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Optical activity measurements in the smectic blue phases
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Abstract. Optical activity measurements have been performed on the smectic blue phases (BPsm), which
are a new kind of chiral liquid crystal. BPgy, exhibit both three-dimensional orientational order, like the
classical blue phases, and smectic positional order. Thus, they can be viewed as the three-dimensional
counterpart of the twist grain boundary phases. A comparison with the optical activity of the classical
blue phases is carried out, and an estimation of the BPgy, lattice parameter is reported for the first time.

PACS. 61.30.-v Liquid crystals — 78.20.Ek Optical activity

1 Introduction

Chirality leads to a marvelous variety of liquid crystalline
phases, including the cholesteric (N*), the blue (BP) and
the twist grain boundary (TGB) phases. The TGB phases
are made of slabs of smectic material, which are regu-
larly stacked in a helical fashion along an axis parallel to
the smectic layers. Adjacent slabs are continuously con-
nected via a grain boundary that consists of a wall of par-
allel equidistant screw dislocation lines producing helical
twist [1]. The blue phases can be considered the three-
dimensional counterpart of the cholesteric phase, exhibit-
ing cubic lattices for BP1 and BP2 without any positional
long-range order [2]. These phases are optically isotropic
but are, like helicoidal structures (N* and TGB), optically
active.

Recently new chiral phases, called smectic blue phases
(BPgm), have been discovered in a chiral series called
nBTMHC, where n is the aliphatic chain length [3].
BPs, appear adjacent to twist grain boundary phases
with no intermediate cholesteric state. Contrary to clas-
sical blue phases, these phases exhibit quasi-long-range
smectic order that can be studied by X-ray scattering.
The smectic order is correlated with the orientational
three-dimensional order and therefore gives information
on the symmetry of the BPg,, unit cell. The BPg,, lat-
tice parameter is in the UV-range [3]|, preventing any
optical scattering of visible light (Kossel diagram tech-
nique), which is commonly used to find the symmetry of
the classical blue phases [4]. The structure of the smec-
tic blue phases has been investigated, and BPg,,2 ap-
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pears hexagonal [5] whereas BPgpya 1 exhibits a cubic sym-
metry [6]. These studies have been carried out mainly
by X-ray scattering on BPg,; monodomains. Lately, we
have shown that the BPg,,1 structure is affected by the
underlying TGB(4 or ¢) phase [7]. Indeed, a new com-
pound, named 16FHFH-BTC1MS, has been synthesized
exhibiting an unusual phase sequence: TGBg-BPgp,-Iso,
which does not show any TGBa phase [8]. In the case
of a TGB@-BPg,, transition, the structure of the BPg,,1
phase, called BPgyc1, seems to have a hexagonal sym-
metry and differs from the BPgy,a1 phase nucleating at
a TGBA-BPg,, transition. However, the smectic peaks in
BPsmc1 are weakly enhanced; this phase then appears to
have a slightly anisotropic structure. Moreover, its texture
as seen by optical polarizing microscopy is composed of
blue “platelets” like the cubic BPgmal phase [8]. In both
cases, the blue colour originates from the optical activ-
ity. Thus BPgpmal and BPgyc1 are very similar from an
optical point of view, and differences appear only at the
scale of the smectic order. Contrary to BPgy,1 (BPgmal or
BPgmcl), BPsm2 shows a large structural anisotropy due
to its hexagonal symmetry, and therefore exhibits birefrin-
gence [6]. The third smectic blue phase (called BPg,,3)
has, like classical BP3 [9], an amorphous structure of
the same macroscopic symmetry as that of the isotropic
phase [10].

In this paper we report the first optical activity mea-
surements in the smectic blue phases. A comparison with
the classical blue phases is carried out, and BPg,,3 seems
to be similar to BP3 from an optical point of view. The
presence of smectic order, however, changes the evolution
of the optical activity of BPg,1 with respect to BP1. A
study of the optical activity as a function of wavelength
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has also been performed, and the value of the BPg,,, lattice
parameter has been estimated for the first time.

2 Theory

The main theoretical work on highly chiral liquid crystals
is based on the Landau-de Gennes formulation using the
anisotropic part of the dielectric tensor ¢;; as the orien-
tational order parameter. Since it is a symmetric tensor
with zero trace, ¢;; has five independent elements or basis
tensors. For chiral systems, it is appropriate to represent
€;; as a linear combination of five structural modes. Their
amplitude is written as &,,(¢q), with ¢ a wave vector of
the structure and m = 0, £1, 2. The m = 0 mode is not
chiral and represents a nematic-like structure. The m =1
mode describes a conical spiral where two principal axes
rotate around the spiral axis making an angle of 45°. The
m = 2 mode is a planar spiral mode where two principal
axes rotate around the spiral axis making an angle of 90°.
The m = —1 and m = —2 modes are similar to the m =1
and m = 2 modes, respectively, but the axes rotate in the
opposite direction; they are referred to as right-handed.
The plus sign describes a left-handed structure. In this
formulation, a right-handed cholesteric phase can be rep-
resented by a specific combination of the m = —2 and
m = 0 modes. The optical activity of such a structure for
light propagating along the helical axis was first worked
out by de Vries [11]:

p=mro’(An)?/[4nA2(AF — A%)], (1)

where p is the optical activity, A = 27 /k is the wavelength
of the light (k is the wave vector of the light), n is the
average refractive index, An is the local optical anisotropy,
and A\g = nP, where P is the pitch. This relationship
holds as long as An is small and A is not too close to
Ao- The blue phases involve structures for which ¢;; has a
spatial variation representative of certain cubic symmetry
groups. Therefore, these structures can be represented by
a set of wave vectors, g, for which the average amplitude
of ;5 is non-zero. With this as a starting point, Bensimon
et al. have predicted how the optical activity, p, of the
classical blue phases depends on their structure for k£ < ¢
(A > Ao) [12]:

p=Ax(k*/q) — As(K* /%), (2)

with Ay o (62 —¢2) and Ay o< [a(e —e2,) +b(e2 —£2 )],
where a and b are constants. Thus, the first term, Ao,
is proportional to the amplitude of the m = 41 modes,
whereas the second term, Ay, is a function of the ampli-
tudes of the m = +1 and m = %2 modes and contributes
with an opposite sign to the optical activity. This formu-
lation will be used in the following text to explain the
experimental results.

3 Experiments and results

The optical activity measurement system consists of a set
of two polarizers in front of and behind the sample. The
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Fig. 1. Experimental apparatus for the optical activity mea-
surements.
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Fig. 2. Optical activity of the classical blue phases at 633 nm
(10F2BTFO1M7 compound).

first polarizer is fixed, while the analyzer is rotatable and
controlled by a computer. The light is chopped and the
output signal of the detector goes to a lock-in amplifier.
The sample is contained between two pieces of glass in
a heating stage. The temperature accuracy is better than
0.01°C and all experiments were performed upon heating.
The temperatures of the phase transitions have been de-
termined for each compound of this experiment by optical
microscopy. The thickness of the sample is maintained by
a calibrated 135 & 2 um mylar spacer placed between the
two pieces of glass. The light source is a He-Ne laser oper-
ating at 633 nm, and for the study of the optical activity
with wavelength, a 1000 W xenon lamp coupled with a
monochromator is used instead of the He-Ne laser. The
experimental setup is shown in Figure 1.

We have first studied a classical blue phase
(10F2BTFO1M7 compound [13]) with a N*-BP1-BP3-
Iso phase sequence, which has a lattice parameter in
the near UV-range. Indeed, the pitch has been measured
in the cholesteric phase at the transition to BP1 and
P = 0.22 um [13]. This compound can then be used as
a reference to be compared with the smectic blue phases.
Figure 2 shows the optical activity wersus temperature
from BP1 to the isotropic phase (not in the cholesteric
phase where the birefingence is too high without the
planar orientation of the phase). The magnitude of the
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Fig. 3. Optical activity at 633 nm as a function of temperature
for the smectic blue phases (16FHFH-BTC1MS8 compound).
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Fig. 4. Optical activity at 633 nm in the temperature range of
the BPsm3 and isotropic phases for different compounds of the
nBTMHC series, where n = 10, 14 or 18 indicates the aliphatic
chain length. A shift has been applied to the curves (—2.6°C
for C14 and —4.1°C for C18) to allow for easy comparison.

optical activity increases as the temperature is decreased
in the isotropic phase due to the m = +1 modes, but then
reaches a maximum and decreases due to the rising con-
tribution of the m = +2 modes (see Eq. (2)). Note the
fairly linear dependence of the optical activity in the BP1
range, as previously shown for instance in reference [14].

Optical activity measurements have been performed
on the smectic blue phases. Figure 3 plots the data in the
temperature span of all three BPg,,. Each BPg,, will be
discussed in detail separately. First, the Iso-BPg,3 tran-
sition has been investigated on the series of compounds
nBTMHC by varying the aliphatic chain length, n. This
variation allows us to change the molecular length at a
“given chirality”, and therefore to modulate the influence
of the smectic order. Figure 4 shows that the optical activ-
ity in BPg,3 becomes more supercritical as the molecu-
lar chain length decreases. These results are in agreement
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Fig. 5. Optical activity at 633 nm in the temperature range
of BPsmc1 (and BPgpn2) (16FHFH-BTC1M8 compound).

T T WL

Optical Activity (deg / mm)

72.8 73 73.4 73.6

Temperature (°C)

73.8 74

Fig. 6.
pound.

Optical activity at 633 nm of the 14BTMHC com-

with calorimetric measurements [3] and prove that BPgy,3
behaves just like the classical BP3 as far as the optical ac-
tivity is concerned [15]. Indeed, the length scale of the
smectic fluctuations in BPg,3 is not large enough to be
probed by visible light. Thus, BPg;,3 and BP3, which are
two amorphous phases having isotropic symmetry [10,9],
are similar from an optical point of view.

