This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Circular dichroism in ferroelectric and antiferroelectric liquid crystals

Ji Li*; Hideo Takezoe?; Atsuo Fukuda® Junji Watanabe®

2 Department of Organic and Polymeric Materials, Tokyo Institute of Technology, Tokyo, Japan ®
Hoechst Japan Ltd., Advanced Technology Lab., Kawagoe, Japan ¢ Department of Polymer Chemistry,
Tokyo Institute of Technology, Tokyo, Japan

To cite this Article Li, Ji , Takezoe, Hideo , Fukuda, Atsuo and Watanabe, Junji(1995) 'Circular dichroism in ferroelectric
and antiferroelectric liquid crystals’, Liquid Crystals, 18: 2, 239 — 250

To link to this Article: DOI: 10.1080/02678299508036619
URL: http://dx.doi.org/10.1080/02678299508036619

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678299508036619
http://www.informaworld.com/terms-and-conditions-of-access.pdf

10: 25 26 January 2011

Downl oaded At:

Liuib CrysTALs, 1995, VoL. 18, No. 2, 239-250

Circular dichroism in ferroelectric and antiferroelectric
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% Department of Polymer Chemistry, Tokyo Institute of Technology,
O-okayama, Meguro-ku, Tokyo 152, Japan

(Received 27 May 1994; accepted 15 June 1994)

Liquid crystal induced circular dichroism (L.LCICD) measurements were made to investigate the
pretransitional phenomena in the S, phase just above the So—-S& and SA-S&, phase transitions
of both the first and the second order. The pretransitional LCICD in S, was observed in the second
order phase transition to S& and S&,, suggesting the existence of a dynamic helical structure in
Sa. Such behaviour disappears when the transition is of the first order. It seems that the
handedness of the dynamic helix in S, is the same as that in SE even when the lower
temperature phase is S&,. This is explained as a result of a dominant contribution of ferroelectric

soft mode.

1. Introduction

Petransitional helical-structure formation in the
isotropic (I) phase of cholesteric (Ch) liquid crystals near
the I-Ch phase transition has been extensively studied by
means of optical rotatory power and interpreted by the
framework of Landau—de Gennes’s theory [1-6]. How-
ever, only a very little has been achieved for the I phase
above smectic (S) phases [4, 6]. Pretransitional helical-
structure formation has also been observed in S, above SE,
but only for a few materials [2,4, 6, 7]. In these cases, the
optical rotatory power in S4 has the opposite sign to that
in I; this was attributed to the different nature of
fluctuations in both phases.

In the cholesteric liquid crystals with high chirality,
importance of the coupling of fluctuations modes was
pointed out [5]. However, the experiment in the smectic
liquid crystals with high chirality is scarce and the
behaviour of the pretransitional rotatory power has not
been clearly interpreted yet.

Recently, the antiferroelectric phase was discovered
in chiral smectic liquid crystals with high chirality
{8]. Interestingly, the helix handedness of the ferroelectric
S& and antiferroelectric S¢, phases are opposite [9]. In
this sense, it is very interesting to investigate the
pretransitional helical structure in the isotropic and the
Sa phases of the materials which have S& and/or SE,.

* Author for correspondence.
§ Present address: Hoechst Japan Ltd., Advanced Technology
Lab., Minamidai 1-3-2, Kawagoe 350, Japan.

In the present work, we adopted circular dichroism
(CD) measurement to investigate the pretransitional
behaviour in I and S, as well as the helical properties in
S¢& and SE,. Liquid crystal induced circular dichroism
(LLCICD) has extensively been studied in cholesteric liquid
crystals with achiral solute [10]. The LCICD, 6, depends
on (i) linear birefringence of the cholesteric (Ch) matrix,
ny — nx, (ii) linear dichroism (anisotropy of the optical
density) of the solute, ODy — ODx and (iii) position of a
selective reflection band, A, relative to the absorption
band, Aup. For A < 4, LCICD is given by

H - /15
tan 6 = — y x —_— tanh (ODY - ODX)9 (1)
4 ny+nx Aa

where X and Y are taken as the short and long molecular
axes in the Ch phase [11] and H (= * 1) is introduced to
specify the sign due to helical handedness. Since the
projection of the director is effective in the chiral smectic
phases, X and Y should be taken as the directions along the
Ps and C director, respectively. It should be noted that the
sign of LCICD in the region of 1., < A, depends on (i) the
helical handedness and (ii) the major axis of the transition
moment of the solute. Therefore, the LCICD sign provides
us with characteristics of the cholesteric matrix, if
characteristics of the absorption band of the solute are
known. Under the condition when the transition moment
is along long molecular axis, we get an LCICD which has
the opposite sign to that of the CD band due to the selective
reflection.

