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Discotic cholesteric phases with extremely small pitches were obtained with cellobiose derivatives as chiral dopants. These binary
mixtures tend to form up to three distinct blue phases. An interesting property of these mixtures is that the blue phases can be
supercooled to a glass-like state. Microscopic studies, reflection spectra, and Kossel diagrams all indicate that the three discotic

blue phases BPDI, BPDII and BPDIII are analogous to the well-known calamitic modifications. In addition to the optical studies,
we investigated the free surfaces of the frozen blue phases using atomic force microscopy.

Blue phases are formed by calamitic mesogens of a high
chirality in a narrow temperature interval close to the clearing
point. They have been studied intensively theoretically and
experimentally.1 Up to three blue phases can be distinguished.
Two of these phases have a periodic orientational order that
can be characterised by crystallographic space-group sym-
metries. The low temperature modifications BPI and BPII
possess a cubic lattice symmetry with the space group I4132
(O8 ) and P4232 (O2 ), respectively. According to the theory of
Meiboom et al.,2 these structures can be described as a
combination of double twist cylinders and disclinations
(Fig. 1). Alternatively, a Landau theory has been developed
by Hornreich and Shtrikman which shows that blue phases
can be thermodynamically stable in certain regions of the
temperature–chirality plane.3 Blue phases are optically active

Fig. 1 (a) Schematic representation of a double twist cylinder (the linesbut, unlike the cholesteric phase, they are optically isotropic
represent orientation of the director). Arrangement of the disclinationand are not birefringent.4
lines ( left) and the double twist tubes (right) for (b) the unit cell of

The high temperature modification (BPIII) appears on BPI and (c) the unit cell of BPII. (Figures from E. Dubois-Violette
cooling from the isotropic phase as an amorphous ‘blue fog’. and B. Pansu.12)
BPI, BPII and BPIII exhibit selective reflection of circularly
polarised light and strong optical activity indicating a local

dopants.11 Three blue phases could be observed for concen-
helical structure with correlations over distances of the helical

trations close to the solubility limit of the dopants. The textures
pitch.5 But in contrast to BPI and BPII modifications, BPIII

of these modifications are very similar to the textures of the
does not exhibit the Bragg scattering of a lattice structure. Its

corresponding calamitic modifications.
structure is not thoroughly understood and still subject to

In order to investigate the complicated structure of the blue
scientific discussion.6,8

phases by scanning probe microscopy, some attempts were
A considerable amount of the ordering can occur at the

made for calamitic systems to freeze the structures into glass
isotropic–BPIII transition. For many compounds the major

like states with chiral polymers, oligomers and networks.13,14
part of the latent heat in the phase sequence cholesteric phase

With the low molar mass discotic mixtures under investigation
– blue phases – isotropic phase is given off at the last transition.7

it is possible, by rapid cooling, to obtain glassy states of the
Interestingly, the first-order BPIII–isotropic phase transition

cholesteric phase and the blue phases BPDI, BPDII, and maybe
line can end at a critical point in highly chiral systems, as

even BPDIII.11 This allows the investigation of the periodic
shown recently.8 Assuming a one-to-one correspondence

structure of BPDI and BPDII by the Kossel method at ambient
between the liquid–gas and the BPIII–isotropic phase trans-

temperature and atomic force microscopy of the free surfaces
ition, a theory of a critical point in the BPIII–isotropic phase

of blue phases and the cholesteric phase.
diagram has been proposed by Lubensky and Stark.9

Freeze-fracture electron micrographs of BPIII appear to
Materialsshow a disordered packing of filamentary objects10 confirming

the ‘spaghetti-model’ of BPIII, in which the molecular arrange-
While the nematic phase N of rod-like molecules is very well

ment can be described by a spaghetti-like tangle of double
known, the nematic phase ND of disc-like molecules has been

twist tubes.
the subject of far fewer investigations. In contrast to the large

Recently, we reported the first observation of discotic blue
number of calamitic liquid crystals, only a few discotic nematic

phases in binary mixtures of a discotic nematic host and chiral
compounds have been found so far. Many discotic mesogens
tend to form the higher ordered columnar phases instead of
the nematic phase.15† Internet: www.tu-berlin.de/~insi/agheppke.html
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Fig. 2 Perlauroyl cellobioside 1, the chiral dopant (Cr 47 Dho 93 °C
Iso) and hexakis[(4-nonylphenyl )ethynyl]benzene 2, discotic nematic
host system (Cr 66 ND 83 °C Iso). For the blue phase samples we
selected a binary mixture of 16 mass% of the chiral dopant 1 in the
discotic nematic host 2 (ND* 48.2 BPDI 50.6 BPDII 51.8 BPDIII 52.6 °C
Iso). Microscopic observations while heating reveals a glass transition
at about 47 °C.

