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Two liquid crystalline vanadyl complexes have been studied by frequency domain dielectric
spectroscopy over the range 10 mHz to 13MHz. The materials exhibit two or three columnar
phases denoted Colro , Colrd, and Colhd that were identi� ed by X-ray di� raction. In the higher
temperature Colrd phase, a relaxation process in thekHz range is observed that is attributed
to the reorientation about the molecular short axis. A pronounced dielectric relaxation process
shows up in the low temperature Colro phase at hertz and sub-hertz frequencies. This slow
relaxation is assigned to reorientation of the molecular dipoles within the polar linear chains,
which are aligned along the column’s axis. Triangular wave switching studies at low frequency
reveal processes inside the Colro phase which are most probably due to ionic/charges
relaxations but a ferroelectric switching for an achiral discotic system cannot be ruled out
completely. Below the Colro phase there is an orientationally disordered crystalline Crx phase
with disordered side chain dipoles. A dielectric relaxation process connected with the
intramolecular relaxation of the alkoxy side chains, similar to the b-process of polymers, has
been found in the lower temperature Crx phase.

1. Introduction based on vanadyl, copper and palladium chiral com-
Since the discovery of ferroelectric [1] and antiferro- plexes [8, 9]. Indeed, in addition to the rotational and

electric liquid crystals [2] there has been great interest reorientation relaxation, these measurements have revealed
in designing liquid crystals with such properties. Novel collective Goldstone mode processes that are the result
schemes have recently resulted in the introduction of of chirality-based symmetry breaking [8, 9].
ferroelectric properties in systems composed of non-chiral In this paper we report on further properties of two
materials based upon low molar mass banana-shaped vanadyl complexes [10–12] which display columnar
molecules [3] and exhibiting di� erent smectic-like order- mesophases with anomalous dielectric behaviour at fre-
ing with in-plane spontaneous polarization. The � rst quencies below 10 kHz, where a pronounced dielectric
example of a ferroelectric liquid crystal based on achiral spectrum was found. Also for a liquid crystalline mixture
molecules was demonstrated by Tournilhac et al. [4]. It containing copper mesogens [7], an anomalous dielectric
is worth noting that a related achiral mesogenic polymer- behaviour was observed earlier and also for some
monomer mixture [5, 6] also displayed a pronounced mixtures of two metallomesogenes [13].
spontaneous polarization. In pursuit of novel liquid crystalline metallomesogens,

Dielectric spectroscopy was shown by Athanassopoulou Swager and co-workers [10–12, 14–18] have developed
et al. [7] to be a powerful method for investigation of liquid crystalline materials containing polar metal-oxo linear
the dynamics of metallomesogenic ferroelectric materials chain polymers, schematically (· · · M5 O· · · M 5 O· · · )

n
,

as shown in � gure 1. Columnar mesophases of these
materials show very interesting macroscopic properties*Author for correspondence;

e-mail: Jochem@hrz2.tu-darmstadt.de and the substances studied in this work exhibit strong
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To make the critical structure/property correlation, we
have performed a detailed characterization of these novel
liquid crystals by DSC, polarizing optical microscopy,
XRD, dielectric spectroscopy, and polarization switching.

Figure 1. General structure of vanadyl linear chain complexes. 2. Theoretical background
Bond lengths are from a related crystal structure [10]. The application of a weak low frequency electric

� eld, E0 exp(ivt), to a dielectric material induces a net
polarization:

linear chains along the columnar axis, which are charac-
P =Î

0[ e*(v) Õ 1] E0 exp(ivt) (1)terized by low energy V 5 O stretching modes at 854 to
868cm Õ 1 depending on the phase. The polar oligomers where e*(v) is a complex dielectric permittivity and Î

0disassemble in the isotropic phase and a V 5 O stretching is the dielectric permittivity of the free space. The
mode of 992 to 994cmÕ 1 [12] characteristic of monomeric static dielectric permittivity, e0 (e0

= e*(0) ) may contain
complexes is observed. contributions from di� erent molecular and collective

It should be stressed, that the vanadyl complexes relaxation processes. Generally, one can write:
studied in this work (� gure 2) do not exhibit an ideal
disc-like shape, which is a general feature of thermo- e0

