran (20% dextran for the 6.2% DSCG, and 10% for
the 15% DSCG), one of the most widely used cryopro-
tectants, to achieve successful vitrification. Isotropic
and nematic structures similar to those shown in Fig-
ure 5 have been observed in the two samples, respec-
tively. Figures 5f and 5g are two CEMOVIS images of
the 15% DSCG with 10% dextran, showing the side
view (Fig. 5f) and top view (Fig. 5g) of the aggregates
from predominantly nematic regions.

It should be emphasized that the influence of cryo-
protectants such as dextran on the structure of lyo-
tropic LCs is much more complicated compared to the
case of biological samples in general. Lyotropic chro-
monic LCs are very sensitive to concentration, and
may experience strong condensing effect and dramatic
structure change with additives competing for water
as depletion agents, as demonstrated for DSCG and
SSY with added polyethylene glycol (Park et al. 2011;
Tortora et al. 2010) and for LC phases of DNA oligomers
(Zanchetta et al., 2008), cellulose (Edgar and Gray,
2002), and viruses (Dogic et al., 2004) in presence of
dextran. In a careful study on the influence of dextran
on the DSCG phase diagram, we used temperature-
dependent PLM to observe the phase transitions in four
solutions, including 6.2% DSCG with 20% dextran, and
three 15% DSCG solutions with 10%, 15%, and 20%
dextran, respectively. The addition of dextran did not
change the isotropic phase of the 6.2% DSCG at room
temperature, but significantly enhanced phase separa-
tion in the 15% DSCG solution. At room temperature,
only biphasic states (nematic and isotropic phases for
the 10% dextran solution, and hexagonal and isotropic
phases for the 15% and 20% dextran solution) were
observed in the 15% DSCG sample, while nematic sin-
gle phases only existed at much lower temperatures.
PLM measurement has been demonstrated to be critical
for the LC solutions involving cryoprotectants in order
to make sure that the desired phase is studied by the
CEMOVIS technique. Systematic efforts are still
needed to understand the influences of different cryo-
protectants as well as the high-pressure freezing pro-
cess (Richter, 1994). It should be also mentioned that
our comparative studies using both thin film (plunge-
freezing) and bulk (CEMOVIS) approaches on the same
samples (6.2% DSCG 1 20% dextran, 15% DSCG 1 10%
dextran, and 15% DSCG 1 20% dextran) yield very sim-
ilar results. The consistent outcomes from the two very
different approaches further demonstrate the validity
of the techniques.

Despite the complication of cryoprotectants in high
water percentage samples, the benefits of the “bulk”
approach are obvious. The CEMOVIS technique effec-
tively avoids the confinements imposed by the surfaces
of the thin liquid film and the hole edges of the carbon
layer on the TEM grids, thus the observed structure is
more representative of the bulk materials. For exam-
ple, in thin film approach, the orientation of the aggre-
gates tends to be parallel to the liquid surface and is
greatly affected by the hole shape, and the

Fig. 6. Cryo-TEM images of SSY (�65% water) lyotropic LCs using
thin film plunge freezing (a) and bulk high pressure freezing and
cryo-sectioning (b).
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perpendicular bundles can only be observed at the
edge of the holes and mostly consist of small numbers
of aggregates. While in the bulk approach, different
aggregate orientations can be more equally seen, and
the bundle size is often a few hundreds of nanometers
or even larger (Fig. 5g). Besides, the local orientation
of an aggregate bundle observed in bulk approach
often varies slightly from the nearby ones, and nearly
90� variation has been observed in the SYY sample. In
addition to the technical challenges involved, a major
disadvantage of the bulk approach is the artifacts (e.g.,
knife marks, crevasses, and compression) which can be
introduced during cryo-sectioning (Han et al., 2008;
Studer et al., 2008). In contrast, the plunge freezing of
thin films usually results in cleaner TEM specimen
thus TEM images without noticeable artifacts. In Fig-
ure 2f, FFTEM is also shown as an alternative to the
CEMOVIS after the high-pressure freezing process. It
should be mentioned that our initial attempt of
FFTEM and cryo-SEM (not shown) on the 15% DSCG
sample failed to yield columnar aggregate-related
structures, probably due to the facts that the fracture
surface did not correlate closely with the aggregates
and/or the replication process did not provide sufficient
resolution.

Considering the overall similarity of the results gen-
erated, we believe that thin film and bulk approaches
can both work for a wide range of lyotropic LCs if used
properly. To avoid the complications of cryoprotectants,
thin film plunge freezing is preferred for samples with
high percentage of water. While for samples with less
water, the bulk CEMOVIS approach using high-
pressure freezing and cryo-ultramicrotomy is more
favored to get reliable results. It should be also men-
tioned that for very viscous lyotropic LCs, thin film
plunge freezing and “bulk” high-pressure freezing may
both encounter great technical challenges. An ongoing
effort is being made for such highly viscous lyotropic
materials.

