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The uniaxial alignments of the columnar superstructure of discotic metallomesogens, cobalt

octa(n-dodecylthio)porphyrazine (CoS12), over the centimetre length scale have been achieved by

spinning samples under a static magnetic field. The orientations of the columnar superstructures

were investigated by small angle neutron scattering (SANS) and cryogenic transmission electron

microscopy (cryo-TEM). Upon cooling from the isotropic phase to the columnar mesophase in

the presence of a static magnetic field (0.4–1.1 T), CoS12 formed oriented columnar

superstructures with the columnar directors being isotropically distributed in the plane normal to

the external magnetic field. When the samples were continuously spun during cooling in a static

applied magnetic field of 1.0 T, CoS12 was observed to form uniaxially aligned columnar

superstructures with the columnar domain directors being parallel to the rotation axis which was

normal to the external field. The optimal rotation speed for the alignment was found to be as low

as 5–10 rpm, where the full width at half maximum of the domain director distribution is

minimized. The uniaxial alignments were achieved over a macroscopic length scale (ca. 1 cm).

Cryo-TEM measurements revealed that the persistence length of the uniaxially aligned columns

was at least 1 mm.

Introduction

Discotic liquid crystals (DLCs) have attracted substantial

interest for their potential applications as photovoltaics,1,2

organic light emitting diodes,3,4 field effect transistors5,6 and

sensors.7–9 The most basic class of DLC mesogens consists of

a relatively rigid aromatic core with several more flexible

aliphatic side chains. Depending on their specific molecular

structure and thermodynamic state, DLCs have been found to

exist in various phases such as nematic, hexagonal columnar

and rectangular columnar.10 In the columnar phase,

intermolecular p–p orbital overlap can be significant.11,12

Therefore, DLCs in a columnar mesophase often exhibit

extremely anisotropic and order-dependent one-dimensional

charge carrier mobility and photoconductivity along the

columnar stacks, which are insulated from each other by their

aliphatic peripheries.13–16 For many practical applications,

however, unidirectional columnar domain alignment over a

macroscopic length scale is critical.

While the alignment techniques for calamitic liquid crystals

are well advanced, those for DLCs are still being developed,

especially for the more highly ordered and viscous discotic

columnar mesophases.17 In general, the alignment techniques

for DLCs utilize interfacial interactions,18–24 photo induced

alignment,25 shear forces,26 external fields,27 temperature28

and concentration gradients,29 most of which are coupled

with substrate effects. To our knowledge, however, there has

been no example which demonstrates the uniaxial alignment

of DLC columnar superstructure over the bulk length scale

without relying on substrate effects.

Here, we report on an easy and simple method to control the

orientation of the columnar DLC in a uniaxial manner over

the centimetre length scale without relying on the substrate

effects. This method utilizes the diamagnetic interaction of the

aromatic core of DLCs with an external magnetic field, which

involves continuous sample spinning in the presence of an

external magnetic field while the sample is cooled from the

isotropic phase to its liquid crystalline phase. The columnar

orientations were directly observed by small-angle neutron

scattering (SANS) and cryogenic transmission electron

microscopy (cryo-TEM). To our knowledge, this is the first

demonstration, using both reciprocal- and real-space imaging,

of the use of magnetic fields to produce uniaxially aligned

metal-containing DLCs in bulk length scale.

Magnetic alignment is one of the most straightforward and

efficient methods to produce molecular materials ordered over

bulk length scales. In almost all circumstances, the coupling

energy between an isolated anisotropic molecule and an

applied magnetic field H is very small relative to thermal

energy. Therefore, an isolated molecule would show no

magnetic alignment even upon application of very strong
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magnetic fields. Rather, molecular alignment in DLCs is a

domain phenomenon, and N molecules contained in a macro-

scopic domain essentially respond as a unit. The free energy of

magnetic alignment for such a system can be expressed as30,31

DGalign~{
1

2
Dx H:nð Þ2 (1)

where Dx is the anisotropy of magnetic polarization and n

is the columnar director. The free energy, therefore, can be

minimized by adjusting the angle between H and n, inducing

magnetic alignment. When Dx , 0, which is the case for

almost all DLCs due to the large diamagnetic anisotropy of

the aromatic core, the columnar director aligns normal to the

applied magnetic field.

In the absence of an external magnetic field, the columnar

directors of DLC domains are randomly oriented (Fig. 1a).

When a static magnetic field is applied, they align with their

directors normal to the applied field. Within the plane normal

to the field, however, the columnar directors are randomly

distributed (Fig. 1b). Application of a static magnetic field

alone, therefore, does not produce uniaxial alignment over a

bulk length scale for most columnar DLCs.