= e
2

+ � m
i,1

De
i

(2)
tropic columnar liquid crystalline phases. According
to Swager’s model [12] the columnar phases of these

where e
2

is the high frequency limit of the dielectric
substances have short range intermolecular correlation

permittivity and De
i

is the dielectric contribution from
along the column wherein neighbour pairs assemble in

di� erent molecular and collective processes such as
an arrangement such as to produce disc-like entities.

molecular reorientation, collective columnar relaxation,
It is also interesting that the linear chain derivatives

space charge relaxation and intramolecular relaxation
1 (n) (� gure 2) display a number of columnar mesophases

of side chains.
that have either ordered rectangular lattices (Colro) or

In the case of columnar phases of complexes dis-
liquid-like disordered structures (Col

rd
or Col

hd
). Liquid-

playing a strong vanadyl linear chain structure [12],
like columnar phases display XRD patterns with di� use

we are principally concerned with contributions from
halos at wide angles, whereas the ordered phases display

reorientation of the large dipoles associated with the
more de� ned wide angle peaks. This study presents

V 5 O bond. If switching can occur then it is most
additional XRD results, vide infra, which require some

probably by an inversion about the vanadyl centre. If
revisions of the earlier assignments [12]. For the two

each column bears an e� ective polarization, P
ci

, the low
vanadyl complexes studied, the low temperature phase is

frequency electric � eld, due to linear coupling with
characterized as a Col

ro
phase, whereas the sequentially

polarization vectors, induces a pronounced linear polar-
higher temperature phases are Colrd or Colhd phases,

ization comparable to the Goldstone mode contribution
respectively.

in the case of helicoidal FLCs [19].
The principal aim of this paper is to study the

If true spontaneous polarization Ps exists then it is
properties of these liquid crystals by low frequency

connected with the columnar polar chains due to the
dielectric relaxation spectroscopy. Moreover we seek to

· · · V 5 O---V· · · coupling shown in � gure 1 and could
establish that this behaviour is the result of long range

be written as:
order of the one dimensional polar linear chains (� gure 1)
in the Colro columnar phase and that this e� ect is lost in

Ps
= V Õ 1 � k

j=1
m

j
(3)the higher temperature phases with only short range order.

where m
j
is a dipole moment of the O· · · [· · · V5 O· · · ]· · ·

fragment in the columnar chain, V is the unit cell volume,
and k stands for the number of dipole moments in the
unit cell—k = 2 for the Col

ro
phase.

The dielectric permittivity of the system composed of
polarized columns can be described by the Kirkwood
formula [20] (4) applied to highly polar liquids. This
equation provides the temperature dependence of theFigure 2. Structureof the vanadylcomplexes under investigation

with R equal to C12H25
= 1 (12) and C14H29

= 1(14). static dielectric permittivity of a liquid and is an
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extension of the Onsager formula [21]. charge relaxation and conductivity. Consideration of all
four types of relaxation processes provides the following
dielectric spectrum:(e0

Õ e
2

)(2e0
+e

2
)

e0(e
2

+2)2
=

4pN0
9kBT

m2g (4 )

e*(v) = e ¾ Õ ie ² = e
2

+
DeM

1 +(ivtM)1 Õ aM
+

DeC
1 +(ivtC)1 Õ aCwhere e

2
is the high frequency limit of the dielectric

permittivity, N0 is the number of molecules per unit
volume, m is a molecular dipole moment, kB is +

De0
1 +(ivt0)1 Õ a0

Õ i
s

Î
0v

(8)
Boltzmann’s constant, and g is the so-called Kirkwood
factor connected with some intermolecular correlation. where s is the electrical conductivity of the material
This Kirkwood factor g is de� ned in the following way studied and tM , tC and t0 are, respectively, the average
[21]: molecular reorientation, columnar and space charge

relaxation times. The parameters aM , aC and a0 account
g = 1 +

1

Z
� Z
jÞ i

cos c
ij

(5 ) for the distribution of the respective relaxation times.
In the columnar phase there will be two absorption
peaks at frequencies of 1/2 tM and 1/2 tC . The space-where in turn Z is the coordination number (i.e. the
charge relaxation is activated in the higher temperaturenumber of nearest neighbours of the i-th molecule), and
phases and in the isotropic phase. It is important to notec