Complementary Combination of Direct
Cryo-TEM Imaging and Indirect FFTEM

As described earlier, LC materials are probably one
of the most complicated samples for TEM studies.
There is basically no one-for-many routine at the cur-
rent stage. The available techniques, often developed
initially for bio-materials, all have obvious advantages
and disadvantages when applied to LCs, as summar-
ized briefly later in the paper. On the other hand, the
different techniques are complementary, and their
combination can provide comprehensive characteriza-
tion for many LCs. In this study, we performed cryo-
TEM using both thin film and cryo-sectioning, and
FFTEM on thermotropic CB7CB and lyotropic DSCG.
Here we present results from complementary FFTEM
and cryo-TEM revealing the nanoscale structure of the
peculiar nematic phase, the so-called twist-bend
nematic (Ntb) in CB7CB with molecules of a dimer
type.

As Borshch et al. (2013) summarized, there can be
three types of nematic structures. Besides uniaxial
nematics (N) introduced earlier, another well-known
mesophase is the chiral (cholesteric) nematic phase
(N*) in which the director forms a right-angle helix,

twisting in space around the helical axis and remain-
ing perpendicular to this axis. While in the strikingly
different structure Ntb as predicted by Meyer (1976),
Dozov (2001), and others (Memmer, 2002; Shamid
et al., 2013), the director forms an oblique helicoid,
being tilted (rather than perpendicular) to the axis of
twist. Figure 7a shows schematics of dimeric molecules
forming a single spiral (left-handed) and filling a small
space in the proposed Ntb structure. Note that in both
N* and Ntb, director twist does not imply modulated
density of the material (in contrast to the case of smec-
tics, in which the layered structure is associated with
the density modulation). Thus, the 1D periodic struc-
ture along the helix axis is defined only as a periodic
change in local molecular orientation not associated
with any detectable modulation in mass or electron
density (Borshch et al., 2013; Chen et al., 2013; Cestari
et al., 2011; Panov et al., 2010). The most striking fea-
ture of Ntb helical structure is that its period is very
small, on the order of 10 nm, which is by two orders of
magnitude smaller than the pitch of the chiral nem-
atics formed in materials such as cholesterol deriva-
tives. As a result, the nanoscale periodicity of the Ntb

phase has been established only very recently, in 2013,
thanks to TEM experiments (Borshch et al., 2013;
Chen et al., 2013). Moreover, the TEM experiments
allowed Borshch et al. (2013) to establish that the
structural organization follows the geometry of the
oblique helicoid rather than, for example, a mixed
splay-bend state, also predicted theoretically (Dozov,
2001; Memmer, 2002; Meyer, 1976; Shamid et al.,
2013).

To demonstrate such a 1D periodic structure, the
surface sensitive FFTEM turned out to be essentially
useful. Though the low-temperature fracture can occur
along various orientations, it is easier to fracture along
the length of the molecules since less energy/area is
required to break side-side bonds (Berreman et al.,
1986). In CB7CB, the favored fracture planes are those
parallel to the helix axis, so it is possible to visualize
the 1D periodic structure if smooth fracture and proper
shadowing can both be achieved. In practice, such
desired fracture and replication do present and well-
defined periodic layers can be observed (Fig. 7b). The
layer spacing is considered to be corresponding to the
pitch of the helix structure (Borshch et al., 2013; Chen
et al., 2013). Figure 7b shows clearly domains of sev-
eral hundreds of nanometers to microns in size. Most
layers are either very straight or slightly curved (the
inset of Fig. 7b). Several expected fracture configura-
tions have been observed. If the fracture occurs almost
perfectly parallel to the helix axis (parallel fracture),
clean layer structure can be revealed and the pitch can
be measured accurately (domain I in Figs. 7b and 7c).
If the fracture surface has a tilting angle relative to
the helix axis (oblique fracture), steps can be formed
with the terraces still showing basically the same fea-
tures as the parallel fracture (domain II in Fig. 7b).