Upon application of a rotating magnetic field, the only

columns with their directors normal to the field are those

parallel to the axis of field rotation—thus this is the sole

preferred domain orientation, and uniaxially aligned columnar

DLC phases may be produced (Fig. 1c). The same effects can

be achieved by simply rotating the sample in a static applied

magnetic field with the rotation axis normal to the field, which

is the method employed in this study. In this case, the

columnar directors will align parallel to the rotation axis.

Metal-containing discotic mesogens are currently of great

interest due to the advantageous combined properties of

liquid crystals and transition metals.31–36 In a previous study

by Pate et al.,31 the responses of a series of octa(n-alkylthio)

metalloporphyrazine DLCs (MSx, M = Co, Ni, Zn, Cu,

n-alkyl = CxH2x+1, x = 10), which exhibit hexagonal columnar

mesophases, to external magnetic fields were investigated.

SANS measurements of NiS10 and ZnS10 revealed that the

columnar directors orient perpendicular to applied static

magnetic fields as low as 0.5 T when the samples were cooled

from their isotropic phases. The threshold aligning field for

CoS10 was found to be half that of NiS10 and ZnS10 while

CuS10 exhibited no preferred alignment at fields as high as

1.02 T. These differences among the metalloporphyrazines

were attributed to the competition of the diamagnetic

moments of the aromatic cores and the paramagnetic moments

of metal centers. In the case of CoS10, both moments work

constructively enhancing magnetic alignment. In this previous

study, however, only static magnetic fields were used and

uniaxial alignment was not investigated.

In this study, we employed cobalt 2,3,7,8,12,13,17,18-

octa(n-dodecylthio)porphyrazine (CoS12, the inset of Fig. 1)

to demonstrate the uniaxial alignment of the columnar

superstructures of DLCs by spinning the sample in a static

magnetic field with the rotation axis normal to the field.

Experimental

Materials

Cobalt 2,3,7,8,12,13,17,18-octa(n-dodecylthio)porphyrazine

(CoS12) was purchased from INNO BioSystem, which

utilizes an analog of the synthetic procedure which is

described elsewhere.36,37

Instrumentation and measurements

Differential scanning calorimetry (DSC) measurements were

performed in a nitrogen atmosphere using a Dupont 2010 DSC

instrument at a scanning rate of 10 uC min21. The instrument

was calibrated with an indium standard.

Polarized optical microscopy (POM) measurements were

performed using a Olympus BX51 polarized optical micro-

scope. Sample temperatures were controlled using a Mettler

FP82 hot stage at a scanning rate of 1 uC min21.

Small angle neutron scattering (SANS) measurements were

performed using the 30 m instruments (NG3 and NG7) at the

NIST Center for Neutron Research (NCNR) in Gaithersburg,

MD, USA and the 8 m SANS instrument at the High-flux

Advanced Neutron Application Reactor (HANARO) of the

Korea Atomic Energy Research Institute in Daejeon, Korea.

The instrument configurations employed at HANARO and

NCNR are summarized in the supplementary information.

The scattering intensities were measured using a 2D detector as

a function of scattering vector Q, |Q| = 4psinh/l where l is the

wavelength and 2h is the scattering angle. The Q range used in

this study was 0.025 Å21–0.48 Å21. Scattering from the samples

was corrected for background and empty cell scattering. All

the collected data sets were circularly or annularly averaged

using data reduction software provided by the NCNR.38

Fig. 1 A concept of the uniaxial alignment using a rotating magnetic

field H. The schematics of columnar domain distributions, (a) in the

absence of an applied magnetic field, (b) in the presence of an applied

static magnetic field, and (c) in the presence of a rotating magnetic field

are described. The inset shows the molecular structure of the DLC

used in this study (CoS12).
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To implement the rotation of CoS12 during cooling under a

static magnetic field, a device which can control the sample

rotation speeds (0–1000 rpm) and temperature (room tem-

perature y300 uC) was fabricated, having two orthogonal

sample positions. This device was made of a non-magnetic

material (aluminium) and placed between the poles of an

electromagnet (HV7W, Walker Scientific Inc.) with a 62 mm

pole gap, providing field strengths of up to 1.1 T.