ij
is the angle between the dipole moment of the i-th

that in the case of metallomesogens, unavoidable ionicmolecule and the dipole moment of its j-th neighbour
impurities cause the low frequency components of thein the � rst coordination sphere. The Onsager model
dielectric spectrum to be dominated by the conductivitycorresponds to g = 1. A value of g > 1 indicates an
(s/v) term. It is also the case that the low frequencyenhanced dipole–dipole correlation of a given molecule
dielectric relaxation can be easily observed in the losswith its surroundings, which typically originates from
factor of the dielectric spectrum:molecular interactions such as hydrogen bonds or steric

e� ects. Alternatively, a reduced dipole–dipole correlation tan d(v) = e ² (v)/e ¾ (v) (9)
can produce g < 1 and this results from steric e� ects

which may be directly measured with an impedanceand/or antiparallel dipole–dipole interactions. A value
analyser. Additionally, for highly polar dielectrics, theof g = 0 indicates that e0

= e
2

which represents an ideal
absorption peak of tan d(v) is at higher frequencies thanantiparallel organization of the dipoles in the lattice. It
that of e ² (v). Hence, the following transformation isis worth pointing out that for ordered dipolar chains, a
valid:correlation factor g = 2 is expected, assuming parallel

nearest neighbour interactions.
vc (tan d) = vc(e

² )A e
0

e
2
B1/2

. (10)In the case of the two solid phases, as well as the
columnar rectangular and hexagonal phases, one can
use a model by Fröhlich [20, 21]: It follows for highly polar systems that the absorption

peaks of dielectric loss will be shifted to distinctly lower
frequencies than observed in the tan d(v) dielectric

(e0
Õ e

2
)(2e0

+n2)

e0
=

4pN0
9kBT

m2g4w(1 Õ w) (6 )
spectrum. This situation is observed for all of substances
investigated herein.

where n is the refractive index, and w is a probability of
� nding a dipole in a certain direction, given by:

3. Experimental
w =

exp[ Õ U(T)/kBT ]

1 +exp[ Õ U(T)/kBT ]
(7 ) The substances studied have the chemical formula

displayed in � gure 2. The studies of phase transitions
were performed utilizing a DSC (Perkin Elmer DSC 2where U (T ) is a potential barrier hindering reorientation

of dipoles. The Fröhlich model is a one-dimensional with home-made interface for data acquisition), a Leitz
Orthoplan Pol polarizing microscope, equipped withmodel, but it is the only model known in the literature to

describe the e0 (T ) temperature behaviour in the vincinity video (SONY video cameras, video mixer, video printer,
video tape recorder and monitor), and a Mettler hotof a molecular order–disorder transition.

To describe the dielectric spectrum of the columnar stage FP82 with controller. The DSC calorimetry was
performed at a heating rate of 10 K minÕ 1. In general,mesophases, one should take into account the relaxation

of the polar columns and the reorientation of individual a baseline was calibrated before the measurements and
was then subtracted from all graphs. It is evident thatmolecules and molecular segments. In the low frequency

range there are ubiquitous contributions from space- the mesophase to isotropic transition and the transitions
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to columnar mesophases are � rst order. Therefore the The X-ray di� raction measurements were performed
temperatures of these transitions were evaluated by the on a focusing horizontal two-circle di� ractometer [23, 24]
T-onset method [22]. All other phase transition temper- (Stoe Stadi 2) equipped with a home made oven. The
atures are reported as the peak maxima of the heat � ow CuK1 radiation (l = 1.54056AÃ ) was focused by a curved
vs. temperature pro� le. Ge(1 1 1) monochromator. For experiments using fast

The phase transition temperatures (table 1) were di� ractometry a linear position sensitive detector (Stoe
determined by DSC calorimetry, and the � rst runs are Mini PSD) was employed.
displayed in � gure 3. The phases were assigned as: two For dielectric studies capacitors were prepared from
crystalline (Cr