0267-8292/95 $10-00 © 1995 Taylor & Francis Ltd.
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So far, however, LCICD has never been applied for
the study of pretransitional phenomena except that we
recently showed the existence of LCICD in S, [12].
The linear dichroism of the solute not only results in
LCICD but also makes a contribution to the optical
rotation which has strong influence on optical rotatory
power. Nevertheless, the analysis of the pretransitional
behaviour of the optical rotation was accomplished using
de Vries equation [13] which is valid only when there
is a negligible contribution from LCICD. In this
context, LCICD in various phases including S, and I is
interesting.

The present work involves LCICD in I, Sa, S&, S&,, S&,
and S&. The S¢ phase is a ferrielectric phase which is
stabilized by the competition between ferroelectric and
antiferroelectric interaction [14, 15], so that it may have
the LCICD sign the same as that of S& or of S&, [12]. As
for the S(’;“z phase, the devil’s staircase has been proposed;
the structure changes stepwise and successively through
various kinds of ferrielectric ordering [16-18]. The
present study also includes the behaviour in S, above both
the first and the second order Sa—S& and SA—SE&, phase
transition temperatures.

2. Experimental

The ferroelectric and antiferroelectric liquid crystals
used in the experiments are listed in table 1 with their phase
sequences and transition temperatures. All the optically
pure substances listed here, except for the famous
ferroelectric liquid crystal, DOBAMBC, have almost the
same core structure and have high spontaneous polariza-
tions of about 100nCcm ™2 Various types of phase
sequences are realized by rearranging their molecular
structures [14, 15]. It should be noted that there are both
substances showing the first and the second order S;,—S&
or S,—S&, phase transition.

Two kinds of homeotropic cells with high homogeneity
were prepared. Thin free-standing films were made on a
stainless steel plate with a small hole (3 mm in diameter),
by stretching liquid crystals across over the small hole at
the temperature region of Sa. Thick homeotropically
aligned cells with a thickness of about 50 um were made
by coating the glass plates with surfactant AY43-021
(Toray-Dow Corning Silicone). The LCICD measure-
ments were pursued by an automatic recording spectro-
meter (JASCO J20) at various temperatures controlled
within = 0-02°C. When a free-standing film cell was used,
we can observe whole the LCICD signals in the fundamen-
tal absorption region. In a 50 um thick homeotropic cell,
the LCICD signal was detected only in the tail of the
absorption band due to the large intrinsic absorption. The
UV spectra were measured by a conventional spectro-
photometer (Hitachi U3400).

Table 1. List of materials used and their phase sequences.

Samples for the investigation of the S A-SE phase transition

(1) (R)-MHPOOCBC
C4H,,000 ~ Y~ S—c0o0—_)— COO*CH(CH)CeHs
SE& (92.0°C) Sa (101:3°C) I
(2) (5-DOBAMBC
C10H210—<_.;>7 CH=N—O— CH=CHCOOCH,*CH(CH,;)C,H;
SE (93-5°C) Sa (117-0°C) 1
(3) (R:S=3:1)-TFMHPDOPB {first order phase transition]

N
Cyatps0—L 3+ 00— )—COO*CH(CFy ety

S&, (90-0°C) S& (97-0°C) S, (105-0°C) 1

Samples for the investigation of the Sx—S&, phase transition

(4) (R)-TFMHPDOPB (first-order phase transition]
N
CyaH,50— 3~ c00—{ —COO*CH(CE)CyH,
S&, (98-0°C) Sa (105:0°C) 1

(5) (R)-TFMHPOBC

CsH 1,0~ ¢ H—c00—<_)— COO*CH(CFy)CeH 5

S&, (110:0°C) Sa (120-0°C) I

(6) (R)-10BIMFe6

F.
CipHy, O _O‘Q—COO‘@—COO*CH(CFQCGHB

S&, (77-0°C) S4 (97.0°C) 1

(7) (R:8= 8:2)-TFMHPOBC

Catt, 0~ 3¢ H—c00—_)— COO*CH(CF:)CeH,3

S&, (113-0°C) SE (113-5°C) S, (124-0°C) 1

Samples for the investigation of the S,~S&, phase transition

(8) (R)-MHPOBC

CH,,0—~< 3 >—coo—)— COO*CH(CHy)C4H,3

Sif, (64-0°C) S&, (118-4°C) SE, (119-2°C)
S&(120-9°C) SE, (122-0°C) S (148-0°C) 1

(9) (R)-MHPOCBC
CsH,,C0,~ 3¢ H—c00—<_)— COO*CH(CH,)CH,,
SE, (103-5°C) S&, (122:0°C) S (148-0°C) T

(10) (R:5=65:35)-MHPOCBC

Cot;,C0~4 ¢ )—c00—~_)— COO*CH(CHyCeHy3

S&, (96-0°C) S, (148-0°C) 1
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3. Origin of LCICD