In order to understand the three-dimensional structures of

magnetically aligned columnar DLCs, it was necessary to

preform SANS measurements in two or three orthogonal

directions for each sample environment. Each sample was

loaded in its isotropic phase to either (a) a disk-shaped cell

(1.6 cm in diameter and 0.1 cm in thickness or beam path

length) enclosed by two quartz disc windows or (b) a

rectangular quartz cell (0.3 cm 6 0.3 cm 6 1.5 cm). Since

the disk-shaped cell allows SANS measurements only through

the thin direction due to limited neutron transmission, we

employed a few combinations of sample loading directions

against the magnetic field and neutron beam direction, as

needed. For the SANS measurements intended to interrogate

the effects of a static applied magnetic field, two disk-shaped

cells containing the same material were loaded in two

orthogonal positions (Fig. 2a). While the sample in position

A was measured as loaded with the incident neutron beam N

perpendicular to the direction of the applied magnetic field H

(N H H), the sample in position B was rotated 90 degrees

after magnetic alignment and then measured, allowing the

incident neutron beam to be parallel to the direction that the

field had been applied (N // H, Fig. 2c). The samples prepared

by spinning in the presence of the applied magnetic field

(Fig. 2b), were measured in a similar way. During the

measurements the magnetic field was turned off and the

sample spinning was stopped. In addition to the measurements

with the disk-shaped cells, a few experiments were performed

with the rectangular cells, which allowed measurements for

two orthogonal directions of the same specimen.

Cryo-TEM measurements were performed at 2170 uC using

a 120 kV Carl Zeiss EM912 OMEGA cryo-TEM at the Korea

Basic Science Institute (KBSI). The samples aligned in bulk

were cut into y70 nm thick films using a Leica UCT

ultramicrotome equipped with a FCS cryostage.

Results and discussion

Phase behavior

Phase transitions of CoS12 were identified from DSC, POM

and SANS measurements during heating and cooling. The

transition temperatures determined from the DSC measure-

ments during heating (cooling) with a scanning rate of

10 uC min21 were 80 uC (51 uC) for the solid to the liquid

crystalline phase and 127 uC (116 uC) for the liquid crystalline

to the isotropic phase, respectively. The focal conic texture of

the typical columnar hexagonal liquid crystalline phase was

observed in the mesophase (see ESI{). Representative SANS

patterns of CoS12, measured during the second heating, are

shown in Fig. 3. The scattering peak in the high-temperature

phase was very broad, which is typical of disordered liquids

and may be assigned to a mean intermolecular spacing of

24.1 Å. The peak in the LC phase is relatively sharp, which is

consistent with the higher degree of order associated with

the hexagonal columnar liquid crystalline lattice. The inter-

columnar distance a (a = d/cos 30u for a hexagonal system,

where d is the lattice spacing of the (100) plane) determined

from the peak position of the LC phase was 27.9 Å. In the

solid phase of CoS12, the SANS intensity showed three peaks

which can be indexed with a P2 plane group (ESI{).

Magnetic alignment

The SANS measurements showed that CoS12 exhibits sub-

stantial preferred orientation when cooled from the isotropic

phase to the columnar liquid crystalline phase in the presence

of a static external magnetic field. The SANS patterns from the

intercolumnar interferences become markedly anisotropic,

which became increasingly pronounced as the temperature

was decreased within the liquid crystalline range (ESI{). The

results for CoS12 which were measured after cooling to the

solid phase at room temperature are shown in Fig. 4.

The SANS pattern measured in the absence of an external

magnetic field exhibited a sharp peak with isotropic distribu-

tion about the annular angle (Fig. 4a). This indicates that the

bulk DLC system consists of a large collection of ordered

Fig. 2 Two orthogonal sample loading positions of the rotating/

heating device. (a) The samples loaded at A and B were used for the

SANS measurement with N H H and N // H, respectively. (b) Those at

C and D were used for the SANS measurement with N // R and N H R,

respectively. (c) The disk-shaped cell (16 mm in diameter and 1 mm

beam path length) is enclosed by two quartz discs separated by

titanium spacers.

Fig. 3 SANS intensities of CoS12 at different phases. The measure-

ments were performed upon heating.
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columnar domains with random orientations, similar to

polycrystals. On the other hand, the SANS pattern measured

in the presence of the applied magnetic field was distinctly

anisotropic with the intensity maxima along the field direction

(Fig. 4b). This clearly indicates that the domain directors,

which are parallel to the columnar directors, are aligned

normal to the applied field. When the sample was measured

from an orthogonal direction, i.e. N // H, as depicted in the

inset of Fig. 4, a completely isotropic SANS pattern was

observed (Fig. 4c). Thus, although the domain directors are

constrained to lie normal to the applied field vector, they are

uniformly distributed within this plane.