1
, Cr

2
), one orientationally disordered complexes 1 (12) and 1 (14) between two plane-parallel

crystalline (Crx ), three discotic columnar mesophases low resistance gold electrodes (< 5 V sq. Õ 1) deposited on
(Colro , Colrd , Colhd ) and the isotropic phase (I ). planar quartz glass plates with an area of 7 Ö 13 mm2

The conclusion from the DSC, polarizing microscopy, separated by 23 mm mica spacers. The capacity of the
and dielectric spectroscopy is that both samples exhibit empty cell was strictly linear over the temperature range
at least two discotic columnar liquid crystalline phases. of our investigations. The cells were calibrated using
The colour photographs in � gure 4 show typical textures toluene as reference (puri� ed for spectroscopy) over the
observed for di� erent phases, and recorded by the temperature range 20 to 50 ß C.
video system. The capacitors were � lled with samples that had been

heated into the isotropic phase for one hour under

vacuum to expel entrapped gases and residual solvents.
Table 1. Phase sequence and phase transition temperatures Subsequent cooling gave recrystallized droplets that

for complexes 1 (12) and 1(14). were then cut into stripes and transferred to the inlet of

vertically mounted sample capacitors in a vacuum hotComplex Transition temperatures obtained by DSC
stage.

1 (12) Cr1 48.5ß C Cr2 68 ß C Crx 97.1ß C Colro 140.9ß C The sample capacitor was � lled under vacuum at
Colrd 157.6ß C Colhd 182.2ß C I temperatures slightly above the clearing temperatures using

1 (14) Cr1 68 ß C Cr2 82 ß C Crx 89.6ß C Colro 134.9ß C
gravity and capillary induced � ow. The � lling process was

Colhd 187.9ß C I
monitored by the HP 4192A self-balancing impedance

analyser operating at 100kHz and was generally com-

plete within two hours. The complete � lling of the cells

was indicated from a saturation of the dielectric per-
mittivity. Once � lled, the cells were slowly cooled to

room temperature under vacuum. The samples appeared

to be stable under ambient atmosphere at temperatures

below their clearing points. It was apparent that even

under vacuum, long term exposures at high temperatures,

i.e. days to weeks, resulted in degradation as indicated

by the colour and texture changes.

The two mesogenic vanadyl complexes 1 (12) and 1(14)
were investigated using frequency domain dielectric

spectroscopy (FDDS) from 10 mHz to 13 MHz. The

computer controlled experimental apparatus consists of

a HP4192A impedance analyser and a Schlumberger

Solartron 1250 FRA in conjunction with a self-constructed

ampli� er based on the so-called Chelsea Dielectric

Interface [25] principle. A Eurotherm 818 controller
allowed temperature control for the dielectric measure-

ments from room temperature to 200ß C. The dielectric

spectra were measured over the frequency range from

10 Hz to 10 MHz with 15 experimental points per decade.

A total of 10 points per decade was used for the sub-

Hertz experiments. Because vanadyl complexes change

(a)

(b)

or decompose at high temperatures, the majority of theFigure 3. DSC data obtained on heating for (a) complex 1(12)
and for (b) complex 1 (14). dielectric measurements were made under vacuum [26].
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(1) (2)

(3) (4)

(5)

Figure 4. Colour plates. Photo 1—texture of the high temperature phase above the Colhd phase of 1 (12) at 169.9ß C;
photo 2—texture of the less ordered Colrd columnar phase of 1(12) at 152.4ß C; photo 3—texture of the colro columnar phase
of 1 (12) at 147.1ß C; photo 4—texture of the disordered crystalline Crx phase of 1(12) at 100ß C; photo 5—texture of the Cr2
phase of 1(12) at 60 ß C.

