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Blue phases and twist grain boundary phases ( TGBA and TGBC )

in a series of ¯ uoro-substituted chiral tolane derivatives
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(Received 12 February 1997; accepted 21 March 1997 )

A series of ¯ uoro-substituted tolane derivatives: (R)-1-methylheptyl 3 ¾ -¯ uoro-4 ¾ -(3-¯ uoro-4-n-
alkoxybenzoyloxy)tolane-4-carboxylates is reported. Some members of this series exhibit the
phase sequence: Cr± SmC*± TGBC± TGBA± BPI± BPII± BPIII± I. The blue phases, the TGBA
and TGBC phases and the SmC* phase were characterized in detail by microscopic
observation, di� erential scanning calorimetry, helical pitch measurements, X-ray structural
analysis and electro-optical study. The blue phases directly next to the TGBA phase were
shown to be a new type of blue phase exhibiting smectic ordering. A commensurate TGBC
phase with constant number of slabs per pitch was observed.

1. Introduction Blue phases exist in the ® rst discovered liquid crystal-
line material (cholesteryl benzoate) [10], whereas theThe twist grain boundary (TGB) phases and the blue

phases (BPs) are two kinds of frustrated phases of chiral recognition of them as distinct thermodynamically stable
phases was not made until the 1970s [11]. Theoreticalmolecules, resulting from the competition between the

chiral forces and the desire for molecules to pack in and experimental work has demonstrated that choles-
teric liquid crystals of short pitch can form up to threeways such that they ® ll space uniformly.

The existence of a twist grain boundary smectic A distinct blue phases [12± 14] at the transition from
cholesteric phase (N*) to the isotropic phase (I). In(TGBA) phase in chiral systems was predicted by Renn

and Lubensky in 1988 [1] based on the De Gennes order of increasing temperature they are named blue
phase I (BPI), blue phase II (BPII) and blue phase IIImodel [2] and ® rst demonstrated experimentally by

Goodby et al. in 1989 [3, 4]. Theoretical work [1] (BPIII). BPI and BPII are cubic phases and have,
respectively, body-centred cubic and simple cubic sym-proposed that the TGBA phase structure involved slabs

of SmA material regularly stacked in a helical fashion metry. BPIII is seemingly amorphous with a still
unknown local structure. In the cubic blue phases, thealong an axis parallel to the smectic layers. Adjacent

slabs were continuously connected via a grain boundary basic unit is thought to be the double twist tube: a
cylinder of liquid crystal material in which the directorwhich consisted of a grid of parallel equispaced screw

dislocation lines. This periodic ordering of screw disloca- is parallel to the axis at the centre and rotates spatially
about any radius. The double twist tube has been showntions relieves the frustration for the molecules which

need to form a helical structure. Renn and Lubensky theoretically³ to be more stable than the single twist
structure of the N* phase at a higher temperature, whenalso proposed the structure of tilted twist grain boundary

TGBC and TGBC* phases in which the smectic slabs the chirality of the molecules is high enough such that
the helical pitch is su� ciently short. Fitting these doubleare, respectively, SmC and SmC* [5, 6]. The existence

of the TGBC phase was demonstrated by the work of twist cylinders into a three-dimensional structure so that
the directors match everywhere is topologically imposs-the Bordeaux group [7]. However, evidence for a struc-

ture di� erent from that of the RL model was obtained, ible. Therefore disclinations, defects in the orientational
arrangement of molecules, are necessary to relieve thewhere the smectic layers are tilted relative to the pitch

axis, while the molecular director remains perpendicular
to the pitch axis [8, 9]. ³ The double twist tube has only been observed experiment-

ally in lyotropic systems in the blue phases of concentrated
DNA solutions, using freeze-fracture electron microscopy [15].*Author for correspondence.
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390 Min-Hui Li et al.

elastic strain energy. The cubic blue phases can therefore ran (DHP) (8 2́7 g; 98 4́ mmol ) was added dropwise over
be described as lattices of double twist tubes or, equiva- 10 min. Some crystals of p-toluenesulphonic acid (PTSA)
lently, lattices of defects. were then added. The reaction was complete after about

Blue phases are normally found between the isotropic 15 min (TLC showed no starting material remaining).
liquid state and a cholesteric phase of su� ciently short The reaction was quenched by addition of NaHCO3

pitch in the phase sequence I± BPs± N*, except in two (0 6́ g). The solvent was removed by rotary evaporation
cases where a direct BPI± SmA transition has been and the liquid product was ® ltered through basic alum-
observed [16, 17]. The twist grain boundary phases are ium oxide using heptane/ethyl acetate (9/1) mixture as
typically detected at the phase transition from the iso- eluent. The product (2 ) was a colourless oil. Yield: 20 7́ g
tropic liquid or cholesteric states to smectic states in (93%). 1H NMR (CDCl3 ): 1 5́ ± 2 1́ (m, 6H, 3CH 2 ),
the following sequences: I± TGBA ± SmC*, I± BP± N*± 3 5́6± 3 9́6 (m, 2H; CH 2 ± O), 5 7́4 (t, 1H, CH ± O), 7 1́ ± 7 2́5
TGBA ± SmA, I± BP± N*± TGBA ± SmC*, I± BP± N*± (m, 3H, arom.).
TGBA ± TGBC ± SmC* and I± BP± N*± TGBC ± SmC*.
Recently, we have reported the observation of a new

2.2. 3-Fluoro-4-tetrahydropyran yloxyphenylac etylene (4 )phase sequence I ± BPs ± TGBA in a chiral tolane derivat-
Palladium (II) chloride (PdCl2 ) (0 1́83 g, 1 0́3 mmol)ive [18], where the blue phases are observed for the

and copper (II) acetate monohydrate (Cu(AcO)2 ´H2O® rst time between the isotropic state and the TGBA
(0 1́99 g, 1 0́ mmol ) were added successively to a stirredphase in the absence of a cholesteric phase. This sequence
solution of compound 2 (20 g, 73 0́ mmol) and triphenyl-is also new from the point of view of the TGBA phase.
phosphine (TPP) (1 6́6 g, 6 3́4 mmol) in dipropylamineThis chiral material is (R) or (S )-1-methylheptyl
(n-Pr2NH) (200 ml) under nitrogen. Then trimethylsilyl-3 ¾ -¯ uoro-4 ¾ -(3-¯ uoro-4-octadecyloxybenzoyloxy)tolane-
acetylene (TMS) (8 7́ g, 88 6́ mmol ) was added dropwise.4-carboxylate (simply named FH/FH/HH-18BTMHC),
The solution was gradually heated with an oil bathwhose chemical structure is shown below. We report
(106ß C) and stirred for 4 h [21]. The stirred mixturenow the detailed investigations of all members of this
was cooled to room temperature and the salt formed byseries (FH/FH/HH-nBTMHC) with di� erent chain
the reaction was ® ltered o� and washed well withlengths (n=7± 20). In the following sections, we will
heptane. The solvent in the ® ltrate was evaporated o�describe the synthesis (§ 2), the mesomorphic properties
in vacuum. The residue was hydrolysed with concen-(§ 3), the helical pitch measurements (§ 4), the X-ray
trated hydrochloric acid (16 ml), water (160 ml) andstructural analyses (§ 5) and the electro-optical studies
crushed ice (80 g). Organic materials were extracted into(§ 6). A summary will be given at the end.
heptane (2 Ö 300 ml ) and the organic phase was washed
with water (250 ml), dried over anhydrous Na2SO4 ,2. Synthesis

