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of high chirality and negative dielectric anisotropy
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Electric field effects on liquid-crystalline blue phases (BP) of high chirality and
negative dielectric anisotropy have been studied by polarizing microscopy and
reflection spectrometry. Temperature—electric field phase diagrams are presented
and selective reflections of different blue phases in electric fields are shown. In
systems showing only BPI and BPIII but lacking a zero field BPII an electric
field-induced blue phase was observed in the temperature region of BP II1 and was
identified as a BPII.

1. Introduction

Up to three liquid-crystalline blue phases can be observed in a small temperature
range just below the clearing point in cholesterogenic compounds with sufficiently
high chirality [1]. Cubic structures of BP I and BP II have been determined with space
groups 14,32 (O*) and P4,32 (O?), but the structure of BP 111, which exists immediately
below the isotropic phase, is still unknown. The BPIII appears amorphous and until
now solely one weak broad selective reflection of polarized light [2] has been observed.
Calorimetric measurements [3,4] show that BPIII is a thermodynamically stable
phase; the transition enthalpy BP III/Iso is 50 times larger than those for BPI/BPII
and BPII/BPIII. This means that the BPIII structure is more related to BP 1I than
to the isotropic phase. Three models attempt to describe the properties of BP I11: the
quasicrystal model [5-8], the double twist model [9] and the randomized cubes model
[10, 11]. All three models open the possibilities of electric field effects such as field-
induced orientation and reorientation of BPIII. Additionally field-induced phase
transitions starting from BPIII and resulting in other blue phases only stable in the
field could be expected and have been observed by Yang and Crooker as well as by
our group [12,13].

In this paper we show experimentally and theoretically that even in mixtures
lacking a field free BP I a field-induced phase transition BPI1I to BP II is observable.

2. Experiments

The mixtures investigated consisted of cholesterogenic CE2 (BDH) and nemato-
genic CCNSS (Merck). Because of an axial CN-group CCNS5S possesses a negative
dielectric anisotropy (Ae = —35). The strong helical twisting power of CE2 allows
high concentrations of the nematogenic CCNSS to keep Ae high enough without
losing the high chirality. The samples were placed between tin oxide coated giass slides
separated by 16 um spacers. A modified Mettler hot stage FP5/52 was used to control
the temperature. An electric field with square waves of 1 kHz was generated by a
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Scheme 1.

function generator coupled to a high voltage amplifier. Observations were made with
a polarizing microscope (Leitz Ortholux-Pol-1I-BK) equipped with an illuminator for
transmitted and reflected light. Selective reflection spectra of the samples were
obtained by a spectrometer unit attached to the photo tube of the microscope. In all
cases the field direction and the direction of observation were parallel. Because the
selective reflections in BP I depend strongly on temperature, these measurements were
accomplished close to the BPI/BPII or BPI/BPIII phase transitions.

As samples with mole fractions xcg; > 0-44 show selective reflections in the UV
the phase transitions could not be detected visually. In such cases the phase transitions
have been detected by means of the intensity of the transmitted light, which was
influenced by selective reflection and optical rotation in the various phases as
described by Miller et al. [14]. We used 1 mm cuvettes, which fit well into the Mettler
hot stage, FPS2.

3. Results
Figure 1 shows the relative x-T phase diagram for CE2/CCNS55 mixtures. As for
the system of high chirality discussed by Collings and Crooker [14,15] the BPII

BPIT |

XcE2
Figure 1. x-T phase diagram of the CE2/CCNSS mixed system. (Lines are guides for
the eyes.)
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Figure 2. T-U phase diagram of a CE2/CCNSS mixture with xc, = 0-34. (Lines are guides
for the eyes.)

extends only over a small concentration interval and disappears with increasing
chirality (increasing mole fraction xcg,). The temperature intervals of BPI and BP I11
increase with increasing chirality.

Investigation of a mixture with 0-34 mole fraction CE2 in an electric field leads to
the 7-U phase diagram given in figure 2. Below 50V the phase transitions Ch/BP1,
BP I/BPIII and BP I11/Iso are observed by isopotentially rising the temperature. But
at higher voltages an additional phase BP; (i = induced) is inserted between BP I and
BP II1. With increasing voltages the BP, range increases more and more at the expense
of the BPI and BPIII. Above 130V a phase transition Ch/BP; occurs without any
BP 1 phase region in between. The phase transitions Ch/BPI, Ch/BP, and BP,/BP III
are shifted to higher temperatures by increasing electric fields but the reverse situation
was found for the transition BP I/BP,. The field-induced phase BP; exhibits a strong
field dependent selective reflection of circulary polarized light (see figure 3). Platelets
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Figure 3. Selective reflection of circulary polarized light as function of U? for CE2/CCNS5
with xcg = 0-34.
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Figure 4. Quadratic single crystals of BP; grown in an electric field.

with quadratic habit can be obtained from the BPIII with increasing field strength
(see figure 4). After turning off the field the BP, platelets are slowly dissolved in the
surrounding BP I11. As the platelets only disappear very slowly the selective reflections
of the BP; could be measured down to 0V (see figure 3).