Before showing LCICD spectra, it is useful to discuss
the origin of LCICD. First of all, an intrinsic CD of chiral
molecules can be neglected compared with LCICD due to
a helical structure. LCICDs are thought to be arisen from
the helical formation of transition moments of the rod-like
molecules of liquid crystals. Since the sign of LCICD
depends not only on (i) the handedness of the helix, but
also on (ii) the direction of the transition moment and on
(iii) the sign of A, — Aap, itis important to know (ii) and (jii)
so that we can determine the helical sense from the results
of LCICD measurement.

3.1. Transition moments

In the present case, all the liquid crystal molecules listed
in table 1 can be considered as para-disubstituted benzene,
para-disubstituted biphenyl and their combinations. All of
them possess long resonant structures. To consider the
transition moments of such L.C molecule, we start with the
case of benzene.

Benzene has three absorption bands due to the n—n*
transitions. They appear at wavelengths of 183 nm, 205 nm
and 255 nm, and are named B, L, L+, respectively. The B
band is an allowed transition which has the strongest
intensity, while the L, and L, bands are just vibronically
allowed (electronically forbidden) transitions arising from
the asymmetric vibrations of the ring. Both of them lie in
the plane of phenyl ring and their intensities are relatively
weak [19].

Para-substituted groups have strong influences on L,
and L, bands to cause not only a red shift but also an
increase of intensity. The influence is large when one
group is electron attracting and the other is electron
donating or when these groups have resonant structure
through the pheny! ring like the LC molecules in our case
[20]. Such substitutions can change the symmetry of
benzene and cause the L, and Ly, bands to be electronically
allowed. In contrast to Ly, which has its transition moment
perpendicular to the rod-like long molecular axis, L, has
the one parallel to the axis. So the long resonant length
contributes to L, to cause a stronger red shift in wavelength
and a larger increase of intensity than to Ly. Sometimes the
L, band locates at the same or longer wavelength than the
L, band. As we can see later in almost all the samples used,
Ji, is slightly longer than Ay, although the ratio of
overlapping is different due to molecular conformational
difference.

In helical structures of LC, two optical eigenmodes are
elliptically polarized with their axes fixed to the molecular
axes and with opposite rotational senses [10]. Since L, and
L, are attributed to the transitions whose transition
moments are parallel and perpendicular to the molecular
long axis, respectively, they induce the opposite signs of
LCICD. In helical smectic phases, we consider the

projection of L, and Ly to the plane of smectic layer as
effective parts named L) and L, respectively. Thus
the intensity of L,es strongly depends on the tilt angle
while that of Ly does not.

3.2. Relation between 2, and A,

The relation 4., < A, must be valid to use equation (1).
There is no problem in the helical phases such as S¥ and
Sé&, according to the previous pitch measurements [21].

We have to infer the pitch of dynamic helix formed in
the S, phase for the application of equation (1) to this
phase. In the case of second order S,—-S& phase transition,
it is reasonable to consider that the helical fluctuation in
Sareflects the symmetry of S&. In high temperature region
of Sa, there exists a helical fluctuation with very short
correlation length. With the decrease of temperature, the
correlation length becomes longer. At the same time the
distribution of pitch becomes sharp. When temperature
decreases to the S,—SE transition point, the correlation
length grows infinitely to cause ‘freezing of soft mode’
together with convergence of the distributed pitch to a
certain value Py, the pitch of S phase at the transition
point. Thus the pitch of dynamic helix at the transition
point can be considered to be the same as that of the static
helix of SE phase at the transition point.

The existence of dynamic helix is observed in S, above
S&,, though it is not the case for the first order So—S¢&,
transition. The same argument is valid in S, above S¢,,
though the transition is sometimes weakly first order. So
in this sense, leaving some other possibilities, it is
reasonable to assume that the change in pitch at the
transition point is almost continuous. Thus, the relation
Zab < As is valid in all phases of all the liquid crystals used
in the present study, except for S&,, whose helical structure
is unknown.

4. Results and discussion

4.1. Two absorption bands and their LCICD

Before showing L.CICD of individual compounds, it is
useful to see the typical LCICD due to Laesy and Luern
together with the absorption spectrum. Figure 1 (a) shows
the UV spectrum of (R)-TFMHPDOPB dissolved in
ethanol. There is a peak at the wavelength of 290 nm and
a shoulder of this peak in the longer wavelength region.
The peak and the shoulder can be attributed to L, and Ly,
respectively, It is difficult to clearly separate Ly from L.,
since both of them are broad and are largely overlapped.