® ltered and evaporated. The residue was ® ltered throughThe compounds FH/FH/HH-nBTMHC (n=7, 8, 9,
neutral alumium oxide using an heptane/ethyl acetate10, 11, 12, 13, 14, 16, 18, 20) were prepared according
mixture (9/1). The solvent was removed on a rotaryto scheme 1. Details of the syntheses are reported below.
evaporator and the compound 3 so obtained (13 5́ g,The synthesis of the substituted benzoic acids 8, used in
46 2́ mmol) was dissolved in tetrahydrofuran (THF)the ® nal esteri® cation step f, has been described else-
(20 ml ) and methanol (20 ml). To this solution cooled inwhere [19, 20]. The following examples are typical of
an ice bath was added dropwise with stirring a 50 perthe methods used to obtain the compounds indicated in
cent NaOH solution (4 6́ g). The mixture was stirred atthe scheme. The infrared spectra were recorded on a
room temperature for 1 h. Heptane (120 ml) and waterPerkin-Elmer 783 spectrophotometer and the NMR
(120 ml) were then added. The organic phase was separ-spectra on a Bruker HW200 MHz spectrometer.
ated and washed with water (100 ml), dried over
Na2SO4 , ® ltered and evaporated. The compound 42.1. 1-Bromo-3-¯ uoro-4-tetrahydropyranyloxy benzene
obtained was a reddish liquid. Yield: 10 g (64%). 1H(2 )
NMR (CDCl3 ): 1 5́ ± 2 1́ (m, 6H, 3CH2 ), 3 0́2 (s, 1H,To a stirred solution of 2-¯ uoro-4-bromophenol 1

H± C º C), 3 5́6± 3 9́6 (m, 2H, CH 2 ± O), 5 4́7 ( t, J=3 Hz,(15 5́ g; 81 2́ mmol) in dichloromethane (50 ml, stabilized
by 2-methyl-2-butene) cooled in an ice bath, dihydropy- 1H, CH ± O), 7 1́ ± 7 2́5 (m, 3H, arom.).
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391Chiral tolanes: TGBA, TGBC and blue phases

Scheme 1.

2.3. (R) and (S)-1- Methylheptyl 4-iodobenzoat e (5 ) and The (S )-1-methylheptyl 4-iodobenzoate 5 ¾ was
obtained by the Mitsunobu reaction [22]. To an ice(5 ¾ )

To a solution of (R)-2-octanol (5 2́ g, 40 mmol) in cooled solution of 4-iodobenzoic acid (9 9́2 g, 40 mmol ),
(R)-2-octanol (5 7́2 g, 44 mmol ) and triphenylphosphineCH2Cl2 (250 ml ) was added dicyclohexylcarbodiimide

(DCC) (8 1́ g, 44 mmol), 4-dimethylaminopyridine (Ph3P) (11 5́3 g, 44 mmol ) in CH2Cl2 (80 ml ) was added
dropwise diethyl azodicarboxylate (DEAD) (7 6́6 g,(DMAP) (0 4́ g, 3 3́ mmol ) and 4-iodobenzoic acid (9 9́2,

40 mmol). The mixture was stirred at room tempera- 44 mmol ). The mixture was stirred at room tem-
perature for 2 h, it was then ® ltered and evaporated.ture overnight; the solution was then ® ltered and evapor-

ated. The residue was puri® ed by chromatography Chromatography on silica gel with toluene as eluent
was used to purify the product. Yield: 7 5́ g (52%).on silica gel using toluene as eluent. The com-

pound 5 obtained was a slightly yellow liquid. Yield: 1H NMR (CDCl3 ) : 0 8́4 (t, 3H, CH2 ± CH 3 ), 1 2́ ± 1 8́
(m, 13H, aliphatic), 5 0́5± 5 1́5 (m, 1H, OCH(CH3 )CH2 ),11 5́ g (80%).
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7 7́± 7 8́ (m, 4H, aromatic). IR (KBr) n/cm Õ 1 : 2930, 1720, 3. Mesomorphic properties

The mesomorphic properties of the derivatives1590, 1390, 1280, 1270, 1110, 1100, 1010, 754.
obtained were studied by polarized optical microscopy
and di� erential scanning calorimetry. We used a Leitz2.4. (R)-1- Methylheptyl 3 ¾ -¯ uoro-4 ¾ -hydroxytolan e-

4-carboxylat e (7 ) Ortholux microscope equipped with a Mettler FP5 hot
stage for the optical observations and a Perkin-ElmerA mixture of compound 4 (6 4́ g, 28 mmol ), compound

5 (11 g, 31 mmol), TPP (0 1́9 g, 0 7́3 mmol ) and diisopro- DSC7 for the calorimetric study. The contact method
between two enantiomers was used and the racemicpylamine (55 ml) was stirred under nitrogen and heated

in an oil bath at 30 ß C until dissolution of solids was products were studied.
complete. The catalysts PdCl2 (0 0́30 g, 0 1́7 mmol) and
(Cu(AcO)2 ´H2O) (0 0́30 g, 0 1́5 mmol ) were added to this 3.1. TGBA± BPs± I phases

When cooling at a slow rate from the isotropic phase,solution which was then gradually heated to 90 ß C and
maintained at this temperature for 3 h. After cooling to there is no evidence of blue phase textures up to n=14

in the series. For the n=14, 16 and 18 homologues, tworoom temperature the salt was removed by ® ltration
and washed well with ethyl acetate. The ® ltrate was blue phases have detectable textures. We observe ® rst

some blue± grey square-shaped single crystals of BPIIevaporated and the residue hydrolysed with concen-
trated hydrochloric acid (8 ml ), water (80 ml) and growing very rapidly in the dark background. The

growth ends by forming the typical BPII mosaic texturecrushed ice (40 g). The hydrolysate was then shaken
with ethyl acetate. The organic phase was dried over composed of platelets [18]. On further cooling, the

characteristic cross-hatching resulting from the phaseNa2SO4 , ® ltered and evaporated. The residue was ® l-
tered through neutral aluminium oxide using a transition BPII � BPI [23] appears in the platelets. This

paramorphotic texture of BPI persists only over a veryheptane/ethyl acetate (95/5) mixture. The intermediate
compound 6 (10 8́ g, 23 mmol) so obtained was dissolved narrow interval of temperature: 0 1́ ß C for n=14, 0 4́ ß C

for n=16 and 0 2́ ß C for n=18. Finally, in the compoundin a CH2Cl2 (70 ml) and CH3OH (120 ml ) mixture. To
this solution was added PTSA (0 3́ g) and the mixture n=20, BPII alone was observed on cooling. For all

compounds the temperature of the transition to thewas stirred at room temperature for 1 h. The solvent
was evaporated and the pure phenol 7 obtained by TGBA phase is easily determined through the bright

and coloured texture that develops with decreasingchromatography on silica gel using heptane/ethyl acetate
(8/2) mixture as eluent. The compound recrystallized in temperature (the assignment of the TGBA phase will be

discussed below). If the samples of n=14, 16, and 18 arethe refrigerator as a yellow solid. Yield: 8 4́ g (78%). 1H
NMR (CDCl3 ) : 0 8́8 (t, J=6 4́ Hz, 3H CH2 ± CH 3 ) , reheated, this bright and coloured texture vanishes, and

a mosaic texture with smaller platelets is restored. No1 2́± 1 8́ (m, 13H, 5CH 2 , CH± CH 3 ), 5 1́6 (m(4t), J=
6 4́ Hz, 1H, CH ± CH3 ) , 5 6́5 (d, 4JHF=4 Hz, HO± Ph), striation is visible for any of the three derivatives. In

these cases, we think that BPII is obtained directly6 9́9 (t,J=8 8́ Hz, 1H, arom. ortho to OH), 7 2́2± 7 3́1 (m,
2H arom. meta to OH), 7 5́5 (d, 2H, arom. ortho to because of superheating of the TGBA phase.