This allowed us to prevent oxidative degradation of the microscope. The experimental conditions employed an

optical hot stage, a controller, a function generatorsample [27] giving the results with excellent reproducibility

for all dielectric data. (Phillips PM 5188), and an oscilloscope HP 54603B

with IEEE measurement storage module HP54666 andThe polarization reversal current measurements were

performed while observing the samples with a polarizing a computer. The parameters of the EHC cell used were
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Table 2. X-ray di� raction data of the complex 1(12) ( latticeas follows: A = 16 mm2, d = 10 mm and C0
= 12.5 pF. The

constants, measured and calculated lattice spacings, andvoltage applied across the cell was 100 Vp-p . Systematic
proposed indexing).

variation of the frequency and amplitude revealed the
(a) Comparison of measured and calculated lattice spacings forbest experimental conditions. Exceeding 50 Hz, no pro-
the rectangular lattice of the mesophase at 135ß C of 1 (12).cess was visible. The resultant graphs were used for the

calculation of the apparent spontaneous polarization 2h/ß (exp.) 2h/ß (calc.) d/AÃ (exp.) d/AÃ (calc.) h k l
with:

2.307 2.307 38.26 38.26 1 1 0
2.925 2.925 30.17 30.17 2 0 0
3.380 3.856 22.20 22.89 1 2 0
6.250 6.120 14.14 14.42 4 1 0Ps

=
P I (t)dt

2A
(11)

6.970 6.925 12.68 12.75 3 3 0
7.390 7.533 11.95 11.72 5 1 0

where A is an e� ective area of the capacitor. The Ps is 8.770 8.785 10.07 10.06 6 0 0
the integrated current per unit area after subtraction of 9.310 9.238 9.49 9.56 4 4 0

10.460 10.408 8.45 8.49 7 1 0the base line resistance and capacitance contributions
10.790 10.819 8.20 8.25 0 6 0[28].
13.130 13.265 6.74 6.67 3 7 0
19.3 4.6 (broad)
23.960 23.960 3.71 3.71 0 0 1

4. Results and discussion
Colro : a = 60.34AÃ , b = 49.48AÃ , c = 3.71 AÃ4.1. X-ray di� raction investigations

The structures of the compounds 1 (12) and 1 (14)
were investigated by X-ray di� raction at several temper- (b) Comparison of measured and calculated lattice spacings
atures to characterize the mesophase types and structural for the rectangular lattice of the mesophase at 145ß C of 1 (12).
parameters. The proposed indexing, the lattice constants,

2h/ß (exp.) 2h/ß (calc.) d/AÃ (exp.) d/AÃ (calc.) h k land the observed and calculated spacings are summarized
in tables 2 and 3.

2.329 2.329 37.89 37.89 1 1 0
The compound 1 (12) exhibits three mesophases with 2.768 2.768 31.89 31.89 2 0 0

the X-ray di� raction patterns shown in � gure 5. The 4.140 4.152 21.31 21.26 3 0 0
4.680 4.660 18.87 18.95 2 2 0di� raction patterns of 1 (12) at 135 and 145ß C showed
6.350 6.688 13.91 13.20 4 2 0many sharp re� ections in the low angle region, attributed
6.940 6.992 12.72 12.63 3 3 0to a two dimensional rectangular lattice, and a di� use
7.420 7.499 11.91 11.79 0 4 0

halo at 4.6 AÃ . The mesophase at 135ß C also exhibited a 8.310 8.311 10.63 10.63 6 0 0
strong but broader re� ection at 3.7 AÃ , which corresponds 8.790 8.923 10.05 9.90 5 3 0

9.44 9.480 9.356 9.321 1 5 0to the vanadyl–vanadyl repeating distance within the
19.3 4.6 (broad)chain. The fact that this re� ection is broader re� ects a

limited correlation length. Therefore, the mesophase at
Colrd : a = 63.78AÃ , b = 47.11AÃ

135ß C is identi� ed as a discotic rectangular ordered
columnar phase Col

ro
. Upon entering the mesophase at

145ß C the di� raction from the polymer repeating unit is (c) Comparison of measured and calculated lattice spacings for
the hexagonal lattice of the mesophase at 170ß C of 1 (12).lost, even though the V 5 O stretching mode indicates

that the intermolecular correlation persists. The phase
2h/ß (exp.) 2h/ß (calc.) d/AÃ (exp.) d/AÃ (calc.) h k lis characterized as a discotic rectangular disordered

columnar mesophase Col
rd

. The mesophase at 170ß C 2.796 2.795 31.58 31.58 1 0 0
showed three sharp peaks assignable to a two dimen- 4.850 4.840 18.21 18.23 1 1 0

7.500 7.401 11.78 11.93 2 1 0sional hexagonal lattice with lattice constant a = 36.46AÃ .
19.3 4.6 (broad)This mesophase also exhibited one broad peak at 4.6 AÃ ,

which corresponds to the molten alkyl chains. Therefore,
Colhd: a = 36.46AÃ

this phase can be identi� ed as a discotic hexagonal
disordered columnar mesophase Col

hd
. Again the short

range structure was shown to persist in this phase by
IR spectroscopy.