In contrast to the UV spectrum, the CD spectrum in
figure 1 (%) elucidates the two bands more cleacly. The
measurement was pursued at the temperature range of S&,
in a free-standing film. The peak at the wavelength of
480 nm with a minus sign is due to the selective reflection
and the other two peaks with opposite signs in the shorter
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Figure 1. (@) UV absorption spectrum of (R)-TFMHPDOPB in
ethanol and (b) CD spectrum of (R)-TFMHPDOPB in a
free-standing film. Since the Lyem and Lyem bands have
transition moments perpendicular to each other, and thus
induce LCICDs with opposite signs, they appear more
clearly in the CD spectrum than in the UV spectrum. The
negative CD peak at 480 nm in (b) is due to the selective
reflection.

wavelength region are LCICDs. Although they are
partially overlapped, we can easily determine L. and
L. as illustrated in figure 1 (), based on the relative
intensities and the signs. The difference in the relative
position of L, (or Laesry) and L, (or Lyesr) in figures 1 (a)
and (b) manifests the sensitiveness of the wavelength.

It should be noted that Ly is hidden and Ly, is
dominantly observed, if the two bands overlap completely
and the tilt angle in S& or S&, phase is relatively large, as
in the case of figure 1 (b). If the measurement is carried out
at the temperature where the tilt angle is small, the L
becomes very weak and we can rather observe Ly
dominantly.

Figure 2 shows a temperature dependence of ab-
sorbance at 350 nm of (R)-MHPOBC in a homeotropically
aligned thick cell. In the isotropic phase, both L. and
Lytn contribute to the absorption, while L., becomes
very small and Lues gives major contribution on LCICD
in S, because of the homeotropic alignment. A strong
absorption in I indicates that L., has higher oscillator
strength than L. Considerable absorption in S, and

very small temperature dependence in SE compared with
that of the director tilt angle suggest fairly large contribu-
tion of Ly to the absorption.

4.2. LCICD spectra in helical phases

Figures 3, 4 and 5 show LCICD spectra of eight
substances; figure 3 for (1) (5)-DOBAMBC, (2) (R)-
MHPOOCBC and (3) (R:S=3:1) TFMHPDOPB with
the S,—S& phase transition, figure 4 for (4) (R)-
TFMHPDOPB, (5) (R)-TFMHPOBC and (6) (R)-
10BIMF6 with the S5,—S¢&, phase transition and figure 5
for (7) (R)-MHPOBC and (8) (R)-MHPOCBC with the
Sa-S&, phase transition. The upper and lower parts show
spectra of normal cells and free-standing films, respect-
ively. In the spectra for frec-standing cells, strong LCICD
peak can be seen in S& or S&, in a short wavelength region
near 300 nm, while, in those for normal cells, LCICD is
observed only in the absorption tail. A strong L. peak
and a weak L peak with the opposite sign to the Laes
can be seen in the S& or S&, phase of most of the materials.
The existence of the Lyem peak is clear particularly in
figures 3 (c'), 4 (a') and 4 (b"), suggesting that a CF; group
perpendicular to the long axis of liquid crystal molecules
has stronger contribution to Ly than a CH; group.

In the S4 phase, the LCICD signal in the free-standing
films is difficult to be detected because of lack of film
thickness, except DOBAMBC and MHPOOCBC showing
a typical second order S-S transition. For DOBAMBC,
the Lgefr becomes smaller and smaller with increasing
temperature from S¥ to Ss (see fi gure 3(a’) spectra

o

- o
8
'®  asp Sce SA fincluding Sce ¥ 1
15 2.00 T T
& a
- Sce!  Sa
::s :
2 i
] 175 : o @
2 2sf % 000 © ]
9
R
E: L
pc] 150110 120 130 140
=) %{o c o0 o o 0o ©

15 - . " )

110 120 130 140 150 160

Temperature/ °C

Figure 2. Temperature dependence of absorbance at 350 nm of
(R)-MHPOBC in a 50 um-thick homeotropic cell. The
Luer band gives major contribution to the absorption
except in Sa. In the SE phase, the change of absorbance
reflects the change of the tilt angle of the LC molecules.
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Figure 3. CD spectra of substances with the S,—S& phase transition. The upper part, (@), (b) and (c), and the lower part (a’), (")
and (c’), show spectra of 50 um thick cells and free standing films, respectively. The substances, (S)-DOBAMBC and
(5)-MHPOOCBC, show the second-order S,—S¢& phase transition and the third one, (R: S = 3:1)-TFMHPDOPB shows the typical
first order SAa—S& phase transition. In addition to LCICDs, the CDs due to the selective reflection of SE helix appear in the longer
wavelength region in (») and (b') with the opposite sign to the corresponding LCICDs of L.