As an alternative to the steps in oblique fracture,
Bouligand arches (Bouligand et al., 1968) can be
formed for helix structures such as the Ntb phase, as
shown in Figures 7d and 7e corresponding to different
fracture angles. The arch structure observed in
CB7CB is very different from the arch structure
observed in chiral nematics, as discussed in details by
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Borshch et al., (2013). In the chiral nematic phase,
each 180� twist of the director results in a complete
arch, in which the director imprint rotates (through
in-plane bend and splay) by 180�. In contrast, the
oblique helicoidal structure of the Ntb phase results in
two other types of Bouligand arches: (i) an alternating
system of “wide” and “narrow” arches (Fig. 7d), each of
which corresponds to a 180� twist, and (ii) a periodic
system of incomplete arches, in which the imprint does
not reorient by 180� (Fig. 7e). Neither of the two latter
types of the Bouligand arches is characteristic of a chi-
ral nematic. Note that the wide and narrow arches in
Figure 7d have a different affinity to fracturing and
subsequent metal deposits, thus they might show a dif-
ferent contrast in the resulting FFTEM textures of
replicas.

The above results indicate clearly a 1D periodic
structure at the fracture surface and a helix axis in the
bulk material. As Chen et al. (2013) reported, the layer
contrast in CB7CB is considerably weaker compared to
other layered LC systems with mass and electron
density modulation. Similar absence of density modu-
lation was reported by Borshch et al. (2013) for

another Ntb material. For parallel fracture, the period
in most of the domains ranges between 8.0 and 8.2 nm.
In Figure 7b, the pitch was measured to be 8.05 nm
from the image and the FFT patterns. In addition to
the domains with narrow pitch distribution, larger
pitches can also be found (e.g., 8.6 nm), which can be
partly attributed to the cosine relation between the
layer spacing in a parallel fracture and the measured
spacing in oblique fracture. An interesting finding is
that some domains show smaller pitches especially in
the peripheral regions, in contrast to the uniform pitch
found in most of the individual domains (e.g., Fig. 7b).
Figures 7f and 7g show two such domains, where the
pitches near the center of the domains are �7.6 nm,
only slightly smaller than the normal ones, but the
measured periods near the boundaries are <3 nm. In
Figure 7g, the layer spacing gradually increases from
<3 nm near the boundary to 7.6 nm near the center of
the domain with a one-on-one correspondence, which
rules out the possibility of the half-pitch situation (Ihn
et al., 1992). In addition, in both cases, the layer orien-
tations vary to accommodate the boundaries. The
above results may indicate the flexible nature of the

Fig. 7. (a) Schematics of molecular arrangement in Ntb phase: mol-
ecules following a spiral (left) and molecules filling a small space
(right). (b) A low magnification FFTEM image of CB7CB quenched at
95�C, showing layered structure. Domains I and II are corresponding
to parallel and oblique fractures, respectively. The inset magnifies
the enclosed area with slightly curved layers. (c) Magnified image of
Domain I shown in (b) and the corresponding FFT pattern (the upper
inset). The arrows point at the column boundaries in the image and
the diffuse scattering perpendicular to the layer normal in the FFT

pattern. The lower inset is a low-pass filtered gradient image of the
marked rectangle area. The inset image is rotated for convenience
and some of the boundaries are indicated by short lines at the top of
the image. (d) and (e) FFTEM images showing Bouligand arches
observed in oblique fracture domains. The wide and narrow arches
are identified by arrows in (d). (f) and (g) FFTEM images of domains
with reduced pitch near the domain boundaries. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Ntb phase, which may adopt different conformational
states with small energy difference depending on the
local environment. It is also worth mentioning that
some detailed features of �1 nm in size and distance
are resolved near the boundaries, though rather
poorly, suggesting the potential use of FFTEM in high
resolution imaging in some special LC systems.

The free surface of CB7CB sets the director orienta-
tion perpendicular to itself (the so-called homeotropic
alignment), which makes suspended thin films suita-
ble to study the top-view structure. Figure 8a is a typi-
cal cryo-TEM image of suspended CB7CB thin films
quenched at 95�C, showing clearly column-like struc-
ture and narrow low-density areas between some of
the columns. The columns tend to have more or less
circular shape and have an average size of �27 nm
measured over a large area. Our results also show that
the column structure from the suspended films can be
influenced by thermal treatment and the film thick-
ness. Careful examination of the FFTEM images
reveals the side-view of the column-like texture in
some local regions. For example, in Figure 7b, we use
arrows to denote the column boundaries from the top
of the layered domain, emphasizing the distinct col-
umn shape near the domain boundaries. The column
boundaries can be seen as narrow areas often with a
discontinuity of the layered structure and elongating
roughly along the layer normal in the image, which is
also revealed by the diffuse scattering perpendicular to
the ordering direction in the FFT pattern. In the
image, the 8 marked adjacent column boundaries have
an average distance of �26 nm. We have carefully
examined the layer structure across the column boun-
daries in the FFTEM images. Along with a few excep-
tions, most of the layers exhibit no shift along the
layer normal, which may mean that the helix structure
tends to stay “in phase” for neighboring columns. The
inset of Figure 7c is a low-pass filtered gradient image
of the marked rectangular area, which enhances the
layer characteristics and confirms the “in phase” con-
figuration. The top-view of the columns can also be
identified in the FFTEM images. The inset in Figure
8a is a typical local region with a cluster of circular col-
umns, corresponding to a fracture perpendicular to the
helix axis. It should be pointed out that it is difficult to
correlate such features in FFTEM to columns without

the cryo-TEM results. Except those layer-related fea-
tures, the FFTEM images tend to be complicated at
the presence of artifacts and various features related
to the fracture morphology.