Two mesophases were found for 1 (14) and the X-ray in the low angle region, a halo at 4.6 AÃ and a broad
peak at 3.7 AÃ . Hence, we see a similar Colro meso-di� raction patterns are shown in � gure 6. The di� raction

pattern at 110ß C of 1(14) showed several sharp re� ections phase to that found for 1 (12). Likewise the di� raction
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Table 3. X-ray di� raction data of the complex 1(14) (lattice
constants, measured and calculated lattice spacings, and
proposed indexing).

(a) Comparison of measured and calculated lattice spacings for
the rectangular lattice of the mesophase at 110ß C of 1 (14).

2h/ß (exp.) 2h/ß (calc.) d/AÃ (exp.) d/AÃ (calc.) h k l

2.194 2.194 40.229 40.299 1 1 0
2.760 2.761 31.97 31.97 2 0 0
3.780 3.680 23.38 23.98 1 2 0
5.860 5.816 15.08 15.18 2 3 0
6.560 6.586 13.46 13.41 3 3 0
6.910 6.826 12.78 12.93 0 4 0
8.250 8.290 10.71 10.66 6 0 0
8.770 8.785 10.07 10.06 4 4 0
9.300 9.311 9.50 9.49 3 5 0
9.830 9.824 8.99 9.00 7 1 0

10.080 10.246 8.77 8.62 0 6 0
10.650 10.614 8.30 8.33 2 6 0
19.3 4.6 (broad)
23.96 23.96 3.71 3.71 0 0 1

Colro : a = 63.94AÃ , b = 51.75AÃ , c = 3.71AÃ

(b) Comparison of measured and calculated lattice spacings
for the hexagonal lattice of the mesophase at 170ß C of 1 (14).

2h/ß (exp.) 2h/ß (calc.) d/AÃ (exp.) d/AÃ (calc.) h k l

2.741 2.741 32.20 32.20 1 0 0
4.750 4.749 18.58 18.59 1 1 0

19.3 4.6 (broad)

Colhd: a = 37.18AÃ

at 170ß C indicated a Colhd phase with a lattice constant
a = 37.18AÃ and a halo at 4.6 AÃ . Again, although there
were no clearly detectable di� ractions due to the periodic
long range order of the vanadyl chain, IR modes show
some sort of intermolecular coupling.

4.2. Phase transition evidence by conductivity
measurements

The phase transitions of both compounds also
manifest changes in the low frequency conductivity s

Figure 5. X-ray di� raction patterns of 1 (12) at selected
measurements (� gure 7) that correlated with the DSC temperatures 135, 145 and 170ß C.
measurements (� gure 3). From room temperature to
100ß C, the conductivities of all samples were in the range
10 Õ 9 to 10 Õ 10 S, indicating good insulator behaviour.
The temperature dependence of s for 1 (12) is illustrative close to 100ß C an in� ection in the data for s indicates

a transition between the solid phase and the liquid(� gure 7, top). In the Crx phase, the conductivity
increases slightly with temperature. Upon further heating crystalline Col

ro
phase. The conductivity increases with
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Figure 7. Temperaturedependenceof the electrical conductivity
measured for 1 (12) and 1 (14) at low frequencies (20 Hz).

and a less ordered linear chain structure (---V5 O---)
n
.