(1)—(3)), and finally only Ly can be observed (see figure
3 (a") spectrum (4)). Thus, the opposite LCICD sign in the
Sa and SE phases of DOBAMBC is seen. The observation
is explained by the change in the contribution of Ly and
Luern associated with the temperature dependence of the
tilt angle; the contribution of Ly is dominant in the S,
phase and that of L, increases with decreasing tempera-
ture, namely with increasing tilt angle, in the S& phase.
Since Lyegn and Ly give the opposite sign of LCICD as
mentioned above, the sign change of LCICD occurs. The
spectrum of MHPOOCBC, however, shows rather an
Letry contribution in the Sa phase. The differences of the
transition moment in their strength and direction between
DOBAMBC and MHPOOCBC, arising from the different
resonant structure, may result in such different spectra.
To catch the weak LCICD signal in each phase, we show
experimental results of thick cells in figures 3 (a), (b), (¢),
4(a), (b), (c), 5(a) and (). Although we can detect only
the tail of the LCICD signal, much information which
cannot be seen from the spectra of free-standing films is
involved in these spectra. Not only sharp rises in the helical
phases such as S¢ and Sg, but also increases of LCICD in

non-helical phases such as S, and I are observed. The latter
LCICDs, though not large, are due to the pretransitional
formation of helical structure.

In figures 3 (b), (b"), 4(a), (a’), (b) and 5 (a), we can also
see the CD signals of selective reflections at longer
wavelength. It is clear that the CD of selective reflection
has the opposite sign to the LCICD of Lgem. This
observation is consistent with the fact that the transition of
Laerr lies in the direction of long axis of the rod like LC
molecules.

From the spectra of thick cells, we can also observe
remarkable features in LCICD spectra in helical phases;
with decreasing wavelength, LCICD spectra show a dip
before sharp rise. It is considered to be the contribution of
Licerr, which seems to have a wider band width as seen in
figure 3 (a'). Such feature is more frequently seen in S&,
phase. Actually, in (R:S=3:1)-TFMHPDOPB (see
figure 3 (c)), the dip disappears when the S&,—S& phase
transition occurs. The different positional relation in the
wavelengths of Laesr, and Luern in SE and S&, may cause
the difference.

As for the sign of LCICD, two findings should be made.
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Figure 4. CD spectra of substances with the So—S&, phase transition. The upper part, (@), (b) and (¢), and the lower part, (a') and
(b"), show spectra of 50 um thick cells and free standing films, respectively. (R)-TFMHPDOPB shows the typical first order S A=SE
phase transition and its spectrum is similar to that of (R:S = 3:1)-TFMHPDOPB shown in figures 3 (¢) and (¢’). The spectra of
(b) (R)-TFMHPOBC and (¢) (R)-10BIMF6 have a similar trend in its temperature dependence. Both of them show the second
order SAo—S¢&, phase transition. The CDs of selective reflection can also be seen in (a), (@) and (&).

First, the sign in I is always the same as that in SE and
opposite to that in S&,. Secondly, the signs in I and S, are
the same in most of the cases with the exceptions of
DOBAMBC and TFMHPOBC. Demikhov er al. [7],
explained an anomalous sign change of optical rotation in
Saand [ of DOBAMBUC as the results of different structure
of orientational fluctuation between these two phases by
using Landau’s theory. In our LCICD experiment in
DOBAMBC, we just simply interpret such exception as
the different contributions of Lyer or Lues transition
moment as mentioned above. For TFMHPOBC and
10BIMF6, different signs in Sa from the signs in I are
found and will be discussed later.

Based on the interpretations and discussions about the
spectra, we list the signs of LCICD with the contributing
transition moments in table 2.

4.3, Pretransitional phenomena
In figures 6, 7 and 8 are shown LCICDs in the long
wavelength tail of the fundamental absorption band. It is
noted that pretransitional LCICD is observed in S, as well
as in I. As mentioned in § 1, pretransitional formation of

helix in S, is less studied compared with that in I
Therefore, our main attention is paid to S, above S& and
S¢&, including the first order phase transition.

4.3.1. Sa-S¢ phase transition

Let us show in figures 6(a)—(c) such pretransitional
behaviour in the S, phase above the S,—S¢ transition
point. Both ($)-DOBAMBC and (R)-MHPOOCBC shown
in figures 6 (a) and (&) are materials showing the second
order S,—S& phase transition. The main difference
between them is their spontaneous polarizations. (R)-
MHPOOCBC has a large P, near 100nCcm ™2 while
(S)-DOBAMBC has a P, of 4nC cm ~ 2. In contrast to the
above materials, the third substance, (R:S=3:1)-
TFMHPDOPB, shown in figure 6 (c) exhibits a typical first
order S,—S& phase transition [9, 22].