Despite of the consistency discussed above, the ori-
gin of the column structure cannot be determined
unambiguously at this stage. The columns do not
appear to be as common in the FFTEM images as in
the thin films if we assume that the subtle feature can
be well replicated in the specimen preparation process.
In addition, such “leopard” pattern can sometimes be
found in plunge-frozen cryo-TEM specimens with
water-based buffer due to the local concentration vari-
ation (e.g., loss of water). Though the same cause does
not apply to the single-component CB7CB, the column
structure may still be an unusual feature in the bulk
material but enhanced greatly in thin films.

Our current results suggest that the column struc-
ture with their long direction along the helix axis may
be introduced by the coexistence of right- and left-
handed Ntb columns, while very small amount of resid-
ual high temperature N phase may exist at the column
boundaries (Borshch et al., 2013). A strong evidence is
that upon doping with chiral dopant (1–1.5% right-
handed limonene), the column size increases dramati-
cally (Fig. 8b) under the same thermal processing con-
dition, as the chiral dopant keeps more columns in the
same handedness. The columns in the doped films
often have irregular shapes. In Figure 8b, a column
with typical shape is highlighted, which shows that
the smallest dimension of the columns is very similar
to that found in the pure films, but a few nearby col-
umns may merge together due to the same chirality. To
compare the column size, we simply compare the
domain numbers in regions with the same area for
both pure and doped films. For example, for a 200 nm
3 200 nm area, 50–60 columns can be found in pure
films, while only �20 or even less in doped films.
Recently, Hoffmann et al. (2014), proposed a similar
model based on nuclear magnetic resonance (NMR)
measurement of a similar LC compound, wherein the
molecules organize into highly correlated microscopic
domains of opposite chirality.

Another possibility of the formation of the column
structure observed in thin films is due to the confine-
ment of the thin films. As the recent simulation
(Fukuda and �Zumer, 2011) showed, two-dimensional
Skyrmion lattice embedded in topographic defects can
develop in a highly chiral nematic LC thin film with
surfaces favoring homeotropic alignment. The two pos-
sibilities discussed above both indicate a high chirality
structure, consistent with the proposed twist-bend
nematic structure.

In addition, our initial cryo-TEM result (not shown)
using “bulk” cryo-sectioning routine (Fig. 2b) did not
reveal any layered structure consistent with the
FFTEM result. This can be considered as a further evi-
dence that there are no modulation of electron/mass
density for the Ntb phase. The above comprehensive
study combining FFTEM and cryo-TEM clearly shows
that the low-temperature nematic phase of CB7CB has
1D periodic helix structure and match the predicted
Ntb. The successful revealing of the 1D periodic struc-
ture is attributed directly to the replication of the
smoothly fractured surface in FFTEM.

Fig. 8. (a) and (b) Typical cryo-TEM images from suspended thin
films of pure CB7CB and CB7CB doped with right-handed limonene
respectively. The inset in (a) shows a typical FFTEM image of a clus-
ter of column-like circular features, which may be the top view of the
columns in FFTEM as the fracture is perpendicular to the helix axis.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Surface/Thickness Effect, Cooling Rate, and
Radiation Damage

The routines summarized in Figure 2, including
cryo-TEM and FFTEM, all aim at taking snapshots of
microstructures of LC materials. To be successful, sev-
eral critical requirements have to be satisfied for both
“thin film” and “bulk” approaches: (1) the pre-freezing
samples should have the desired native structure; (2)
the samples have to be quenched effectively at a suffi-
cient cooling rate to prevent from any further phase
transition and structure change during and after the
freezing process; (3) any possible misleading structure
deformation or change introduced during the specimen
processing after the quenching should be kept mini-
mum. For thin film approach, the main concern is to
make thin films with representative structure. The
limited thickness may lead to undesired surface/inter-
face effect. While for the “bulk” approach, it is often
challenging to achieve sufficient cooling rate to quench
the structure effectively. Damage and deformation can
also be introduced during the processing of the “bulk”
material into TEM specimens. In addition, direct TEM
imaging routines all suffer from radiation damage,
which may become a serious issue for those highly sen-
sitive materials.