The DSC thermograms of the compound n=18 on± C º C± ), 8 0́2 (d, 2H, arom. ortho to ± COO). IR (KBr)
n/cm Õ 1 : 3400 (Ph± OH), 2900 (C ± H), 2210 (± C º C± ), heating and on cooling at a temperature rate of

0 2́ ß C min Õ 1 are given in ® gure 1. The DSC thermograms1690, 1620, 1600, 1280, 1110, 850.
of the homologues with n=14 and n=16 are similar to
those of n=18. On cooling, we observe a large Cp2.5. (R)-1- Methylheptyl 3 ¾ -¯ uoro-4 ¾ -(3-¯ uoro-

4-octadecyloxybenzoyloxy) tolane-4-carboxylate (9 ) variation 1 followed by three sharp peaks 2, 3 and 4
within ~5ß C, while upon heating only two sharp peaks(n=18)

To a solution of phenol 7 (0 1́92 g, 0 5́ mmol) in 2 and 3 are detected previous to the large Cp feature.
Estimation of the enthalpies shows that the sum of DH3CH2Cl2 (5 ml ) was added DCC (0 1́01 g, 0 5́5 mmol),

DMAP (0 0́10 g) and 3 ¯ uoro-4-decyloxybenzoic acid 8. and DH4 upon cooling is equivalent to DH3 upon heating
for the compounds with n=14, 16 and 18 (all resultsThe resulting mixture was stirred at room temperature

overnight. The solution was ® ltered and evaporated. The related to the DSC analysis, transition temperatures and
enthalpies, are summarized in table 1). All these observa-residue was puri® ed by chromatography on silica gel

with toluene as eluent. The product (white powder) was tions are consistent with the microscopic assignment of
the BPI and BPII phases. The broad speci® c heatcrystallized from absolute ethanol. Yield: 0 2́8 g (74%).

1H NMR (CDCl3 ): 0 8́6 ( t, 6H, 2CH 3 ) , 1 2́5 (m, 38H, variation 1 could correspond to a I± BPIII transition
[24]. However, by microscopic observation, no such fog19CH2 ), 1 3́1 (d, 3H, CH 3 ± CH), 1 8́ (m, 4H, OCHCH 2 ,

OCH2CH 2 ) , 4 1́1 (t, 2H, OCH2 ), 5 1́5 (m, 1H, CHCH3 ), phase (BPIII) could be detected. This is not so surprising
considering that BPIII shows only a faint blue or grey7 0́2 (t, 1H arom. ortho to OR), 7 2́± 8 0́ (m, 9H arom.).
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393Chiral tolanes: TGBA, TGBC and blue phases

Figure 1. DSC thermograms of (R)-FH/FH/HH-18BTMHC on heating and cooling at 0 2́ ß C min Õ 1 .

fog texture in the best cases, and is mostly not seen; cholesteric phase through the phase sequence
N*± BPI± (BPII± )BPIII± Isotropic is contributed to pre-moreover the platelets of BPI and BPII observed in our

compounds already have a grey colour because their dominantly by the BPIII± Isotropic transition. To explain
this behaviour, it has been proposed that the local orderhelical pitches are very short and the selective re¯ ection

is out of the visible range. in the blue phases stays close to that of the helical phase
N*. The BPIII± Isotropic transition would involve theFor the compounds with a short terminal chain length

(n=13 � 7), the broad Cp variation 1 and the small peak complete destruction of this local helical nematic order.
By making an analogy between our thermodynamic2 in the DSC thermograms are always present on cooling

(see ® gure 2 and table 1). They become more and more data and the preceding data, we think that the local
order of the helical phase previous to the blue phasesdamped, covering a wider temperature interval which

extends from ~6ß C (n=13) to ~15 ß C (n=7). By ana- (interestingly TGBA in our case) could be retained
through BPI, BPII and BPIII phases and destroyed onlylogy with the behaviour of the long chain homologues,

we assign the possible blue phases in the compounds at the BPIII± Isotropic transition. We wonder whether
the blue phases exhibit also a smectic-like local order,n=13 � 7 as BPII and BPIII (see table 1). According to

this assumption, in the derivatives n=12 � 7, only BPIII and discuss this point in the section on X-ray analysis.
Because DSC cannot discriminate pretransitional heatwould exist upon heating. Unfortunately, no blue phases

could be observed by microscopy in these short chain capacity changes and small latent heats, we cannot reach
a conclusion on the nature of these blue phase trans-homologues and special treatment of the glass plate

surfaces did not help. Thus this characterization itions. The sharpness of peaks 3 and 4 suggests ® rst
order transitions for BPII± BPI, BPI± TGBA orneeds to be veri® ed by further experiments using other

appropriate techniques such as selective re¯ ection BPII± TGBA. The more damped transition BPII± BPIII
could be a ® rst order transition with a very small latentspectroscopy and the Kossel method.

A further analysis of the DSC data shows that the heat, or a second order transition. Speculation can be
made about the nature of the BPIII± Isotropic transition.heat supplied for the broad Cp variation 1 dominates

the isotropization process in all members of the series. It could be no transition at all and only a supercritical
feature [28]. It could also be second order or perhapsIn the cholesteric blue phases of cholesteryl nonanoate

[25, 26, 27] and of S,S-MBBPC [28], it has already ® rst order [27] for the derivatives with long terminal
chain lengths. Studies by high resolution adiabatic calori-been found that the overall clearing enthalpy of the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



394 Min-Hui Li et al.

Table 1. Transition temperaturesa ( ß C) and enthalpies (in brackets) (KJ mol Õ 1 ) for (R)-FH/FH/HH-nBTMHC (n=20 � 7)
(temperature ratio 0 2́ ß C min Õ 1 )b .