As clearly shown in figures 6(a) and (b), LCICD
increases with decreasing temperature and approaching to
the second order transition point, indicating the existence
of pretransitional phenomenon in the S5 phase, namely the
formation of dynamic helical structure in the S, phase in
the vicinity of the transition point. Short range S& order
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Table 2. LCICD sign in various phases together with major contribution, Laem or L.

Phase

Substance I Sa S&, S AF* SE, S&,
(5)-DOBAMBC +(@L) (Lo + (L)

(R)-MHPOOCBC +(L)  + (L) + (La)

(R:S=3:1) TRFMHPDOPB +(Ly) 0 + (L) —(Ly)
(R)-TFMHPDOPB + (La) 0 — (L)
(5)-TMFHPOBC +(Ly) —(Ly = (Lo
(R:5=2:8) TEMHPOBC +(L) — Ly + (L) - (L)
(5)-TFMNPOBC +(@Ly) — Loy —(La)
(S)-10BIMF6 +(@Ly) —(Ly) — (L)
(R)-MHOPBC +(L) FHde)  Fe) (L) — (L) —(La)
(R)-MHPOCBC + (La) + Ly (Lo — (L)
(R:S = 65:35) MHPOCBC +(Ly + (L —(La)

appears dynamically over a certain correlation length.
When temperature decreases to the vicinity of the Sx—S&
transition point, the correlation length grows, causing an
increase of the LCICD signal.

According to Battle er al. [5], the effect of coupling
between chiral modes, which is not seen in DOBAMBC,
should appear both in the isotropic and S, phases to make
up a maximum of optical rotatory power in the temperature
range near the transition point, if the chirality is
sufficiently high. It is noticed, however, that the LCICD

intensities of the pretransitional effect in both materials are
almost of the same order, suggesting that the spontaneous
polarization has little influence on the pretransitional
behaviour in the S5 phase.

According to the relation between the sign of LCICD
and the handedness of the helix, the dynamic helical
structures in the pretransitional region of S just above the
second order S,—S§ phase transition have the same sense
as that in the S& phase. For the material showing the first
order S,—S¢ phase transition, the result is completely
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Figure 6. Temperature dependence of LCICD intensity
measured at the wavelength of 432nm for (a) (S)-
DOBAMBC, 337 nm for (b) (R)-MHPOOCBC and 346 nm
for (¢) (R:S=3:1)-TFMHPDOPB, all of which show
the Ss-S& phase transition. Pretransitional phenomenon
in So phase can be observed in (a) (S)-DOBAMBC and
(b) (R)-MHPOOCBC whose S,—SZ phase transition is of
the second order but cannot in (¢} (R:S = 3:1)-TFMHP-
DOPB with the typical first order Sy—S& phase transition.

different. The pretransitional behaviour in the Sa phase
can hardly be seen when the S,—S¢ transition is of the first
order, as shown in figure 6 (¢c).

In the case of the pretransitional behaviour in the
isotropic phase of the cholesteric liquid crystal, Yang
measured the dynamic Ch-like pitch in I near the transition
point using the Bragg scattering technique [23]. In our
case, however, the determination of the S¢-like pitch of the
dynamic helix is difficult, even if the pitch length is
suitable for the scattering technique, because the tilt angle
may be too small to make a clear periodical change of
refractive index.

4.3.2. Sa-S¥, phase transition

Figure 7 shows results for three samples with the
SA-S&, phase transition. (R)-TFMHPDOPB has a typical
first order SA-S&, phase transition accompanied by a
sudden structure change [22], while (R)-TFMHPOBC and
(R)-10BIMF6 have transitions of the quasi-second or
weakly first order [24]. Their structural changes in helix
and layer tilt near the phase transition temperature have
been investigated by using the selective reflection method
and the X-ray diffraction [9, 24, 25].

The result shown in figure 7 (@) indicates that, similar
to the case of (R:S = 3:1)-TFMHPDOPB mentioned in
§ 4.3.1, the pretransitional behaviour does not exist. This
is a natural consequence in the first order phase transition.
A pretransitional behaviour is detected in (R)-TFMH-
POBC and (R)-10BIMF6, as shown in figures 7 (b} and (c).
Since the transition is of the quasi-second order, the
change of LCICD intensity at the transition point is not so
smooth as the case of a typical second order phase
transition.