The T-U phase diagram shown in figure 5 was obtained from a mixture containing
0-32mole fraction CE2. As derived from the x-T phase diagram (see figure 1) in this

150 F
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Figure 5. T-U phase diagram of a CE2/CCNS55 mixture with xcg, = 0-32. (Lines are guides
for the eyes.)
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mixture a BPII also exists between the BPI and BPIIIL. At low field strength the
transition temperature BPII/BPIII is ficld independent. But at higher fields the
BP I1/BPIII transition temperature becomes field dependent and the BP II substitutes
the BPIII in the phase diagram. An electric field-induced hexagonal BP (BPH) as found
by Heppke et al. [16] in another system with negative dielectric anisotropy was not
observed in any mixtures of the examined. The reasons for the absence of BPH may
be the high chirality and the different material we have used for our investigations.

4. Discussion

The question about the nature of the field-induced BP; arises: Is the BP; composed
of the BPIII building blocks (e.g. double twist cylinders [9] or cubes [10, 11]) which
are oriented by the electric field or is the BP, a field reinduced (and field distorted)
BPII? The latter possibility is rather probable because the two mixtures under
investigation (with and without a zero field BPT1) are close together in the x—T phase
diagram (see figure 1). Additionally the following results give evidence for an identity
of the BP, and BPII:

(i) quadratic shaped single crystals of the BP; as in BPII (see figure 4),
(ii) similar phase behaviour of BP; and BP II: both phases grow at the expense of
the BPTII in the 7-U phase diagrams on increasing voltage.

The quadratic shapes of BP; single crystals and the strong selective reflections are also
compatible with a tetragonal phase as BP X [17]. This would mean a field-induced
BP X starting from BPIII.

Additional experiments were done to measure the selective reflections of BPI,
BPII and BP, as a function of field strength with the microscope spectrometer in
corresponding mixtures. The different phases were always measured in their field
stable orientations. Figures 4 and 6 show the wavelengths as functions of the square
voltage. Using the values extrapolated to zero field to calculate the ratios of the
selective reflection wavelengths Adgp;/Agp); and Agp,/Ags; We obtain

(@) Zom _ 3B9NM
and
h) — = —— = 1164
®) Agpi 476 nm
600
se0 F » BRI
560 |
[
c
. Mor
~ s20 |
500
480 F BPII
460 L L L
Q i 2 3 4
103 yzoy?

Figure 6. Selective reflection of circulary polarized light as function of U? for CE2/CCNS5
with xcg, = 032
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The equality of these ratios, which are similar to that obtained by Onusseit [18]
(BPI/BPII = 1-15) give further evidence for the identity of BP, and BPIL. The
calculated selective reflection ratios also allow a field-induced BP X to be ruled out.
According to Pieranski and Cladis [17] the BPII/BP X phase transition is charac-
terized by a jump of the selective reflection to longer wavelengths. As we have shown
at the phase transition BPI/BPII a jump to shorter sclective reflection wavelengths
occurs. That means that the ratio Agp,/Agp; should be smaller than the ratio Agp,/Agpy,
because Agpy should be longer than Agp ;. Even the mixture with a zero field BP II does
not show a field-induced BP X, because there is no jump or change of slope in the
selective reflection with increasing field strength (see figure 6).

If BP, is really identical with BPII, then on cooling BPI crystals should be
obtained with the typical cross-hatching from BP, as in the field free case [19]. Indeed,
if we cooled BP, single crystals at constant voltage BP I crystals are developed which
exhibit cross-hatching.

5. Thermodynamic considerations

An approach to understand the reinduction of the BPII by an electnc field can be
achieved by means of a thermodynamic consideration [20,21]. In contrast to other
authors [22,23] who treated field induced orientation, birefringence and biaxiality of
BPs theoretically but excluded field-induced phase transitions we are only interested
in the latter case. Thus it is the purpose of this section to show that non-linear
dielectric effects of higher order are a possible explanation for the reinduction of BP I
(BP;) by an electric field.