Figure 5 reports the optical activity in the temperature
range of BPsuc1 and BPg,2. However, the measurements
in BPg,2 are not significant. Due to its birefringence, this
phase does not produce a good minimum in the light trans-
mission between crossed polarizers, thus giving high error
estimates (around a few degrees/mm). Therefore, the val-
ues close to zero obtained in BPg,,2 certainly do not reflect
the real optical activity of this phase.

The evolution of the optical activity wversus temper-
ature is similar both for BPg,cl (Fig. 5) and BPgpmal
(Fig. 6). Contrary to classical BP1 (Fig. 2), the optical
activity ceases to increase as the temperature decreases
toward the TGB transition. This corresponds to a sat-
uration of the optical activity in BPgy,l, as shown in
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Fig. 7. Optical activity at 72.8 °C as a function of wavelength

for BPsmal (14BTMHC compound). The solid line is a fit to
equation (3).

Figure 5 and in Figure 6. These results confirm that
BPsmal and BPgpcl are very similar from an opti-
cal point of view, and also show that the smectic or-
der disturbs the orientational order, as discussed at
length in Section 4. Note the unusual phase sequence de-
picted in Figure 6 for the 14BTMHC compound: TGB4-
BPsma 1-BPg13-BPsim2-BPg, 3-Iso. The specific proper-
ties of 14BTMHC originate from the metastability of
BPgm3 as has been already reported in reference [6].

The last experiment performed deals with the wave-
length dependence of the optical activity in BPgpual. A
divergence of the optical activity is expected close to the
selective reflection, Ao, as has already been seen in the
cholesteric phase [16] and in the classical blue phases [17].
The data for the 14BTMHC compound are plotted in Fig-
ure 7, showing a rise of the optical activity when the
wavelength decreases. This confirms that the BPg,, lat-
tice parameter is in the UV-range, and a fit to equation
(3) represented by the solid line in Figure 7 allows for an
estimation: A\g = 320nm (P = 0.21 pm if n = 1.5). This
value is consistent with the pitch found by the Grandjean-
Cano method in the TGBa phase where P = 0.16 ym
close to the BPgy, transition [3]. Indeed, an increase of
the pitch of about 30% is also observed at the transition
from cholesteric to classical blue phases [17]. Note that
the equation

p=(C/N/N?(N” = N)] (3)

differs from the de Vries formulation (see Eq. (1)) by the
wavelength dependence of (An)? /n, which is proportional
to 1/A. This has been already used, for instance in refer-
ence [18], to fit data in the TGB and cholesteric phases.
However, in the case of the smectic blue phases, there is
no a priori reason that this theoretical formulation works
because it does not correspond to its range of application
and validity. Thus, we consider the fit given by equation
(3) a good “first estimate” of the selective reflection wave-
length, and not a result stemming from a firm theoretical
prediction.
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4 Discussion

As shown in Figures 5 and 6, the first smectic blue phase
(BPsmal or BPgyc1) behaves differently from classical
blue phases. A saturation of the optical activity is ob-
served for temperatures close to the transition in TGB(a
or ¢) phase. This is probably due to the presence of smec-
tic order which disturbs the BPg,, orientational order.
Two explanations, which represent two variations of the
same idea, may account, at least in part, for this unusual
behaviour.

The first explanation is that twist and layering are
two incompatible orders, therefore generating geometri-
cal frustration as in the TGB phases. Indeed, the main
contribution to the optical activity in the classical cubic
blue phases comes from the m = 42 modes, which rep-
resent planar spiral modes. The increasing amplitude of
the m = £2 modes may be affected by the presence of
smectic order, leading to a saturation in the optical activ-
ity. Indeed, a similar behaviour has already been seen just
above the transition from the isotropic phase to the TGBy
phase [19]. The assumption of a new isotropic phase has
been proposed [20], but recent work involving coupling
between the smectic and orientational order fluctuations
also provides an explanation [21]. Perhaps this idea can be
extended to the smectic blue phases, but more theoretical
work will be necessary.

There is another possible reason for the saturation of
the optical activity in BPgy1. The smectic order may
“rigidify” the BPgy, structure compared to the classical
blue phases and thus “lock in” the evolution of the lattice
parameter with decreasing temperature. Indeed, the wave-
length of maximum selective reflection in the blue phases
(and therefore the value of the pitch) increases as the tem-
perature is lowered [17]. For wavelengths greater than the
value of the selective reflection wavelength, this causes an
increase in the optical activity at low temperatures. A
“locking in” of the BPg,, pitch due to the smectic order
would then produce a saturation of the optical activity in
the BPgy,1 range.

5 Conclusion

Even though the thickness of the smectic layers is signifi-
cantly smaller than the wavelength of light, optical activ-
ity measurements are capable of revealing important sim-
ilarities and differences between the classical and smectic
blue phases. Similarities include the general temperature
dependence of the optical activity in the various phases
(except for BPg,,2) and the supercritical nature of the
transition to the isotropic phase. Two differences are the
existence of a non-cubic blue phase, BPg.,2, and the influ-
ence of smectic order on the temperature dependence of
the optical activity in the lowest temperature BPgy,. Op-
tical activity measurements can also be used to estimate
the lattice parameter of the BPg,, for the first time.
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