It is noted in figures 7 (¥} and (c¢) that the LCICD sign
in S, is the same as that in the S&, phase. However, from
the temperature dependences of the LCICD spectra,
particularly in the case of (R)-10BIMF6 (see figure 4 (¢)),
we can judge that the LCICD due to Ly, reverses its sign
at the transition point. Thus the LCICD in Sa and S,
plotted in figures 7(b) and (c¢) are due to different
contributions of transition moments, i.e. Ly, in S&, and
Lucerry in Sa (see table 2). This fact suggests the possibility
that the handedness of dynamic helix in S, may be
opposite to that in S&,, namely the same as that in SE We
can imagine that the dynamic helix in S, just above S¢,
is SE like, as will be discussed later.

4.3.3. S4—SE, phase transition

In figures 5 and 8, we can see that the pretransitional
phenomenon is also observed in S, above the Sa-SE&,
transition. The LCICD sign in Sé1 seems to be always the
same as that in S&, but since the types of materials are
limited and the structure of S&, is not clarified till now, it
is difficult to determine whether the pretransitional
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Figure 7. Temperature dependence of LCICD intensity mea-
sured at the wavelength of 347 nm for (a) (R)-TFMHP-
DOPB, 365 nm for (b) (R)-TFMHPOBC and 367 nm for (¢)
(R)-10BIMF6, all of which show the Sa—S&, phase
transition. Similar to the case in figure 6, pretransitional
phenomenon in S, is detected only in (&) (R)-TFMHPOBC
and (¢) (R)-10BIMF6 with the second or quasi-second order
Sa-SE, phase transition.

phenomenon is S&-like, SE,-like or S&-like at present
time.

4.3.4. Dominant soft mode in Sy

It is very interesting to consider what kind of dynamic
helix is formed in the S phase. By properly taking account
of the sign of LCICD in Sa together with the main

contribution of Luem and Lyem bands on LCICD, we
suggested above that the dynamic helix is SE like even
when the lower temperature phase is S&, or S&,.

In order to consider the possibility for the occurrence,
let us discuss the soft mode in the S, phase. It has been
reported by various authors that in ferroelectric liquid
crystals there exist ferroelectric soft mode (FSM) in the S
phase and ferroelectric Goldstone mode (FGM) in the S§&
phase [26,27]. Recently, antiferroelectric liquid crystals
were discovered and possibilities of the existence of
antiferroelectric soft (AFSM) mode and antiferroelectric
Goldstone mode (AFGM) were pointed out [28]. Here we
consider the relaxation of these soft modes near the S,—S&
(or S,—SE&,) transition point. For simplicity, we only
consider the relaxation time of the modes that have their
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Figure 8. Temperature dependence of LCICD intensity mea-
sured at the wavelength of 340 nm for (a) (R)-MHPOCBC
and 360 nm for (b) (R)-MHPOBC, both of which show the
SA—-S&, phase transition.
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Figure 9. Illustration of relaxation frequency of ferroelectric
soft mode (FSM), ferroelectric Goldstone mode (FGM),
antiferroelectric soft mode (AFSM) and antiferroelectric
Goldstone mode (AFGM). There exist three possible cases.
In cases of (a) and (b), the phases with the soft mode of
lower frequency appears as the lower temperature helical
phases, while the S&, phase appears as a result of the first
order phase transitions in the case (c¢), although FSM has
lower frequency in Sa.

wavevector K = K, where K, refers to the wavevector of
S& or S&, helix at the transition point.

In S, of antiferroelectric liquid crystals, there should
exist both FSM and AFSM as shown in figure 9 (a). With
decreasing temperature, the two soft modes become soft.
If the phase below S4 is S&, the relaxation frequency of
FSM is lower than that of AFSM and it decreases to zero
at the SA—S& transition point, 7s, sz (see figure 9 (a)). If
the lower temperature phase is SZ,, the frequency of

AFSM is lower than that of FSM and decreases toward the
Sa-S&, transition point (see figure 9(b)). In this case the
FSM is considered to become soft toward T¢,_s¢ which is
lower than T, SEy0 although the SE phase does not appear
because of the emergence of S&,. The small frequency
jump of AFSM at the SA-S¢, transition point is drawn
according to the fact that till now almost all Sa-S¢, is
somewhat of the first order with a small jump in its
structure change.

In figures 9(a) and (b), the soft mode with lower
relaxation frequency is stabilized to realize the S or S¢,
phase on low temperature side, respectively. Because of
the structure jump at the So—S&, transition point, there also
exists the third possibility as illustrated in figure 9 (c). In
this case, although the transition is S A-SE‘?A, the soft mode
with lower relaxation frequency in Sa can be FSM.

The diagram shown in figure 9 (¢) explains the sign of
dynamic helix in S4 to be different from that of static helix
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(b
Figure 10.  CD spectra and tcmperature dependence of LCICD
intensity of (R:85=8:2)-TFMHPOBC measured at the
wavelength of 365 nm. By comparing these figures with
figure 4 (b) and figure 7 (b), the appearance of S& by the
reduction of optical purity has little influence on the
pretransitional phenomenon in Sa.
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Figure 11. CD spectra and temperature dependence of LCICD
intensity of (R:§=65:35)-MHPOCBC measuring at
365 nm. By comparing these figures with figures 5 (b) and
8 (a), the disappearance of SZ, by the reduction of optical
purity has little influence on the pretransitional phenom-
enon in S,.