The following conditions are fulfilled for two phases o« and B at equilibrium:
equality of temperature, pressure and electric fields in both phases, and also the
chemical potentials of the components i are equal: uf = uf. Treating the pressure p
as a constant (all experiments were performed isobarically) we need the temperature
(T') and field (£) dependences of the chemical potentials which are

o _ &
(ﬁ>p‘l;' - Sis (])

ou; _ _
&), - - ®

Here S, means the partial molar entropy and P, is the partial molar polarization for
the component i. In any way the chemical potential is decreased by an increase of
temperature or electric field. Additionally the partial molar polarization B, is a
function of the electric field

Pi = Ik, (3)

where j, is the partial molar dielectric susceptibility of component i.
At constant temperature the chemical potential of component i is given as a
function of the electric field strength E by

W = W — %goiiEZ- 4

In this equation y;, represents the chemical potential without an electric field and g,
is the permittivity of a vacuum. Equation (4) is valid for weak electric fields acting on
isotropic materials. For anisotropic materials, such as crystals, the partial dielectric
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Figure 7. T-E-u phase diagram for BPI, BP, and BPIII.

susceptibility %; is replaced by a second rank tensor

B = He — %so[ii,kI]EkEl- )]

(N.b. iis the index for the component i of the mixture; k and / are indices of the second
rank tensor.) Higher field strengths induce additional non-linear effects and this
equation has to be extended to the third and the fourth rank susceptibility tensors

W= o — Yol wlEcE; — Y&l¥ umlEc E\E, — Yel¥ womlELEELE,. (6)

Because these tensors represent properties of crystals, they have to possess at least the
same kind and number of symmetry elements as the crystal itself (principle of
Neumann [24]) which is reflected in the tensor coefficients. For cubic crystals of point
group 432 to which BPI and BPII belong the tensor of third rank vanishes and
equation (6) becomes

Wi = o — 3&lXiulEE — %So&i.klmn]EkElEmEn- N

From this equation it is seen that non-linear electric field effects on BPI and BPII
may be represented by a tensor of fourth rank and then depend on the fourth power
of E. It is now possible to calculate a three dimensional 7-E-u phase diagram
which describes the induction of BP; and its phase boundaries in a qualitatively
correct manner. The following assumptions are made to obtain the phase diagram (see
figure 7).

(a) In mixtures of high chirality, which exhibit only BPI and BP III in the field-off
state, the chemical potential 4 of BP, has to be higher than those of BPI and
BPIII in the field free case. This means: BP; and BPIII are stable and visible,
BP; is unstable and not recognized.

(b) To induce BP; the chemical potential of BP; has to be lowered more by the
electric field than those of BP I and BP III. This is achieved by the assumption
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that the non-linear effects in the dielectric susceptibilities, which are approxi-
mated by a tensor of fourth rank, for BP, are stronger than for BP I and BP I11.
The susceptibilities represented by a tensor of second rank are the same in all
three phases.

In figure 7 it is seen that at zero field BP; does not exist in the phase diagram
because the chemical potential of BP, is higher than those of BPI and BPIII for all
temperatures. An increase of the field strength causes a decrease of the three chemical
potentials; that of BP, is decreased the most and the BP, is inserted between the BP1
and BPIII. Before induction of BP, the phase transition point BP I/BPIII is shifted
to higher temperatures because the non-linear dielectric effects of the susceptibility of
BPI is larger than the susceptibility of BPIII. But this effect is small for small
differences in susceptibility and for low fields.

After induction of BP; the transition point BPI/BP; is shifted to lower tem-
peratures but the phase transition BP,/BP III is moved to higher temperatures by an
increase of the electric field because the induced susceptibility of BP, is larger then for
BPI and BPIIIL.

Comparing the phase boundaries of BP, in figures 2 and 7 shows good topological
agreement though solely the fourth rank susceptibility tensor was used to calculate the
chemical potentials of the different phases. Therefore the field-induced reinduction of
BPII (BP,) can be understood and described to a good approximation by non-linear
dielectric effects.

6. Conclusion
In mixtures of CE2/CCNS55 with negative dielectric anisotropy and sufficiently
high chirality which do not exhibit a BPII at zero field an additional phase, BP,, is
induced by an electric field starting from the BP III. From the following results it has
been suggested that the BP, is identical with a field-distorted BPII:

(i) formation of quadratic shaped single crystals of the BP;;
(i1) similar phase behaviour of BP; and BPII in the 7-U phase diagrams (both
substitute the BP III on increasing voltage);
(ili) equal ratios of Bragg reflection wavelengths Agp;/Agp;, and Agp /Agpi;
(iv) occurrence of a cross-hatching in BP I single crystals formed on cooling the
BP, at constant field.

The relation of the BP III and the field-induced BP I in the 7-E phase diagrams given
in this paper possibly allows some suggestions concerning the still unknown structure
of the BPIII. One of several possibilities to describe the BPIII structure [25] is the
cubic domain model first proposed by Collings [11]. It is assumed that the BPIII
consists of randomly oriented fluctuating domains of an area a few pitch lengths in
size in which the molecules are arranged in a BP II simple cubic structure. The cubic
domains are dynamic entitiecs scparated from each other by structural defects. An
electric field orients these domains with respect to each other forming a bulk BPII
structure with far fewer defects. The 7-F phase diagrams presented here give some
indications that such a coalescence of BPII domains may take place in the field. It is
well known that the BPIIT behaves like a fluid which is nothing but a molten BP II
crystal with a large number of defects partially vanishing by the influence of an electric
field.
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