As already indicated, the surface that LC makes
contact with can often strongly influence the molecular
orientation near LC surface, i.e., the so-called surface
anchoring, which can be simply understood as epitax-
ial growth of solids on substrates (J�erôme, 1991).
Depending on the substrate surface configuration, the
LC molecules can be perpendicular (homeotropic), par-
allel (planar) or tilted relative to the substrate surface.
If the LC film is too thin, the internal structure can be
dominantly governed by the surface and does not rep-
resent the bulk structure which is often desired in
TEM studies. Obviously, the surface effect has pro-
found influences on the TEM results using thin film
approach and deserve more detailed studies. Here we
present some of our results to demonstrate the effect.

For the thin film approach used here, there exist two
LC/air interfaces for a suspended LC film (if ignoring
the influence of the hole edges in the supporting car-
bon film), while one LC/air interface and one LC/car-
bon interface for supported thin film. Simple
treatment of the carbon film can affect the LC struc-
ture greatly. Figures 9a and 9b compare the CB7CB
thin film deposited on plasma treated and untreated
thin carbon grids. The plasma-treated carbon exhibits
much better wetting property to the CB7CB, resulting
in large area of relatively uniform thin film. Similar to
the suspended films (Fig. 8a), the CB7CB forms a col-
umn structure in the whole film (Fig. 9a). The upper
inset of Figure 9a shows a magnified image of a local
area, showing clearly sharp bright lines in the elon-
gated columns and bright dots in relatively circular
columns, respectively. The lines are roughly along the
orientation of the long direction of the domains. Such
bright lines/dots are not observed in suspended films
(Fig. 8), and are considered as some low-density topo-
graphic defects formed due to the different molecule
alignments at the two surfaces. The lower inset of Fig-
ure 9a is a plausible model showing the side-view of a
toroidal focal conic domain. The arrows represent the

helicoid axes with the same handedness in the domain,
which are tangential to the CB7CB/carbon interface,
but perpendicular to the free surface. Note that the hel-
ical axes are more or less straight due to the periodic
twist-bend structure. AA is a defect line in an axially-
symmetric circular column, and a narrow defect wall
(with its long direction along the projection direction) in
an elongated column, corresponding to the bright dots
and lines in Figure 9a, respectively. On the other hand,
on the untreated film, the LC material typically tends
to form featureless droplets with increasing thickness

Fig. 9. (a) A cryo-TEM image of a CB7CB thin layer supported by
plasma-treated continuous carbon film. The upper inset image mag-
nifies the marked local area, showing the sharp dots and lines inside
the columns. The lower inset is a schematic model of the formation of
the sharp dots and lines. (b) A cryo-TEM image of a CB7CB droplet
on untreated continuous carbon film. (c) A cryo-TEM image of 3RBC-
N thin film with a gradual increase in thickness from the film edge to
the inside. The inset image magnifies the marked thick area (>
500 nm in thickness). (d) Intensity profile along the line drawn in
Figure 9c, showing the variation of the thickness. The inset is an
intensity profile along the line in the inset of Fig. 9c, demonstrating
the modulated intensity of the layered cluster along the layer normal.
(e) A cryo-TEM image of a thin part of the 3RBC-N thin film with
very narrow smectic clusters. (f) A cryo-TEM image of a plunge-
frozen DSCG thin film. The holes in this area are relatively small.
The lacey carbon frame and several bundles of columnar aggregates
perpendicular to the liquid surface are marked. The area marked by
a dashed square is corresponding to the area in Fig. 5e. [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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from the edge to the center. The columns of �20–40 nm
in dimension can only be seen in thick droplets and
become a less pronounced feature as the thickness
increases further, as seen in Figure 9b. Bright lines/
dots can still be identified at the column centers. The
above result may indicate that the carbon film (treated
or untreated) favors director orientations other than
the homeotropic configuration for CB7CB, so the influ-
ence of the interface with air can only be seen when the
material is far enough from the carbon film. On the
other hand, the current result may also suggest that
the column structure is only stable in certain thickness
range, which should be able to be clarified with more
quantitative structure-thickness correlations.