Both phases are liquid crystalline, therefore the di� er-

ences in dielectric properties re� ect the mobility of the
Figure 6. X-ray di� raction patterns of 1(14) at selected dipolar structure. In � gure 8 (a–c) the dielectric relaxa-

temperatures 110 and 170ß C.
tion processes of 1 (12) are shown as 3D plots for tan d,

e ¾ and e ² versus frequency and temperature. According

to equation (10) the transformation between (e ¾ , tan d)

and (e ¾ , e ² ) shows that the absorption peaks for tan d
increasing temperature from 5 Ö 10 Õ 9 S in the Col

ro show up at higher frequencies, � gure 8 (a), in compar-phase to 3 Ö 10 Õ 6 S in the Col
rd

and Col
hd

mesophases.
ison with the e ² (v) spectrum, � gure 8 (b). The dielectricThe average activation energy was determined to be
modes observed for all mesophases of 1 (12) areE1

= (93 Ô 3) kJ mol Õ 1 for the Colro phase and E2
=

annotated and are shown in a two-dimensional repres-(109 Ô 5) kJ mol Õ 1 for the Colrd phase, and this feature
entation in � gure 9. The processes denoted as A, B, Cmay be due to some breaking of the vanadyl chains.
and D are related to liquid crystalline phases and theRecall that the XRD studies showed a loss of the strong
process M is related to the disordered crystallinevanadyl–vanadyl correlation. Therefore the contribution
phase Crx .of the chain movement to conductivity is decreased. In

The crystalline phases at lower temperatures have athe higher temperature Colhd phase, there is a dramatic
small conductivity and show no molecular reorientation.increase in conductivity which is probably due to decom-
Intermediate between the crystal and liquid crystallineposition on heating to a liquid-like phase, and this was
phases is an orientationally disordered crystalline (ODIC)also observed optically.
phase Crx . This disordered phase arises because of molten

alkoxy chains and is observed for both compounds.

Its dielectric behaviour results from intramolecular4.3. Dielectric characterization
reorientation of the alkoxy side chains in a similar wayFrom XRD it is known that the rectangular phases,

Col
ro

and Col
rd

, respectively display a more ordered to the b-process of polymers. The change of the dielectric
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In the Colrd phase of 1 (12), two pronounced dielectric
relaxation processes A and D exist. D is a weak broad

absorption process in the MHz range, see � gures 8 (a–c).

Due to its behaviour, this process is assigned as a
rotational relaxation of the molecules inside the columns.

Most probably this process is suppressed by the steric

interactions of the longer alkyl chains of 1 (14) which
does not exhibit such a phase. Process A is shifted to low

frequencies and was checked by low frequency dielectric

spectroscopy. Therefore it is absent in � gures 8 (a–c).
For the Col

hd
, phase of both substances, two lower

frequency absorption peaks, i.e. processes A and B, are

present. In the log–log 3D-plots of the dielectric spectra,
� gures 8 (a–c), a large dielectric absorption centred

around 20 Hz (process A) is accompanied by a higher

frequency absorption shoulder (process B). Both pro-
cesses are strongly coupled and it is di� cult to isolate

them as separate contributions using a � tting program

based on equation (8). However, it is possible to obtain
reliable estimates for the relaxation times, taking into

account that both relaxation processes have broad

spectra and a distribution of relaxation times.

It is only possible to isolate the B process for 1 (12)
at the highest temperature measurements due to the

complex nature of the spectrum. This process, present

at higher frequencies (> 10 kHz), is assigned to molecular

reorientation of the molecules around their short axes

and the activation of this process introduces the disorder

in the polar chains in the columns. Therefore the long

range polar order is broken in the lower viscosity Colhd
phases which have higher molecular and ionic mobility.

The dielectric spectra of 1 (12) in the sub-hertz frequency

range shows a broad absorption peak A centred around

10 Õ 1 Hz. This absorption spans the wide frequency range

from 10 Hz (� gure 8 (c) ) to 10 mHz (� gure 10). We have

not merged both spectra in one � gure because they were

acquired by using two di� erent experimental systems

(see § 3). The more � uid nature of the high temperature
Col

hd
mesophase enhances process A, which is connected

with the relaxation of disrupted polar chains in the
Figure 8. 3D plots of the dielectric spectra obtained for 1 (12). columns and also contains conductivity contributions.