Table 3. The dominant soft modes in the S, phase of each
substance with the phase sequences. The mark ‘0’ in the
table refers to the case when there exists no pretransitional
phenomenon. FSM is the dominant fluctuations in the cases
of the second order Sx—S& phase transitions. In those
with the So—S&, phase transitions, the results show that
the dominant soft mode is FSM, although there exist
some uncertainties due to some experimental difficulties.
For the S,—S&, transition, the judgement is impossible
for lack of structural information of S&, at the present

stage.

Dominant

soft mode Phase
Substance in S5 phase sequence
(5)-DOBAMBC FSM Sa-S&
(R)-MHPOOCBC FSM SA—-SE&
(R:5=3:1) TFMHPDOPB 0 SA-SE-SE,
(R)-TFMHPDOPD 0 Sa-S&,
()-TFMHPOBC FSM (? AFSM)  Sa-S&,
(R:S5=2:8) TFMHPOBC FSM (? AFSM)  S,—S&-S&,
(5)-TFMNPOBC FSM (? AFSM) SA-S&,
(5)-10BIMF6 FSM (? AFSM)  SA-S&,
(R)-MHPOBC ? SA-S&,-S&
(R)-MHPOCBC ? Sa-S&,-S&,
(R:S§ =65:35) MHPOCBC ? Sa-S&,

in SéA as described in § 3.1. The existence of the hidden
S& phase near the Sa-S&, transition point can easily be
confirmed by slightly reducing the optical purity of
TFMHPOBC [29]. We show the CD spectrum and the
temperature dependence of LCICD of (R:S5=8:2)-
TFMHPOBC in figures 10 (a) and (b). The comparison of
these with that of (R)-TFMHPOBC (see figures 4 (b) and
7(b)) shows that the appearance of S¥ has little inference
on pretransitional behaviour. All these results inferred that
TFMHPOBC is just the case shown in figure 9 (¢) and its
dynamic helix is S&-like (FSM).

Such phenomenon can even be seen when we eliminate
the S¢, phase by reducing the optical purity. One example
for (R:§ = 8:2)-MHPOCBC is shown in figure 11. We
can see by comparing figures 5 (b), 8 (a) and 11, that the
elimination of S&, has little inference on pretransitional
behaviour.

A similar phenomenon is also observed in the pretran-
sitional behaviour in I which is not affected by the SA~S&,
or S,—S& phase transition. We suppose that the pretransi-
tional behaviour in I depends on the I-Ch phase transition
to appear or to be expected to appear on the low
temperature side. If there exists the Ch phase in the
materials used in the present study, the sign of LCICD of
Ch will be the same as that in the S& phase. Thus, the sign
of LCICD in I is the same as that in the S& phase.

In table 3 is summarized the dominant soft mode in the
Sa phase based on the above discussion. The pretransi-
tional fluctuation is only observed in So when the phase
transition is of the second or quasi-second order. It is
reasonable that the soft mode in S, just above the S5-S&
transition point of a ferroelectric liquid crystal is FSM. As
for the case of antiferroelectric liquid crystal, the situation
is more complicated because the existence of S&, really or
potentially, is thought to affect the results. Since the
materials possessing S&, used in our experiments usually
have such S¥, really or potentially, the dominant soft mode
is determined to be FSM, although the other possibility
cannot be excluded completely for the difficulties of
experiments. The possibility should also be noted that,
with the development of materials with strong antifer-
roelectricity, the ferroelectric S& phase is strongly sup-
pressed so that the dominant soft mode in S, above the
Sa-S&, transition point can be AFSM. For the compounds
with SE’:} the clarification of the unknown structure of this
phase will be a key point to elucidate the soft mode in the
Sa phase.

5. Conclusion
Application of LCICD measurement provides much
information on both static and dynamic helical structures
of ferroelectric and antiferroelectric liquid crystals. By
detecting the LCICD in the intrinsic absorption band, we
found pretransitional phenomena in the S, phase towards
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Sa-SE or SA-S¢, transition point, if the transition is of the
second-order. This is explained by the formation of the
dynamic helical structure. When the transition is of the
first order, such phenomenon is not observed. Most of the
data show that the handedness of dynamic helix in the
pretransitional regime of the S phase is the same as that
in S& for the existence or potential existence of this phase.
To confirm these results further studies with a wide variety
of materials are necessary.
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