Fig. 3 Phase diagram of the investigated system, obtained using the
contact method, complemented by the transition temperatures
obtained for selected mixtures. The broken line is the melting curve;
the solubility limit of the chiral dopand is about 20 mass%.

For our investigations the discotic cellobiose derivative 1
was used as chiral dopant, which was kindly provided by
Dr Volkmar Vill from the University of Hamburg. The pure
compound probably forms a columnar phase with nontilted
hexagonal ordering. As the discotic nematic host we synthe-
sized the hexakis[(4-nonylphenyl )ethynyl]benzene 2. These
kinds of ‘multiyne’ structures were developed about ten years
ago in Berlin by Praefcke’s group.16 They form nematic phases
at moderate temperatures.

Fig. 4 Optical micrographs of (a) the discotic blue fog phase (BPDIII),The schematic phase diagram shown in Fig. 3 has been
(b) a single crystal of the simple cubic BPDII in the [111] orientation,

determined using a contact preparation and a number of and (c) the platelet texture of the body centred cubic modification BPDIdiscrete mixtures. It shows, at low concentrations of the chiral
dopant, an enantiotropic discotic cholesteric phase, which
exhibits a right-handed helical structure as determined by blue haze on slow cooling from the isotropic liquid and is

classified as being the BPDIII or ‘fog phase’ [Fig. 4(a)].analysing the selectively reflected light of a shear aligned
sample. Continued cooling of BPDIII at low cooling rates (i.e.

0.2 °C min−1 ) results in the appearance of a second and a thirdAt higher concentrations of the chiral dopant, 12–17 mass%,
the enantiotropic phase behaviour disappears, and is replaced form of blue phase (BPDII and BPDI). Careful control of the

temperature over periods of time can result in the growth ofby monotropic discotic blue phases and the discotic choles-
teric phase. large and well-defined platelets [Fig. 4(b), (c)].

For our investigations we selected a binary mixture of 16The higher temperature blue phase appears as an amorphous
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Table 2 Kossel diagrams for the simple cubic (sc) and the body centredmass% of the chiral dopant 1 in the discotic nematic host 2
cubic (bcc) lattice structures when viewed along the indicated axes for[phase sequence: Cr 60 °C (ND* 48.2 BPDI 50.6 BPDII 51.8
decreasing wavelengths from top to bottom row (Kossel lines were

BPDIII 52.6 °C) Iso]. By rapid cooling (see Experimental ) it
calculated according to the description of Pieranski et al.20 )

was possible to solidify the textures of the monotropic blue
phases. The microscopic observation of the vitrified liquid [001]-orientation [011]-orientation [111]-orientation
crystal texture while heating reveals a glass transition at ca.

sc bcc sc bcc sc bcc47 °C. When slowly heating the sample, onset of crystallisation
(BPII) (BPI) (BPII) (BPI) (BPII) (BPI) hklis observed under the microscope at ca. 50 °C. At ca. 3 °C

below this temperature, the viscosity drops considerably, so
100

that birefringence could be induced by shearing the sample.
The glass transition could not be established by DSC measure-
ments because of crystallization even at the fastest cooling rate.

100
110

Experimental

In order to prepare the samples for atomic force microscopy
100

we spread the material on a glass slide and left the sample at 110
the appropriate temperature on a Mettler-FP82 hot stage until 111
a desired blue phase texture appeared. To freeze the phase we
rapidly pressed the substrate onto a metal surface cooled with

100liquid nitrogen. The thickness of the samples obtained were
110

5–10 mm as revealed by AFM investigations. 111
Since the lattice constant of the blue phases is within the 200

range of visible wavelength, Bragg reflection occurs in certain
directions when the sample is illuminated with monochromatic
divergent light. Kossel diagrams of the blue phase single

crystals can be observed conoscopically (Fig. 5). All samples
were investigated by this method prior to AFM investigations.