n Mode Cr SmC* TGBC TGBA BP I BP II BP III I

20 Heating $ 66 1́ Ð Ð $ 69 0́ Ð $ 69 3́ $ 70 0́ $

(0 8́7) (0 2́8) (2 7́3)
(3 8́8)d

Cooling $ 55 5́ $ [59]c
$ [64 5́]c

$ 68 6́ Ð $ 69 1́ $ 70 0́ $

(0 0́51 ) (1 0́4) (0 2́8) (2 8́2)
(4 1́4)d

18f Heating $ 59 2́ $ 66 6́ $ 67 9́ $ 70 8́ Ð $ 71 4́ $ 72 4́ $

(47 9́) (0 0́48 ) (0 1́08 ) (0 6́9) (0 3́2) (2 7́2)
(3 7́3)d

Cooling $ 44 6́ $ 63e
$ 67 7́ $ 70 2́ $ 70 6́ $ 71 2́ $ 72 3́ $

(0 0́93 ) (0 3́1) (0 3́3) (0 2́6) (2 8́1)
(3 7́0)d

16 Heating $ 56 3́ $ 66 6́ $ 68 0́ $ 71 5́ Ð $ 72 1́ $ 73 3́ $

(0 0́70 ) (0 1́28) (0 6́9) (0 2́9) (2 4́5)
(3 4́3)d

Cooling $ 40 $ 63e
$ 67 6́ $ 70 6́ $ 71 2́ $ 71 8́ 73 1́ $

(0 1́31 ) (0 3́2) (0 3́1) (0 2́4) (2 5́5)
(3 4́2)d

14 Heating $ 46 8́ $ 65 9́ $ 67 2́ $ 72 8́ Ð $ 73 6́ $ 74 8́ $

(0 0́51 ) (0 0́43) (0 5́7) (0 3́46 ) (2 8́5)
(3 7́6)d

Cooling $ 40 $ 61e
$ 66 9́ $ 72 1́ $ 72 3́ $ 73 2́ $ 74 4́ $

(0 0́38 ) (0 3́0) (0 2́3) (0 4́4) (2 2́7)
(3 2́5)d

13 Heating $ 62 $ 64 2́ $ 64 9́ $ 71 9́ Ð $ 72 4́ $ 73 9́ $

(0 0́41 ) (0 0́23) (0 6́3) (0 2́3) (1 4́8)
(2 3́4)d

Cooling $ 30 $ 61 5́e
$ 64 6́ $ 71 3́ Ð $ 72 2́ $ 73 8́ $

(0 0́34 ) (0 5́2) (0 3́1) (1 5́7)
(2 4́0)d

12 Heating $ 56 5́ $ 65 2́ Ð $ 74 1́ Ð Ð $ 75 7́ $

(0 0́08 ) (1 2́7) (1 2́9)
(2 5́6)d

Cooling $ 25 $ 59e Ð $ 72 6́ Ð $ 73 6́ $ 74 7́ $

(0 6́8) (2 2́1)
(2 8́9)d

11 Heating $ 58 $ 66 0́ Ð $ 73 6́ Ð Ð $ 75 4́ $

(0 0́10 ) (1 1́1) (1 1́0)
(2 2́1)d

Cooling $ 34 $ 60e Ð $ 71 4́ Ð $ 72 3́ $ 73 9́ $

(0 7́3)
(2 6́0)d

10 Heating $ 54 $ 67 6́ Ð $ 73 2́ Ð Ð $ 75 5́ $

(0 0́14 ) (0 9́2) (1 1́3)
(2 0́5)d

Cooling $ 27 $ 65 7́e Ð $ 71 7́ Ð $ 72 9́ 74 6́ $

(0 6́4)
(2 4́0)d

9 Heating $ 58 3́ Ð Ð $ 66 7́ Ð Ð $ 72 4́ $

(0 7́1) (1.23)
(1 9́4)d

Cooling $ 30 $ [53 0́]c Ð $ 65 1́ Ð $ 67 0́ $ 71 1́ $

(0 0́41 ) (0 3́5)
(1 9́2)d

8 Heating $ 49 3́ $ 60 2́ Ð $ 68 0́ Ð Ð $ 74 1́ $

(0 0́10 ) (0 9́4) (0 8́3)
(2 0́6)d

Cooling $ 25 $ 54 5́ Ð $ 65 7́ Ð $ 68 0́ $ 73 5́ $

(0 0́50 ) (0 5́0)
(2 1́4)d

7 Heating $ 54 3́ Ð Ð $ 60 1́ Ð Ð $ 74 3́ $

(0 4́6) (0 9́6)
(1 4́2)d

Cooling $ 25 $ [48 0́]c Ð $ 56 6́ Ð $ 60 $ 67 9́ $

(0 0́82 ) (0 2́7)
(1 6́6)d

a Peak temperatures in DSC thermograms were taken as transition temperatures.
b Melting and recrystallization temperatures were recorded at 2 ß C min Õ 1 .
c Monotropic transition.
d Sum of all blue phase transition enthalpies (e.g. n=20, 3 8́8=0 8́7+0 2́8+2 7́3 ).
e Transition temperatures from microscopic observation only.
f One can note that the transition temperatures for n=18 given here are slightly lower than those shown in the ® gure 1. The

reason is that two di� erent samples with slightly di� erent optical purities, prepared from two di� erent batches of (R)-2-octanol,
were used for the measurements. We have nevertheless kept this discrepancy here because all the other members of the series have
been prepared with the same batch of (R)-2-octanol.
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395Chiral tolanes: TGBA, TGBC and blue phases

Figure 2. DSC thermograms of all members of the series (R)-FH/FH/HH-nBTMHC (n=20 � 7) on cooling at 2 ß C min Õ 1 .

metry and photopyroelectric techniques are actually in gram performed on heating, but has no signature on
cooling. The TGBC phase was de® nitively identi® ed byprogress on these systems, in order to tackle the above

questions. helical pitch measurements using well oriented samples
(§ 4): the thermodynamically stable TGBC phase actually
exists in a narrow temperature range (< 1 ß C) located3.2. Cr± SmC*± TGBC ± TGBA phases

The TGBA phase is observed in all the members of between two small peaks of the DSC thermogram
(between peaks 5 and 6 in ® gure 1 ); upon cooling, thethe series (n=20 � 7), whereas the TGBC phase is identi-

® ed only in the derivatives n=20, 18, 16, 14 and 13. TGBC phase persists over a larger temperature domain
of several degrees (up to 6 ß C) in a metastable state.The assignment of the TGBA phase was made by

several pieces of experimental evidence: (1) it has charac- X-ray di� raction studies (§ 5) con® rm this assignment of
TGBC by optical observations.teristic vermis and Grandjean textures; (2) a contact

preparation between (R) and (S ) enantiomers shows a The transition TGBC± SmC* is clearly observed by
microscopy with the appearance of the pseudo-SmA texture in the middle [18] (this is con® rmed by

the SmA phase of the racemic system); (3) helical pitch homeotropic and broken fan-shaped textures. The SmC*
phase occurs in almost all members of the series, preced-measurements prove the existence of the helical structure

(see § 4); (4 ) X-ray analysis gives evidence of a lamellar ing the TGBC phase in the cases of n=18, 16, 14, 13
and preceding the TGBA phase in the other cases. Therestructure (see § 5 ).

The TGBC phase has, a priori , the same texture as are three exceptions (n=20, 9, 7) where the transition
Cr ± TGBA takes place directly on heating. However thethe TGBA phase. Consequently it is di� cult to locate

the TGBA± TGBC transition by microscopical observa- SmC* phase is formed upon cooling.
tion of a sample with no preferred orientation, as usually
prepared. Nevertheless, the DSC thermogram shows

3.3. Phase diagrams for enantiomers and racemicclearly the TGBA± TGBC transition² (see ® gure 1) as a
mixturessmall peak on cooling as well as on heating (DH=

We summarize discussion on the mesomorphic proper-0 1́ KJ mol Õ 1 for the homologue n=18). The
ties of the series in a phase diagram as a function ofSmC*± TGBC transition appears in the DSC thermo-
terminal chain length n ( ® gure 3). Firstly, it is interesting
to note the ùp then down’ evolution of the various² We rectify slightly here results for the TGBC± SmC* trans-

ition given in a previous communication [18]. transition temperatures for the overall clearing process
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396 Min-Hui Li et al.

cell, in the planar orientation [31, 32]. The planar
orientation had to be kept all through the measurements,
but generally when cooling from blue phases to the
TGBA phase, the liquid crystal changed partly into
pseudo-homeotropic orientation in the TGB phases. We
had consequently to avoid any transition from the
TGBA phase to blue phases. The sample had to be
prepared in the TGB temperature range, and cooled just
after its preparation. Measurements were thus performed
® rst on cooling from the middle of the TGBA range
down to the TGBC± SmC* transition. They were after-
wards performed on heating across the whole range of
the TGBC and TGBA phases. It was observed that the
pitch values measured on cooling and on heating at the
same temperature in the same phase are very close to
each other (see ® gure 5 (a), 5 (b) and 5 (c)).