The strong surface effect in LCs raises doubts on the
general use of the thin film approach and make it often
necessary to discuss the validity of the observed
results. In practice, this can be done by comparing
results in films with different thicknesses by deposit-
ing different amount of LC solution on the carbon
films. Even more conveniently, wedge-shaped areas
with gradually changing thickness can be found fre-
quently. For example, Figure 9c shows an image of the
3RBC-N thin film with smectic clusters. The intensity
profile can be considered as a rough indication of the
varying thickness, which can be further correlated to
thickness through EELS or thickness mapping using
energy filtered TEM. No smectic layers can be found in
the very thin region, ruling out the possibility that the
formation of the smectic clusters are due to surface
effect (Ruths et al., 1996). Instead, the surface effect at
least prohibits the formation of the smectic clusters
with layers perpendicular to the surface. It can also be
seen that the layered clusters can still be resolved in
the very thick part of the sample (the inset of Fig. 9c).
EELS measurement showed that the thick part should
be at least 4 times of the inelastic mean free path, i.e.,
thicker than 500 nm. The layer length and layer num-
ber in the thick area are basically the same as those
found in thinner regions (100–200 nm). Clusters with
very few layers (e.g., 2) can also be seen in the thick
parts of the specimen. Above results show that the
observed smectic clusters stay the same for a wide
range of thickness, which validates the application of
the thin film approach in this material.

Interestingly, in some of the thin areas, very narrow
smectic clusters can be found (Fig. 9e). The layer width
can be even shorter than 3 nm, while the layer number
within the clusters varies from 1 to 9, which is compa-
rable to those in the normal clusters. The layer spacing
is considerably larger (3.1 nm–3.5 nm) compared to
the wider clusters. Because the confinement is in the
thickness direction, it may be reasonable to assume a
similar cluster depth in the thickness direction. Con-
sidering that the interface prevents the layered struc-
ture formation, the short layers smectic clusters may
indicate the rather strong tendency of the 3RBC-N
molecules to form layered structure as the surface
impact becomes weaker.

Carbon films also play an important role in the
observed structure of suspended chromonic lyotropic
LC thin films prepared by plunge freezing (Figs. 5a–5e
and 6a). As we mentioned earlier, most columnar
aggregates tend to orient along the long direction of
the holes, and probably prefer to be parallel to the

liquid surface. Inside each hole, the aggregates have
basically the same orientation except that the shape of
the hole affects those aggregates near the edge. This
can be seen more clearly in the region with smaller
holes, as shown in Figure 9f. The areas near hole edges
are under the competing influences of the liquid sur-
face and the carbon edge. As a result other than lying
along the edge and parallel to the liquid surface, small
aggregate bundles perpendicular to the liquid surface
can be found near the hole edge (Fig. 9f).

In this study, we only employ LC surfaces making
contact with air and carbon films. In principle, a vari-
ety of materials and surface treatments can be used.
In addition, the surface/interface impact may provide
a way to modify the LC structure or orientations using
the thin film approach or simulate the working condi-
tion of LC devices in TEM studies.

In general, it is more difficult to quench samples
with their internal structure intact for bulk samples
than thin films since the cooling rate inside the sample
is mainly determined by the heat conductivity of the
material, and more difficult for lyotropic LCs than
thermotropic LCs due to the high percentage of water
which has unusually high heat capacity. For example,
to vitrify a water based sample requires a cooling rate
of the order of 105 K/s. In practice, it is straightforward
to use liquid ethane as cryogen for both thermotropic
and lyotropic LC thin films. Thermotropic LC thin
films normally require a less demanding cooling rate
due to considerably slower molecular diffusion and
smaller heat capacity. As a result, the much more con-
venient quenching in liquid nitrogen often gives the
same results as liquid ethane, revealed by comparing
the results using liquid nitrogen and liquid ethane as
cryogens (not shown).

Generally speaking, plunge freezing of bulk materi-
als may only work for samples of a few microns in
thickness. However, thinner samples may experience
increased surface effects and also make it challenging
for the follow-on processing (e.g., cryo-sectioning and
freezing fracture). The application of high-pressure
freezing initiated in this study seems to be a reliable
method for bulk lyotropic LCs up to a few hundreds of
microns in the smallest dimension. More efforts are
still needed to improve the structure preservation in
high water percentage samples, clarify the influence of
the cryoprotectant, and reduce the damages in the fol-
lowing cryo-sectioning process. For thermotropic LCs,
currently there is no equivalent technique to high-
pressure freezing for lyotropic LCs to allow structure
quenching at a lower cooling rate. Fortunately, for
some of the thermotropic LC materials, e.g., CB7CB
(Chen et al., 2013), transitions can be supercooled,
which helps to preserve the native structure even at a
slow cooling rate. But for other materials without
supercooling, extra caution has to be taken. In prac-
tice, different structure indicating different cooling
rate can be observed at different depth using the com-
bination of plunge freezing and cryo-ultramicrotomy
(not shown).