The Kossel diagrams were recorded using an Ortholux II-
Pol reflection microscope with an immersion objective lens
(125×) and equipped with a CCD video camera and an ISA-

Fig. 5 Schematic procedure for Kossel diagrams. If blue phase single
crystals are illuminated with convergent monochromatic light of
wavelength l, then the cosine of the angle of reflection h from one set
of planes (h,k,l ) is given by eqn. (1) (n: isotropic refractive index, a
cubic lattice constant).

Fig. 6 The temperature dependence of the average refractive index at
589 nm as well as the dispersions determined by the Fabry–Perot

(a )
(b )

(c )

(d ) (e )

a
a√2

method Fig. 7 (a) Optical micrograph of a frozen BPDII single crystal between
crossed polarizers in transmission, the corresponding Kossel diagrams
at (b) l=480 and (c) 560 nm and (d ) the AFM surface pattern of thatTable 1 Selection rules for the simple cubic (sc) and the body centred
region. The underlying lattice structure emerges quite clearly in acubic (bcc) structures
drawing of the lattice points seen in the AFM image. The lattice
constant was determined in three directions to be 208±8 nm and issimple cubic (sc) all h, k, l 100, 110, 111, 200,...
in good agreement with the value obtained from the Kossel methodbody centred cubic (bcc) h+k+l=even 110, 200, 211, 220,...
(210±4 nm).
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Monochromator (H 25). According to the optical selection higher density of the blue phase compared to the isotropic
liquid.18rules (Table 1) the Kossel diagram yields information about

the symmetry and the orientation of the blue phase lattice For the AFM investigations we used a commercial
TopoMetrix atomic force microscope in the non-contact(Table 2). An overview and a general description of the Kossel

method is given in a recent paper about the determination of mode19 to obtain images of the surface modulation of the free
surface of blue phase glasses. For large scans we used eitherthe lattice parameters from blue phase Kossel diagrams.17

Each Kossel line observed in the focal plane of the micro- the Explorer Tripot scanner (resolution: xy 100 mm–100 nm,
z 12 mm–1 nm) or the Discoverer Tripot scanner (xyscope via a Bertrand lens represents one set of planes (h,k,l ).

The lattice constants a are obtained from the Bragg equation 24 mm–50 nm, z 12 mm–0.1 nm). Small scans were recorded
using the Explorer Tube scanner (xy 2.5 mm–20 nm, z 0.8 nm).[eqn. (1)] inserting the wavelength l where a Kossel line

appears and the aperture angle h is equal to zero. We always used pure Si-tips with Si-cantilevers (I-shaped,
armlength 125 mm, resonance frequence 240–420 kHz) com-
mercially available from Topometrix.a=l

√h2+k2+l2
2n: cos h

(1)

The required average refractive index n: of the blue phase Results
was determined at a series of temperatures by observing the

On cooling the sample, blue fog BPDIII appears immediatelywavelength maxima of interference patterns of incident light
from the isotropic phase as dark, homogeneous blue regionsin a transmissive mode and using a least-squares numerical
of high optical activity. With decreasing temperature, the blueanalysis to calculate the ratio of optical path length of an
colour of the fog phase becomes brighter and exhibits strongempty cell (assuming nair=1), d0 , to that of a cell filled with
fluctuations. The BPDII-platelet texture grows very slowly fromthe sample, dBP [eqn. (2)].
the discotic blue fog phase—due to the high viscosity—which