We can readily discriminate the TGBC phase from
the TGBA phase in optical observations of the sample
in the planar orientation in a prismatic cell. The
TGBA± TGBC transition is marked by a sudden change
of pitch (a sharp increase on cooling), approaching a
discontinuity. If the temperature varies very slowly, it is
however possible to show that this transition is really
continuous; ® gure 6 shows this clearly. In this way we
identi® ed TGBC phases in the homologues with n=20,

Figure 3. Phase diagram of the series (R)-FH/FH/HH- 18, 16, 14 and 13.
nBTMHC as a function of terminal chain length n. The In a similar way to that observed by DSC and
continuous lines are simply guides for the eye.

microscopy, the SmC*± TGB transition occurs at a
higher temperature on heating than on cooling; the shift
can reach 5 degrees. In other words TGBC phases exist

(from TGBA to I): when n < 12, the clearing temper-
over a larger temperature range upon cooling thanatures increase with increasing n and an odd± even e� ect
upon heating.is visible; they then decrease when n increases from 12

In the SmC* phase, the pitch measurements are alsoto 20. This phenomenon was not reported for other
performed using the Grandjean ± Cano method in aTGB series [29, 30]. We have no explanation for this
prismatic cell, when this is allowed by the pitch rangedi� erence.
( p>0 1́3 mm). In this case the liquid crystal must be inWe depict the phase behaviours of the racemic mix-
the pseudo-homeotropic orientation [33]. If p<0 1́3 mm,tures (table 2) as a function of the chain length n in
neither selective re¯ ection colours nor Grandjean ± Cano® gure 4. Only four homologues were prepared, but the
steps are visible. The pitch measurements are thensame evolution of the clearing temperatures with n was
performed on a free surface drop [33], observing theobserved as in the phase diagram for the enantiomers.
Friedel fringes as for a SmC* phase [34]. In both casesThe special feature of this racemic diagram is the appear-
measurements are carried out on heating.ance of the nematic phase (N) when n < 14, which was

In a prismatic cell, the SmC*± TGB transition temper-not expected considering that no cholesteric phase (N*)
ature is much higher in the pseudo-homeotropic orienta-exists for the corresponding enantiomers. Therefore to
tion than in the planar orientation. For a drop, in theconsider the phase behaviour as a function of chirality
pseudo-homeotropic orientation this temperature is alsowould be more complicated when n < 14.
higher; this is due on the one hand to the di� erent
orientations, and on the other hand to the small thick-4. Helical pitch measurements

ness of the drop. Measurements are indeed performedPitch measurements have been performed microscop-
on very thin regions, where surface e� ects unwind TGBically for all the compounds of the series. The same
phases. In the pseudo-homeotropic orientation and in aphase sequences have been observed as in the DSC study.
con® ned geometry, a SmC* domain encroaches the TGBIn the TGB phases the measurements were carried

out using the Grandjean ± Cano method, with a prismatic domain. These points explain the di� erence between the
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397Chiral tolanes: TGBA, TGBC and blue phases

Table 2. Transition temperaturesa ( ß C) and enthalpies (in brackets) (KJ mol Õ 1 ) of racemic FH/FH/HH-nBTMHC (n=18, 14 and
9) (temperature rate 0 2́ ß C min Õ 1 ).

n Mode Cr SmC SmA N I

18 Heating $ 68 1́ $ 70 7́ $ 74 0́ Ð $

(59 3́) (0 0́45 ) (4 3́4)
Cooling $ 49 5́ $ 70 3́ $ 73 4́ Ð $

(53 6́) (0 0́84 ) (4 2́6)

14 Heating $ $ 68 8́ $ 75 2́b
$ 75 4́ $

(0 0́48 )
(3 2́1)c

Cooling $ $ 68 8́ $ 75 1́b
$ 75 3́ $

(0 0́49 )
(3 2́3)c

9 Heating $ $ 53 3́ $ 69 1́ $ 74 5́ $

(0 0́63 ) (1 1́6) (1 0́0)
(2 1́6)c

Cooling $ $ 53 1́ $ 68 8́ $ 74 2́ $

(0 0́2) (1 0́6) (0 9́5)
(2 0́2)c

a See note a in table 1.
b The very narrow temperature range of the N phase (D T#0 2́ß C) is obtained from microscopic measurement, but could not be

discriminated by DSC.
c Sum of the transitions SmA± N± I.

transition temperatures observed in the two types of
measurement.

For all the phases studied, colours are visible, pro-
duced by selective re¯ ection of visible light. In the TGBC
and TGBA phases visible wavelengths with l=np are
re¯ ected when the pitch is between 0 5́ mm (red) and
0 2́5 mm (violet ). In the SmC* phase visible wavelengths
with l=np are again re¯ ected when the pitch is between
0 5́ mm (red) and 0 2́5 mm (violet ), and also with l=2np
when the pitch is between 0 2́5 mm (red) and 0 1́3 mm
(violet ).

We now give the results of the helical pitch measure-
ments for homologues n=18, 13 and 9.

4.1. Pitch values for n=18
The compound with n=18 exhibits all the phases

observed for the series. Figure 5 (a) shows the pitch
evolution versus temperature in the di� erent phases. On
heating in a prismatic cell the SmC* phase ranges from
about 45 to 64 7́ ß C in the planar orientation, and to
67 1́ ß C in the pseudo-homeotropic orientation. Its pitch
is big enough to produce selective re¯ ected visible light.
The Grandjean ± Cano method can thus be used in this
case. The pitch is almost constant, with a value of
0 2́7 mm from 48 to 65 ß C; it decreases between 66 and
67 1́ ß C, reaching 0 2́4 mm. The liquid crystal phase is
violet (l=np) at low temperature, and becomes dark

Figure 4. Phase diagram of the racemic mixtures of
red, and red (l=2np) near the transition to the TGBCFH/FH/HH-nBTMH as a function of terminal chain
phase.length n. The continuous lines are simply guides for

the eye. Upon heating, the TGBC phase with a pitch value of
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398 Min-Hui Li et al.

Figure 5. (a) n=18, (b) n=13, (c) n=9: helical pitch versus temperature, in the TGBA, TGBC and SmC* phases. In TGB phases
measurements were performed using a prismatic cell in the planar orientation: on cooling (u) and on heating ({ ). In the
SmC* phase measurements were both carried out on the pseudo-homeotropic orientation on heating: in a prismatic cell ( ] )
and on a free surface drop ($). Selective re¯ ection colours are displayed in the ® gures. The TGBC± SmC* or TGBA± SmC*
transition occurs at higher temperature on heating than on cooling in the prismatic cell with planar alignment. Moreover,
these transitions are observed at di� erent temperatures when measurement is done on the homeotropic orientation. (Transitions
are marked by dotted lines with arrows.) The TGBA± TGBC transition is revealed by a sudden pitch increase on cooling; no
shift occurs between measurements on cooling and on heating in this case (a solid upright line indicates the transition).