(a) Dielectric loss factor, (b) dispersion and (c) absorption. In addition, the large absorption at low frequencies

indicates that this process is associated with interfacial

polarization similar to the dielectric spectrum observed

previously for liquid crystalline copper (II ) Schi� s basepermittivities at the Crx–Colro phase transition is due to
complexes [13].a low frequency process (process C, � gures 8 and 9)

The temperature dependence of the static dielectricwhich is present only in the Colro phase.
permittivity (� gure 11, computed by � tting equation (9)The Col

ro
phase can be characterized due to the low

to the dielectric spectra shown in � gures 8 (a–c)) revealsfrequency process C (vide infra). This process is assigned
dipole–dipole correlation between the columns. This e� ectas a 180ß reorientation of the columnar polar chain.
was qualitatively described by the Fröhlich equation (6)Reorientation about the molecular short axis appears to
adapted for one dimensional solids as explained earlier.be frozen out in this phase. This phase can be super-

cooled to room temperature. The strong decrease of e ¾ on cooling from I to the Col
hd
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Figure 9. Overview of all Col phases
and the Crx phase of 1 (12) with
dielectric processes represented
as absorptionspectra at the tem-
peraturesgiven within the � gure.
Process A—defective chains +
interfacial ionic polarization+
conductivity (Colhd); process B
—molecular relaxation, reori-
entation about the short axes
(Colhd); process C—columnar
relaxation (Colro); process D—
molecular relaxation, rotation
about the centre axes (Colrd);
process M—chain relaxation
(the b-process) merged with a
high frequency molecularprocess
(Colrd).

Figure 10. (a) Dielectric loss factor
(upper curve) and (b) capacity
(bottom curve) obtained in the
sub-hertz frequency range for
Colro phase of 1 (12).
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Figure 11. Temperature dependence of the static dielectric
permittivity for the Colhd and I phases of 1(12).

phase (and from Colrd to the Colro phase, not seen in

� gure 13) is connected with the antiparallel ordering of

the columnar polarization vectors.

4.4. Reversal current and switching experiments

The low temperature Col
ro

columnar phase shows

characteristics of a ferroelectric phase and polarization

switching induced by an applied voltage with a triangular

waveform produces reversal current peaks, � gure 12 (a)

[29]. The apparent spontaneous polarization calculated

(a)

(b)
by integration of the current peaks is equal at most to

Figure 12. (a) Reversal current peaks observed for the Colroc. 80 nC cm Õ 2 for 1 (12) (see � gure 13). An apparent
phase of 1(12). (b) Computed hysteresis of polarization

polarization hysteresis plot, � gure 12 (b), is produced by behaviour of 1 (12) at 126.4ß C by taking into account
integration of the reversal current. As seen in � gure 13, the cell parameters (resistance and capacitance) and the

reversal current spectrum.the apparent spontaneous polarization decreases with

decreasing temperature which could mean that in the

Col
ro

phase there is a negative dipole–dipole correlation

(g < 1, equations (5) and (7) ). The same behaviour

was seen in the temperature dependence of the static

dielectric constant (� gure 11).

On the other hand, observation using the optical

microscope indicated no movement in the optical texture

by switching experiments. Moreover, reversal current

experiments, like � gure 12a, could only be ful� lled at

low frequencies. In addition, behaviour as in � gure 13

is slightly atypical. Therefore, another explanation

involves ions/charges, simulating properties, as in

� gures 12 and 13.

All of our investigations support the conclusion that

within the Colro phase there are one dimensional polar

chains. The transition from Colro to the higher temper-

ature phases results in a less-ordered rectangular lattice

in the case of 1 (12) or a disordered hexagonal lattice in
Figure 13. Temperature dependences of the apparent spon-

the case of 1 (14) which does not show any spontaneous taneous polarization obtained on heating and cooling for
1(12) by reversal current method.polarization. In the Col

rd
and Col

hd
phases the long
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range order of the chains is broken and this allows the the Deutsche Forschungsgemeinschaft (Ha-75-39b) for
� nancial support. T.M.S. gratefully acknowledges supportreorientation of the molecule around its short axis and
from the National Science Foundation and the O� ce ofother rotational motions.
Naval Research.
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