Average refractive index, n:=dBP/d0 (2) indicates that supercooling of BPDIII is possible. Using a slow
cooling rate (about 0.5 K h−1 ) large and well-defined BPDIIThe refractive index was found to increase slightly on cooling
single crystals with a triangular morphology could be obtainedfrom the isotropic liquid, as shown in Fig. 6. The dispersion
from the blue fog [Fig. 7(a)]. The corresponding Kossel dia-of the refractive index of the blue phases is ca. 1.63–1.67, as
grams of these single crystals reveal a [111] orientation of aalso shown in Fig. 6.
simple cubic structure with a spatial period of about 210±4 nmApart from a constant shift, the dispersion curves of the
[Fig. 7(b),(c)]; the AFM image of the free surface in this regionrefractive index in the blue phase and the isotropic liquid
exhibits a periodical modulation with hexagonal symmetryphase are almost the same. The jump in the refractive index
[Fig. 7(d )]. The underlying lattice structure emerges muchat the isotropic–blue phase transition was explained by the

distance/µm

z/
nm

(a )

(a )

(b )

(c )

a
a

α

√2

Fig. 9 (a) Optical micrograph of frozen BPDI phase with cross hatchingFig. 8 (a) AFM image of the modulation altitude of the free surface in
the region of a [111] orientated BPDII single crystal. (b) The line pattern after the transition from BPDII, (b) the corresponding Kossel

diagram in the region of cross hatching, and (c) both the AFM surfacemeasurement reveals an average modulation amplitude of about 15 nm
(1: distance=0.13 mm, height=13.69 nm; 2: distance=0.17 mm, image in this region and a drawing of the lattice points as seen in

this image. The lines indicates a grain boundary [a=height=17.89 nm; 3: distance=0.16 mm, height=17.67 nm; 4: dis-
tance=0.15 mm, height=14.27 nm). 2 arcsin(1/√3)#70.5°].
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more clearly in a drawing of the lattice points seen in this If the equilibration of the supercooled BPDIII phase is
performed in the BPDI temperature range, BPDI grows directlyimage [Fig. 7(e)]. From the AFM image the average lattice

constant was determined in three directions to be 208±8 nm, from the blue fog. In this case, no cross hatching pattern
appears and the single crystals grow preferably in [011]in fair agreement with the value obtained from the Kossel

method. orientation as shown by the Kossel diagram [Fig. 10(b)].
When the cooling process is not slow enough, other orien-As revealed by Kossel investigations of all samples, the

BPDII preferably grows in the [111] orientation. This is tations of the body centred cubic BPDI structure are observed
[ lower left corner in Fig. 10(a)] with some platelets in almostdifferent from the observations of the BPII growth in calamitic

systems, where BPII single crystals usually grow with the a [001] orientation [Fig. 10(c)]; the corresponding AFM
image exhibits a periodic surface modulation with a phase[100] axis perpendicular to the surface.20 The modulation

altitude of the surface of a 5–10 mm thick sample is shown in boundary between the slightly distorted square symmetry
of [001] orientated structure and the rectangular symmetry ofFig. 8; it ranges from about 15 to 20 nm. This is quite large,

and it is conceivable that the contraction of the blue phase [011] orientated BPDI. The lattice constant of both orien-
tations is again ca. 340 nm [Fig. 10(d )].during the cooling process contributes to the high surface

modulation. It is known for calamitic liquid crystals that the BPI
modification can exhibit Grandjean–Cano lines in a wedgeAt the transition from BPDII to BPDI, a typical

cross-hatching pattern appears on cooling [Fig. 9(a)]. The shaped preparation22 as shown schematically in Fig. 11(b). By
chance, we obtained a glassy sample of the discotic blue phasecorresponding complex Kossel diagram [Fig. 9(b)] is a super-

position of two diagrams resulting from two [011] body BPDI in [011] orientation with a depression down to the
substrate surface. Around this depression, the surface slopescentred cubic structures, which meet at an angle of

2 arcsin(1/√3). This particular Kossel diagram was previously considerably. The micrograph shows that the depression is
surrounded by concentric lines [Fig. 11(a)]. One can supposediscussed by Pieranski et al.21 In the AFM surface pattern in

the cross hatching region, it is discernible that the surface that they correspond to dislocation lines in the underlying
cubic lattice resulting from the deformation due to the slantingperiodicity is diagonally broken. A drawing of the lattice points

seen in this image yields a twin structure in a [011] orientated sample surface. In this case we should find steps in the surface
which should have a step height of about (a/√2) as shown inbody-centred cubic crystal, which coincides exactly with the

Kossel diagram [Fig. 9(c)]. By the Kossel method a lattice Fig. 11(c).
In the corresponding AFM image we indeed found a stepconstant of about 340±5 nm is obtained, while the AFM

images of the same sample give an average value of about like modulation of the free surface. The distance between
these steps matches the line distance seen microscopically348±15 nm.
[Fig. 11(a)]. The average step height is about 230 nm which is
in reasonable agreement with the value of 240 nm calculated
from the lattice constant of BPDI in the [011] orientation
[Fig. 11(d )].