The response of CoS12 to a series of applied magnetic field

strengths was measured. Each sample was first heated to

160 uC, well into its liquid phase, at which point the diffraction

pattern was confirmed to be broad and isotropic. The applied

external magnetic field was then adjusted to the desired

strength, and the sample was cooled to 90 uC, well into its

liquid crystalline phase. The cooling rate was approximately

5 uC min21. After allowing a time of 5 minutes for equilibra-

tion, SANS measurements were performed. These steps were

repeated for different field strengths. The two-dimensional

SANS data were annularly averaged at Q = 0.26 Å21 for the

liquid crystalline phase. The annularly averaged SANS data,

I(w), were fitted with a Lorenzian function as shown in the

inset of Fig. 5. The full width at half maximum (FWHM) of

I(w) as a function of the applied field strength is shown in

Fig. 5. The diffraction anisotropy was apparent at fields as low

as 0.296 T. As the field strength increased, the FWHM rapidly

decreased at low fields and then asymptoted to about 40u. The

saturating magnetic field for the alignment of CoS12 was as

low as y0.6 T which is much lower than those for other

DLCs.16,17 This is attributed to the constructive effects of the

diamagnetic moments of the aromatic core and the para-

magnetic moments of the central cobalt atom of CoS12.31

Magnetic uniaxial alignment

Uniaxial alignment of CoS12 was obtained by cooling and

rotating samples from the isotropic phase in the presence of

an applied magnetic field of 1.0 T. The rotation axis was

perpendicular to the magnetic field direction, and a series of

rotation speeds was tested. Once the sample was fully cooled

to the solid phase with a cooling rate of approximately

5 uC min21, the sample was removed from the rotation/heating

device, and then SANS measurements were performed for two

orthogonal directions of the sample, as shown in the inset of

Fig. 6. During these SANS measurements, no magnetic field

was applied.

The SANS pattern (Fig. 6a), which was measured with the

neutron beam direction perpendicular to the rotation axis,

shows a very sharp anisotropy. On the other hand, the pattern,

which was measured with the neutron beam direction parallel

to the rotation axis, shows an isotropic scattering distribution

(Fig. 6b). These results clearly indicate that the columnar

domains are uniaxially aligned parallel to the sample rotation

axis which is perpendicular to the applied field. These

measurements were performed for samples filled in two disk-

shaped cells loaded at two orthogonal positions in the

rotation/heating device (Fig. 2). To measure the sample from

another orthogonal direction, the sample was filled in a

rectangular sample cell and rotated as described in the inset of

Fig. 6. The SANS patterns measured from two orthogonal

directions, each normal to the sample rotation axis, are both

strongly anisotropic (Fig. 6c and 6d). This further confirms the

uniaxial alignment of CoS12. It should be noted that the

anisotropic SANS patterns were obtained from the samples

filled in the disk-shaped cells of 0.1 cm thick and 1.6 cm in

diameter, using a neutron beam of 1.0 cm in diameter at the

sample. Therefore, an ensemble averaged uniaxial alignment of

CoS12 over a bulk length scale of ca. 1.0 cm was achieved in

this study. To our best knowledge, this is the largest uniaxially

aligned columnar metal-containing DLC in bulk ever reported.

This alignment has a very slow relaxation time in the solid

phase. SANS patterns measured after about three months did

not show any appreciable changes.

The uniaxial alignments were tested with various sample

rotation speeds, for CoS12 in the presence of an applied field

of 1.0 T. In all the cases, the incident neutron beam was

positioned perpendicular to the sample rotation axis, resulting

in anisotropic SANS patterns similar to that seen in Fig. 6a.

The scattered neutron intensity, I(w) which is annularly

Fig. 4 Two-dimensional SANS patterns for CoS12 with/without an

applied magnetic field. The samples were cooled from the isotropic

phase down to the solid phase (a) in the absence and (b),(c) in the

presence of the applied magnetic field of 1.0 T. For (b), N H H and

for (c), N // H. The inset describes the induced orientations of the

columnar directors and the SANS measurement conditions.

Fig. 5 The FWHM of the annular averaged SANS data of CoS12 as

a function of the applied magnetic field strength. The inset shows a

Lorenzian fit for the SANS data of CoS12 cooled from the isotropic

phase under H = 1.13 T. The measurements were performed at 90 uC
at which the samples are in their columnar liquid crystalline phases.
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averaged at the highest peak position (Q = 0.24 Å21) shows a

very sharp anisotropy as depicted in the inset of Fig. 7. Fitting

the annularly averaged SANS data with a Lorenzian function,

the FWHM values of the columnar domain mosaic distribu-

tion as a function of the sample rotation speed were obtained.