0 7́6 mm is formed near the SmC*± TGBC transition at Figure 5 (b) shows the pitch evolution in the di� erent
phases as a function of temperature.65 5́ ß C. Then the pitch decreases with increasing temper-

ature in the TGBC phase to 0 3́2 mm at 67 9́ ß C. The Upon heating, the SmC* phase ranges from about 30
to 64 3́ ß C in a prismatic cell in the planar orientationsample in the TGBC phase is colourless at low temper-

ature, and becomes blue (l=np) near the TGBA trans- and to 65 6́ ß C in a drop. Its helical pitch has values
smaller than that for n=18; they are less than 0 1́3 mm.ition. Upon cooling, the TGBC phase persists below

65 5́ ß C. The pitch value continues to increase with For this reason pitch measurements have been made
using both methods: for a drop close to the transitions,decreasing temperature; it seems to diverge at the

approach of the TGBC± SmC* transition (63 3́ ß C). and in a prismatic cell in the middle of the temperature
domain. The pitch is about 0 0́7 mm at 31 6́ ß C andMeasurement becomes very imprecise when the pitch

value becomes larger than 1 or 1 5́ mm, and we do not increases up to a plateau: its value is 0 1́3 mm from 44 6́
to 56 6́ ß C. It then decreases to 0 0́7 mm at 64 1́ ß C. Thegive data in the ® gure.

The TGBA phase ranges from 67 9́ to 70 8́ ß C. Its pitch liquid crystal phase is colourless at low temperature,
becomes black with violet Grandjean ± Cano threads ondecreases with increasing temperature, but less quickly

than in the TGBC phase. The pitch value is about the plateau (l=2np) , and is again colourless at high
temperature; this corroborates the pitch values.0 2́4 mm at 68 1́ ß C and diminishes to 0 1́6 mm at 70 8́ ß C.

The liquid crystal phase is violet at low temperature and The TGBC phase of the compound with n=13 has the
same behaviour as for n=18: upon heating, thecolourless from 68 1́ to 70 8́ ß C (l=np).
SmC*± TGBC transition occurs at 64 3́ß C with a rather
short pitch of 0 6́ mm; afterwards, the pitch decreases to4.2. Pitch values for n=13

The compound with n=13 displays all the phases 0 4́8 mm at 65 6́ß C near the TGBA phase. Upon cooling,
the pitch increases with decreasing temperature: it reachesobserved in the series, except for one of the blue phases.
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399Chiral tolanes: TGBA, TGBC and blue phases

Figure 5. (continued ).

1 1́9 mm at 61 4́ß C and diverges at the TGBC± SmC* decreases from 0 3́7 mm at 65 6́ß C to 0 1́6 mm at the trans-
ition to the blue phases. The liquid crystal phase exhibitstransition (#60ß C). The liquid crystal phase is colourless

at low temperature and exhibits red coloured selective selective re¯ ection colours from orange to UV (l=np).
The small pitch values at high temperature make it colour-re¯ ection (l=np) at high temperatures.

The TGBA phase occurs from 65 6́ to 71 9́ß C. Its pitch less over about 3 3́ß C.
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400 Min-Hui Li et al.

Figure 6. Grandjean± Cano lines in a prismatic cell at the TGBA± TGBC transition for the compound with n=14. The part
exhibiting a green colour (P#0 3́0 mm) is in the TGBA phase and the part exhibiting an orange colour (P#0 5́4 mm) in the
TGBC phase. Here the temperature was changed so slowly that the narrow spaced green lines of TGBA transferred
continuously to the large spaced orange lines of TGBC.

4.3. Pitch values for n=9 itions are di� erent: the TGBC structure suddenly winds
up on heating, whereas it gently unwinds at lowerThe compound with n=9 exhibits only some of the

phases observed for the series. The TGBC phase and temperature on cooling. This probably explains why the
enthalpy associated with the SmC*± TGBC transition isone of the blue phases do not appear in the sequence.

Figure 5 (c) shows the pitch evolution versus temperature bigger than that associated with the TGBC± SmC*
change (the latter is too small to be measured in ourin the di� erent phases.

The SmC* phase ranges from 30 to 55 2́ ß C. Its pitch DSC experiment ). As regards the values of the pitches,
we note that the helical pitches in the di� erent phasesis much smaller than for the other compounds, always

less than 0 1́3 mm; only the measurements on a drop can exhibited by all the members of this series are generally
very small.be used to evaluate it. It increases from 0 0́7 mm at

35 3́ ß C to 0 1́2 mm at 52 8́ ß C. The sample exhibits no In the SmC* phase for n=7 to 12, the liquid crystal
phase displays no selective re¯ ection colours. The pitchselective re¯ ection colour.

The TGBA phase occurs from 55 2́ to 66 7́ ß C on remains lower than 0 1́2 mm, and reaches 0 0́6 mm. To
our knowledge the smallest SmC* pitch observed up toheating, and from 66 5́ to 53 ß C on cooling. Its pitch

decreases with increasing temperature, from 0 9́ mm at now in comparable series was about 0 1́5 mm, after a fall
just below the SmC*± TGBA transition [35].54 2́ ß C to 0 1́3 mm at 66 5́ ß C. The liquid crystal phase is

colourless (IR) at low temperature, sweeps the visible In the TGBC phase close to the transition to the
TGBA phase, the helical pitch value lies between 0 4́8 mmre¯ ection spectrum (l=np) from red to violet, and is

again colourless (UV) over 2 5́ ß C, from 64 to 66 5́ ß C, (for n=13) and 0 2́2 mm (for n=20). The smallest pitch
observed in comparable series was about 0 4́ mm [36].where the pitch varies from 0 2́3 to 0 1́3 mm.

In the TGBA phase the pitch values at the TGBA± BP
transition are between 0 1́4 and 0 2́ mm. The smallest4.4. Discussion

Helical pitch measurements in the TGBC phase clearly pitch previously observed in a TGBA phase was about
0 4́ mm [32] and 0 3́8 mm [4], although in a di� erentshow that the SmC*± TGBC and TGBC± SmC* trans-
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401Chiral tolanes: TGBA, TGBC and blue phases

type of series Ð a chiral, non-polar symmetric dime-
sogenÐ the TGBA phase exhibits a smaller pitch of
0 2́4 mm [37].

We think that the very small helical pitch in the
TGBA phase is the reason for the direct transition from
the TGBA phase to the blue phases. In this case of very
high chirality, the double twist structure of the blue
phase should be more stable than the simple twisted
structure of the N* phase.

5. X-ray structural analyses

5.1. On a powder sample
A powder sample was prepared in a 1 mm diameter

Lindemann capillary using the n=9 homologue. X-ray
scattering experiments were performed using CuK a radi-
ation from an 18 KW rotating anode X-ray generator
(Rigaku RU-200); a ¯ at germanium (1 1 1) monochrom-
ator was used. The incident beam was a 0 6́ Ö 0 6́ mm2

spot on the sample and the di� racted beam was detected
by a two-dimensional image plate system. The instru-
mental resolution was about 1 0́ Ö 10 Õ 2 AÊ Õ 1 FWHM
(full width at half maximum) along the horizontal as
well as the vertical direction. The sample temperatures
were controlled within a 0 1́ K accuracy.