We carefully attempted to prepare samples of isotropic and

undisturbed
stretchedcompressed disclination lines

free surface of a BPDI drop

substrate

distance/µm

z/
nm

(a )

(b )

(e  )

(c )

(d )

(c )(b )

(a )

(d )

a

a

√2

Fig. 10 (a) Optical micrograph of frozen BPDI phase, Kossel diagram Fig. 11 (a) Texture of the frozen BPDI in the [011] orientation with a
crater-like surface depression down to the substrate, surrounded byof a single crystal (b) in [011] orientation (l=550 nm) and (c) in [001]

orientation (l=510 nm), and (d ) the AFM surface pattern in the region concentric disclination lines. Sketch to explain the appearance of
dislocation lines in the region of a sloping surface; (b) wedge shapeof a phase boundary between a [001] orientation (left) and a [011]

orientation (top right), plus a drawing of the lattice points seen in the preparation (ref. 22), (c) free surface. (d ) AFM image and (e) line
measurement showing a step like modulation of the free surface.AFM image (open cycles are regions covered by dust particles)
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(a )

(b ) (c )

(d ) (e )

Fig. 12 AFM images of (a) free substrate and different glasses; (b) from the isotropic phase, (c) from the blue fog phase, (d ) from BPDII and
(e) from BPDI

BPDIII glasses. In both cases the polarizing microscope showed reasonable agreement with the results of previous light scat-
tering experiments on a BPIII of similar pitch that showed aa very delicately structured texture in the glass-like state, which

was not seen in the isotropic liquid and BPDIII phase them- broad-band reflection of light with a maximum at 440 nm.23
The light scattering indicates a short-range order with a basicselves. Either the isotropic phase and the BPDIII modification

are not supercoolable, and we obtained unorientated cubic period in the range of 200 nm.
Thus, the surfaces of the isotropic as well as the BPDIIIphases, or the structures obtained correspond to snapshots of

the fluctuations in the isotropic liquid and in the BPDIII. glasses exhibit only a random distribution of dips, while the
surfaces of BPDII and BPDI single crystals show a periodicAFM investigation on the glasses obtained from the isotropic

phase of the chiral discotic mixture show a strongly modulated modulation over distances of several lattice periods
[Fig. 12(d ),(e)].surface with randomly distributed dips. The distances between

dips fluctuates from 65 to 75 nm and their average depth is For comparison, the substrate surface was also investigated
by atomic force microscopy. In the AFM image fine groovesabout 8 nm [Fig. 12(b)]. The cause of the fine structure is not

yet clear. Also, the free surfaces of glasses obtained from are recognizable which probably result from the roll process
during the manufacturing of the cover slides. The grooves areBPDIII exhibit an irregular distribution of dips with a depth

of about 11 nm, but in contrast to the isotropic glasses, the about 1 nm deep and their distances are irregular, otherwise
the substrate surface appears flat [Fig. 11(a)]. As was expected,distances are 150–370 nm [Fig. 12(c)]. This seems to be in
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the structure of the substrate surface is not displayed in the The authors would like to thank Dr V. Vill for providing
compound 1. We also gratefully acknowledge to Professor Drfree surface of the frozen liquid crystalline sample.

In order to understand the details of the periodic relief P. J. Collings as well as Dr H.-S. Kitzerow for helpful
discussions and comments. This work was financially sup-observed for the blue phase samples one has to consider at

least two effects. One is the influence of the boundary con- ported by the Deutsche Forschungsgemeinschaft (Sfb 335,
Teilprojekt C5).ditions at the free surface. At equilibrium, the relief will result

from the competition between the surface energy and the bulk
free energy. A theoretical discussion of this kind was presented
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