Direct cryo-TEM imaging techniques used here all
suffer from radiation damage to the electron-
transparent specimens. Our results show that the radia-
tion damage of the LC thin films first exhibits as the dis-
sipation of the ordered structure (smectic layers in this
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study) due to the very weak intermolecular force stabi-
lizing the ordering. Such subtle damage can often lead
to the overlooking of the ordered structures present, as
it does not involve observable structure and shape
changes at a large scale. In some materials, the damage
to the ordering may happen at very low doses (even< 2
e2/Å2), making it difficult to capture an image with rea-
sonable S/N ratio. On the other hand, those mass loss
related damages, leading to larger scale structure
changes, occur at much higher dose. As a result, atomic
resolution imaging can often be obtained before any
obvious shape changes, provided ordered structures are
not involved or not the target of the investigation. For
example, Figure 10a shows a lattice image of gold nano-
particles doped in 5CB. The 5CB thin film also exhibits
sufficient stability for spot-mode STEM imaging and
spectroscopy (e.g., EELS and EDS) measurement. One
benefit of STEM is to increase the visibility of some fea-
tures in thick regions owing to the emphasis of atomic
number difference and the minimized influence of crys-
tal orientation on the contrast. Figure 10b shows a
bright field TEM image of gold nanoparticles dispersed

in a thick region of 5CB. The small nanoparticles can be
hardly identified. In contrast, a STEM Z-contrast image
of a similar area (Fig. 10c) shows an abrupt contrast even
for nanoparticles of �1 nm in diameter. Figure 10d
presents the corresponding EDS spectra taken by scan-
ning a nanometer-sized box over the top of an individual
nanoparticle (Gao et al., 2003b) and the surrounding
5CB. As organic materials, the radiation damage of LC
materials basically fits into the description given by
Egerton et al. (2004). Several ways can be considered to
minimize the damage: lowering the dose combined with a
more sensitive camera, use of a higher beam energy and
of a thicker specimen. In practice, field emission electron
source often causes more irradiation damage. A tradi-
tional LaB6 source can reduce the damage yet still keep a
sufficient resolution for LC studies (Egerton et al., 2004).

A Brief Comparison of the Different Specimen
Preparation Techniques for LCs

In this study, we aim to establish an easily accessible
toolset for the TEM specimen preparation of a wide

Fig. 10. (a) A TEM image showing the lattice of Au nanoparticles
embedded in 5CB. The marked spacings are corresponding to Au (111)
and (200) planes which have spacings of 2.36 Å and 2.04 Å in bulk Au,
respectively. (b) A bright-field TEM image of Au nanoparticles in a
thick area of a 5CB thin film. (c) A STEM Z-contrast image of Au nano-
particles (AuNP) in a thick area of 5CB film, demonstrating greatly

enhanced contrast compared to the bright-field image. (d) EDS spectra
of an individual Au nanoparticle and the nearby 5CB substrate taken
by scanning the focused electron beam in a nanometer-sized box to
reduce the beam damage and correct the specimen drift. [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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range of LCs. Based on the earlier discussion, a brief
comparison of the different techniques is given in
Table 1. At the current stage, there is simply no one-
for-many routine. Each method can be powerful for
certain materials, but can also be difficult to apply to
others. For example, direct cryo-TEM allows high reso-
lution imaging and the application of a variety of TEM
techniques, but suffers from radiation damage; while
the replica FFTEM provides basically the opposite
advantages and disadvantages. In addition to the rou-
tines mentioned above, several other techniques, often
originally developed for biological samples, can also be
applied to LC materials. For example, thermotropic
thin films can also be obtained by spin coating or sus-
pension on water (Voigt-Martin and Durst, 1987),
which may result in uniform thickness. Jet freezing
(Severs, 2007) and slam freezing (Mondain-Monval,
2005) can be used as alternatives in freezing process
and may provide more or less higher cooling rate for
some special LCs than plunge freezing. Slam freezing
with liquid helium cooled cooper block has been shown
to provide better structure preservation in FFTEM of
some LC materials (Leforestier et al., 1996). A self-
pressurized rapid freezing was proposed using only
plunge freezing and sealed capillary tubes (Leunissen
and Yi, 2009), which may be able to be applied to some
lyotropic LCs as a low-cost version of combined high
pressure freezing and cryo-sectioning (Fig. 2e).
Another interesting specimen preparation technique
uses similar procedure to the plunge freezing FFTEM
(Fig. 2f): a holey carbon coated TEM grid is placed
between the two planchettes during the freezing pro-
cess and some thin areas may remain on the film upon
fracture, which can be used for direct cryo-TEM obser-
vation (Belkoura et al., 2004).

The very convenient-to-use thin film approach
allows the highest cooling rate and avoids further spec-
imen processing after the freezing, which usually
results in the best imaging quality and preservation of
the pre-freezing structure. But surface effect has to be
considered especially for structures with dimension
comparable to the thickness. Another practical advant-
age of thin film approach is that very small amount of
material is required compared to bulk approach, which
is often important for some thermotropic LCs due to
possible complicated synthesis process.