The variation with temperature of the layer spacing d
(d=2p/Q0 ) and of the FWHM of the Bragg peaks was
recorded upon cooling for the n=9 homologue (see
® gures 7 (a) and 7 (b)) . In the biphasic domain of isotropic
and blue phases, di� use scattering reveals the existence
of short range smectic order. From isotropic phase to
blue phases, the layer spacing increases continuously
from 35 6́ AÊ (T=75 ß C) to 38 7́ AÊ (T=69 ß C), while the
FWHM of the di� raction peak decreases from 1 0́ Ö 10 Õ 1

to 1 4́ Ö 10 Õ 2 AÊ Õ 1 and the intensity of the peak increases Figure 7. (a) Layer spacing d of the smectic order versus
sharply (by six times). Then the value of d remains stable temperature; (b) FWHM of the Bragg peak versus temper-
(38 9́ AÊ ) in the blue phases covering a temperature range ature for (R)-FH/FH/HH-9BTMHC.
of about 4 ß C. At the BP± TGBA transition, the layer
distance changes from 38 9́ AÊ to 39 2́ AÊ within a 1 8́ ß C
interval, and then it decreases slightly to 39 0́ AÊ in the
TGBA phase within 10 ß C. There is a sudden drop of that the characteristic width of the di� raction peak in

the BPII and BPIII phases is of the same order as thatthe value of d (from 39 0́ to 38 1́ AÊ within 2 ß C) at the
TGBA± SmC* transition. In the SmC* phase, the layer in the TGBA phase. A simple evaluation of the correla-

tion length from j=2/FWHM is not very accurate here,distance continues to decrease upon cooling and the
Bragg peaks becomes resolution limited. because the width is not much larger than the instru-

mental resolution (about 1 0́ Ö 10 Õ 2 AÊ Õ 1 ). Nevertheless,Even in the TGBA phase, the layer distance is still
remarkably lower than the total extended molecular we can conclude that the average correlation length of

the smectic order in the blue phases is qualitativelylength (45 3́ AÊ ) ; this underlines that there is not an all-
trans-conformation of the alkyl chains in the molecule. comparable with that in the TGBA phase, and much

bigger than that in the mixture of isotropic and BPIIIUsing the value of d in the TGBA phase, we calculated
the tilt angle in the SmC* phase and obtained an phases.

High ¯ ux X-ray experiments have been carried out toapparent tilt angle of 13 3́ ß at T=53 ß C and of 14 8́ at
T=50 ß C. study in detail the smectic-like order in the blue phases

of this series. Figure 8 shows the layer spacing and theWhat is new here is the existence of some layer
structure in the blue phases. Figure 7 (b) shows clearly FWHM of the Bragg peak in the blue phases of the
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402 Min-Hui Li et al.

Figure 8. Layer spacing d of the
smectic order ($) and FWHM
of the Bragg peak (#) in the
blue phases of (R)-
FH/FH/HH-18BTMHC. The
position of the transition
BP± TGBA (marked by a dotted
line) is approximate (see
ref. [38]).

homologue n=18. The detailed discussion is published The sample was ® rst cooled from isotropic to the
TGBA phase and then studied on cooling through theelsewhere [38].
TGBA and TGBC phases. The scattering vector Q

determined from longitudinal Qz scans was about Q0=5.2. On an oriented sample
For the homologue n=13, the helical pitch in the 0 1́56 Ô 0 0́17 AÊ Õ 1 . Note that a broad longitudinal reso-

lution (1 7́ Ö 10 Õ 2 AÊ Õ 1 ) was chosen to avoid a small 2-TGBC phase is much bigger than that in the SmC*
phase (about ten times). Therefore, the size of the smectic theta correction with temperature within the TGB

domain.blocks (lb ) in TGBC may be of the order of the SmC*
pitch. If the helical structure of the smectic C* phase
occurs under the same conditions as in a SSFLC cell 5.2.1. v Scans

A series of texture scans (v scans) was performed on[39], this compound may exhibit a TGBC* phase, with
a SmC* twist occurring within the smectic blocks. cooling from about 71 to 61 ß C throughout the TGBA,

TGBC, and SmC* phases. Figure 9 shows a typical vAlthough predicted by the RL model, such a phase has
been detected neither by DSC studies, nor by optical scan in the TGB phases through the Bragg maximum

at Qz=Q0 . In the TGBA phase at 67 4́ ß C, the di� ractionobservation. X-ray scattering could give more structural
information and allow us to obtain evidence of an peak is centred along the direction perpendicular to the

pitch axis (v=0) and well ® tted to a Gaussian functionunusual TGBC structure that could be TGBC*.
The X-ray measurements were therefore made on a of characteristic width sG=12 7́ ß , which is well above

the instrumental resolution Dv ( better than 1 ß ).well aligned sample of n=13. The cell was formed of
two glass plates coated with PVA and gently bu� ed In the TGBC phase (T=64 4́ ß C in ® gure 9), the signal

splits up into two separate peaks at position vL=unidirectionally; it was ® lled with the sample in the
isotropic state by capillarity. Its thickness was deter- Ô 13 1́ ß . This behaviour is similar to that of previous

observations on other TGBC phases [9] and corre-mined by two parallel gold wires of B 25 mm. The planar
orientation was checked by optical observation. The cell sponds to a tilt of the layers relative to the pitch axis

direction. The signal is better ® tted to Lorentzian pro® leswas then mounted in a two-stage oven which provided
temperature control within a 10 mK accuracy. of characteristic half width sL=4 7́ß . The tilt angle vL is

plotted against temperature in ® gure 10. In the TGBAThe same source of X-rays as in the experiment on
the powder sample was used, and the sample was phase the peaks are centred around v=0 indicating that

the smectic layers are parallel to the helical axis. Amounted on a four-circle goniometer. A ¯ at pyrolytic
graphite monochromator was used; the scattered intens- sudden increase characterizes the TGBA± TGBC trans-

ition. Within the TGBC domain, the tilt increases fromity was analysed by vertical slits and collected by a
scintillator. The resolution was set to 1 7́ Ö 10 Õ 2 AÊ Õ 1 in 10 ß at 65 3́ ß C to 15 ß at 63 1́ ß C.

The evolution of the half width at half maximumthe longitudinal plane. The angular vertical resolution
Dx de® ned by a series of slits was set to 14 8́ ß (FWHM) (HWHM= ( ln 2)DsG for TGBA, and HWHM=sL for

TGBC) is plotted versus temperature on ® gure 11. Thewith a 1 Ö 2 mm2 beam for v scans. It was improved to
7 4́ ß (FWHM) with a 1 Ö 1 mm2 beam for x scans (see trend is a decrease with temperature. The width falls o�

gently within the two TGB phases and exhibits anthe inset of ® gure 9 for a de® nition of the v and x

rocking angles). abrupt jump across the TGBA± TGBC transition.
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403Chiral tolanes: TGBA, TGBC and blue phases

Figure 9. v scans for the TGBA and TGBC phases, through the Bragg maximum at Qz=Q0 : X-ray scattered intensity versus v ;
inset shows the scattering directions. Qx corresponds to the helical axis; v and x scans are rotations about the Qy and Qx

axes, respectively. ( ] ): T=67 4́ ß C in the TGBA phase, about 2 ß C above the TGBA± TGBC transition. The solid line is a ® t
to a Gaussian pro® le, centred at v=0 and of characteristic halfwidth ( ln 2 )DsG=10 6́ ß . ({ ): T=64 5́ ß C in the TGBC phase,
about 1 ß below the TGBA± TGBC transition. The solid line is a ® t to two symmetrical Lorentzian pro® les, centred at v# Ô 13 ß
and of characteristic halfwidth sL=4 7́ ß .