To achieve uniaxial alignment, the rotation speed must be

higher than the inverse of re-orientational relaxation time

of columnar domains under an applied magnetic field. We

expected that the FWHM values would decrease with the

rotation speed and reach an asymptote above a certain

threshold speed. However, as the rotation speed increased,

the FWHM decreased initially but, after reaching the lowest

value 24.5u at 5–10 rpm, it slightly increased rather than

reaching an asymptote. The FWHM of the uniaxially aligned

CoS12 was almost a factor 2 smaller than that of CoS12

aligned without sample spinning. The increase of the FWHM

at higher rotation rates may be attributed to the disturbance

induced by the combined effects of centrifugal force and

imperfect sample filling in the cell. The sample cells were fully

filled at the isotropic phase, but as the samples were cooled

down to the liquid crystalline phase the mass density

increased, producing small void space within the sample cell.

Upon rotating the samples at high speed, we observed that

these small voids became concentrated at the center of sample

cells, which would disturb the nearby columnar alignments.

The rotation rates of 5–10 rpm are quite slow and readily

achievable. The uniaxial alignment method presented here

provides for straightforward, non-invasive access to fabricat-

ing uniaxially aligned columnar discotic liquid crystal

materials in over a bulk length scale.

The low magnification cryo-TEM micrographs of the

uniaxially aligned CoS12 at 5 rpm, sectioned along two

orthogonal directions, are shown in Fig. 8. While the image of

the sample sectioned perpendicular to the sample rotation axis

(Fig. 8a) shows no preferred direction, the image of the sample

sectioned parallel to the sample rotation axis (Fig. 8b) shows

a distinct preferred orientation axis which is parallel to the

rotation axis. This further confirms the uniaxial alignment of

CoS12 along the sample rotation axis. The high magnification

cryo-TEM micrograph of the uniaxially aligned CoS12 at

5 rpm, the same specimen shown in Fig. 8b, reveals a single

domain of highly aligned columns (Fig. 8c). This image,

together with the images taken for neighboring regions of

the sample, revealed that the linearity of each column was

maintained up to ca. 1 mm, which is close to the measurement

limit. The linearity may persist somewhat beyond 1 mm,

corresponding to a stacking of more than 2200 molecules

(intracolumnar spacing # 4.5 Å). The d-spacing, calculated

Fig. 6 Two-dimensional SANS patterns of uniaxially aligned CoS12. The samples were spun at 5 rpm in the presence of an applied magnetic

field of 1.0 T while being cooled from the isotropic phase to the solid phase. The measurements were performed at room temperature, i.e. the

solid phase. The inset describes the induced orientations of the columnar directors and the neutron beam directions against the sample orientation

during SANS measurements.

Fig. 7 The FWHM of the annular average of the uniaxially aligned

CoS12 as a function of the sample rotation speed. The inset shows a

Lorenzian fit for the SANS data of a 5 rpm sample. The magnetic

field strength was set at 1.0 T and all the SANS measurements were

performed after the samples were cooled from the isotropic phase

down to the solid phase.

This journal is � The Royal Society of Chemistry 2006 J. Mater. Chem., 2006, 16, 2785–2791 | 2789



from the fast Fourier transform (FFT) data of the image, was

20 Å, which agrees with the value (20.6 Å) measured by SANS.

Conclusions

The uniaixal alignments of the columnar superstructure of a

discotic metallomesogen, CoS12, over the centimetre length

scale have been achieved by spinning samples under a static

magnetic field. To our best knowledge, this is the first

demonstration, using both reciprocal- and real-space imaging,

of the use of magnetic fields to produce uniaxially aligned

metal-containing DLCs over the bulk length scale. When the

samples were continuously spun during cooling in a static

applied magnetic field of 1.0 T, CoS12 was observed to form

uniaxially aligned columnar superstructures with the columnar

domain directors being parallel to the rotation axis which was

normal to the external field. The optimal sample rotation

speed for CoS12 under our experimental conditions was found

to be 5–10 rpm, where the FWHM of the domain director

distribution was minimized. Cryo-TEM measurements showed

that the persistence length of the columnar directors was at

least 1 mm. Considering that these uniaxial alignments were

achieved over a macroscopic length scale (ca. 1.0 cm) using

easily accessible magnetic field strengths and rotation

speeds, the alignment method presented here can provide

a straightforward means to fabricate uniaxially aligned

columnar diamagnetic discotic liquid crystal materials in bulk

length scale, which will facilitate the technological applications

of DLCs for advanced molecular devices.
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