FFTEM and cryo-sectioning, both using bulk
approach to minimize surface effect, require effective
quenching of thick samples, and often show similar
results (not shown) especially for thermotropic LCs
due to similar freezing process. As a widely used tech-
nique, FFTEM effectively avoids radiation damage

and uses convenient room temperature observation,
though the resolution is limited to a few nanometers.
We also demonstrate the critical role of the surface
sensitivity of FFTEM in this study, which may make
FFTEM an irreplaceable technique for LCs at the cur-
rent stage. Artifacts can be common in FFTEM images
and extra caution needs to be taken to explain the
results because the replica shadowing/contrast totally
depends on the fracture surface morphology and depo-
sition direction, and does not necessarily correlates
with the intrinsic structure in LC materials. The freez-
ing of thick sample raises concerns of insufficient cool-
ing rate to preserve the intrinsic structures except for
those thermotropic LCs with supercooling property.
Plunge-freezing of thick lyotropic LCs leads to water
crystallization, and modification of local structures.
(Mondain-Monval, 2005) But FFTEM of lyotropic LCs
can still work for low-resolution imaging which is the
focus of most FFTEM studies.

Cryo-ultramicrotomy seems to combine the advan-
tages of both thin film technique and FFTEM, but some
of the disadvantages as well. Compared to FFTEM,
cryo-sectioning allows high-resolution direct imaging,
and the process-induced artifacts (e.g., knife marks, cre-
vasses, and compression) are relatively easier to iden-
tify. The CEMOVIS technique, combining high-
pressure freezing, cryo-sectioning and cryo-TEM,
allows the observation of lyotropic LCs beyond the reso-
lution of FFTEM. In contrast to the little control of frac-
ture process in FFTEM, cryo-sectioning makes it
possible to look at different depth of the sample. As an
alternative to cryo-sectioning, focused ion beam (FIB)
(Strunk et al., 2012) may turn out to be very useful
especially for some challenging LC materials (e.g., high
viscosity lyotropic LCs). The advantages of cryo-FIB
include less mechanical deformation (knife marks, cre-
vasses, and compression), more convenient preparation
of specimen in different orientations, and higher effi-
ciency in using the regions frozen at fast cooling rate.

In conclusion, we present our on-going efforts
towards high-resolution direct TEM observation of
thermotropic and lyotropic LCs. A series of specimen
preparation techniques have been summarized and
tested to provide a comprehensive toolbox for TEM
studies of LC materials. The complications in these
techniques are also discussed. We demonstrated that
the current available specimen preparation and low-
dose cryo-TEM techniques allow sub-nanometer reso-
lution direct TEM imaging of a wide range of LCs,
which can become part of the solution to the lack of
effective structure probe at the molecular level for LC
studies. We also demonstrate that the currently more

TABLE 1. A brief comparison of different TEM specimen preparation routines for LC materials

Thermotropic Lyotropic

Thin film Ultramicrotomy FFTEM Thin film Ultramicrotomy FFTEM

Freezing technique Plunge Plunge Plunge Plunge High pressure Plunge High pressure
Difficulty of specimen preparation Low High Medium Low High Medium High
Complication during freezing Low Medium Medium Low Medium High Medium
Consumed material <<1 ll A few ll A few ll A few ll A few ll A few ll A few ll
Process induced artifacts Low Medium High Low Medium High High
Cryo-TEM Yes Yes No Yes Yes No No
Radiation damage High High Low High High Low Low
Surface effect Strong Weak Weak Medium Weak Weak-medium Weak
Resolution High High Medium High High Low Medium
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widely used replica TEM technique, FFTEM, is com-
plementary to direct cryo-TEM observation. Their
combination is highly recommended to get comprehen-
sive information on the LC materials, which can be
especially important at the current stage when there
is no obvious advantageous approach.

The direct observation of LCs opens ways to apply a
variety of TEM techniques beyond low-dose imaging to
these fascinating but challenging materials, for exam-
ple, diffraction (Gao et al., 2003a; Zuo et al., 2003,
2011), tomography, STEM, and spectroscopy. Maybe
more importantly, direct observation beyond taking
snapshots using cryo-TEM may lead to the possibility
of in situ observation of the dynamic processes using in
situ TEM. The current development in high sensitivity
electron-counting camera (Li et al., 2013), in situ liquid
cell technique (Zhu et al., 2013), and ultrafast TEM
(Kim et al., 2008) make it promising to look at LC
materials with temporal resolution in the near future.
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