Figure 10. Tilt angle vL relative to the screw axis versus temperature, in the TGBA and TGBC phases. vL corresponds to the
angular position of the di� raction peak in v scans. A single centred peak occurs in the TGBA phase; it splits into two
symmetrical peaks in the TGBC phase.
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404 Min-Hui Li et al.

Figure 11. Characteristic HWHM versus temperature in the TGBA, ( ln 2 )DsG , and TGBC (sL ) phases in v scans. sG and sL are
obtained from the ® t of the data obtained at di� erent temperatures. In the TGBC phase, the HWHM of both the left and
right wings are given with two di� erent symbols.

Furthermore we notice that the decay of the width is convoluted by the resolution function along the x coord-
inate (Lorentzian shape of width 7 4́ ß FWHM). Thenot uniform throughout the TGBA phase, but changes

from 14 ß to 10 ß around 68 5́ ß C. The discontinuous jump contrast would then be about 2 7́, i.e., signi® cantly larger
than the measured values; we therefore conclude thatoccurring at the TGBA± TGBC transition may suggest

that this transition is ® rst order; however a sharp but the mosaicity plays a role. Whether the mosaicity is an
angular spread of the re¯ ections from commensuratecontinuous evolution cannot be ruled out since our steps

in temperature (0 2́ ß C) are certainly too large close to regions or a mixture of commensurate and incommen-
surate zones is not distinguishable [41].the transition.

5.2.2. x Scans 5.2.3. Discussion
By combining the number of the smectic blocks andA series of x scans was then performed on cooling in

the TGBC domain. Figure 12 shows a x scan recorded the pitch values given in § 4, we can calculate the block
width (lb =p (T )/22) in the TGBC phase. The blockat 63 3́ ß C. It exhibits a series of regularly spaced maxima

characteristic of a commensurate TGB structure. The width grows with decreasing temperature (see ® gure 13):
lb increases regularly on cooling, from 200 AÊ at 65 ß C toangular di� erence between two smectic blocks is about

16 4́ ß , consistent with 22 blocks per pitch in the TGBC 500± 600 AÊ at 61 4́ ß C. The width s of the intensity pro® le
in the v scans ( ® gure 11) results from the broadeningstructure. This value remains constant over all the TGBC

domain, whereas for a previously studied series [8], the (of the order p/Q0lb ) of the Bragg re¯ ection due to the
® nite size lb of the smectic slabs; this s value may benumber of blocks in a pitch increases from 16 to 18 and

20 with decreasing temperature. Furthermore all the increased by the angular spread of the helical axis x.
The estimated width (p/Q0lb#6 ß ) is consistent with thespectra obtained can be superposed with good agree-

ment: no angular shift has been observed with decreasing experimental value at T=65 5́ ß C, but lower than the
value at T=63 3́ ß C (2 ß instead of 4 ß ). We can evaluatetemperature.

The contrast of the modulation (IMAX/IMIN ) found the angular distribution of the helical axis in the sample
as of the order of 2 ß at most.about 1 5́5 is worth comment. Its value depends on

(1) the natural width of the Bragg re¯ ection along x, In the TGBA phase, lb cannot be measured since the
TGBA structure is not commensurate. Taking lb= ld (ld(2 ) the experimental resolution in x and (3) the mosaicity

of the sample. The natural width along x, controlled by being the distance between two consecutive screw dis-
location lines), we can estimate that lb = (dp/2p)D=Landau± Peierls ¯ uctuations [40], is well below our

experimental resolution. The contribution of the reso- ( p/Q0 )D [1]. We have in this case lb=100± 150 AÊ . This
then gives an estimated broadening (p/Q0lb ) lyinglution can be estimated by a simulation of a x scan as

a series of Dirac functions (equispaced Bragg spots) between 11 4́ ß near the transition to the blue phases and
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405Chiral tolanes: TGBA, TGBC and blue phases

Figure 12. x scans in the TGBC phases: X-ray scattered intensity around the di� raction ring. The scan displayed was done at
T=63 3́ ß C; similar data were obtained over the entire temperature domain of TGBC. The angular di� erence between two
consecutive peaks is about 16 4́ß and that is consistent with 22 blocks per pitch.

Figure 13. Blocks width (lb ) versus temperature. lb is obtained from the pitch measurements in the TGBC phase, with a constant
block number of 22 per pitch. lb increases from 200 AÊ to about 600 AÊ with decreasing temperature.

7 5́ ß at the transition to the TGBC phase. The experi- induce such a di� erence. The decrease of the s value
with decreasing temperature may be due to the improve-mental values decrease from 14 ß at 72 ß C to 10 7́ ß at the

transition to the TGBC phase, that is a little higher. ment of the sample alignment and the helical axis
distribution upon cooling.From this estimation, the broadening of the Bragg

re¯ ection due to the limited size of the blocks is not The results of this study are quite similar to those
previously obtained for other series [8, 9, 36]. Thesu� cient to explain the experimental s values; other

factors (such as the angular distribution of the helical TGBC and TGBA phases exhibit qualitatively identical
v scans to those of other TGB materials studied. Theaxis and the imperfect alignment of the sample) can

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



406 Min-Hui Li et al.

smectic layers are parallel to the helical axis in the measurement, whereas the frequency of applied square
pulse was 0 1́ Hz for apparent tilt angle measurement.TGBA phase, and are tilted relative to the helical axis

The values of the spontaneous polarization (seein the TGBC phase. The TGBC phase also displays
® gure 14) are quite high, as observed for many three-commensurate x scans, with 22 blocks per pitch. The
ring compounds. The Ps values have the same order foronly di� erence lies in the evolution with temperature: x

both homologues; the plateau value at lower temperaturescans are commensurate over all the temperature
is 56 nC cm Õ 2 . The response times increase also withdomain, the number of blocks per pitch remains con-
decreasing temperature and change from 56 ms at T=stant, and no angular shift is observed.
67 5́ ß C to 176 ms at T=45 ß C for n=14, and from 100 msThe compound with n=13 was chosen for this study
at T=67 ß C to 134 ms at T=55 ß C for n=18 (seebecause of its high chirality, and the large di� erence
® gure 15). The tilt angles evolve in the same way depend-between the pitch values in the SmC* and TGBC phases.
ent on temperature (see ® gure 16). The values areWith 22 blocks per pitch, lb reaches at most 500± 600 AÊ .
between 17 5́ ß and 24 ß for n=14 and between 20 5́ ß andThis value is still a little smaller than the smallest SmC*
24 ß for n=18.pitch (about 700 AÊ ). In this case, if we consider that the

We should note that the measurements near theTGBC* phase has a chance of occurring only when lb
TGBC± TGBA transition were quite uncertain becauseis larger than the SmC* pitch, we can conclude that the
the helical pitch values are rather small close to thecompound studied exhibits no TGBC* phase. But this
transition and the electric ® eld (10 V) may not reach theintuitive argument is probably too simple; other factors

like the values of the Frank constants are known to play
a decisive role in the existence of TGBC* [5, 6].
Moreover, if a TGBC* phase develops, the twist must
be shared between the TGB structure and the smectic
structure in the blocks. This implies that the SmC* pitch
in each TGBC* block is expected to be larger than that
in the low temperature SmC* phase. We conclude that,
for n=13, X-ray scattering results seem to con® rm the
absence of a doubly twisted TGBC* phase in
the sequence.

6. Electro-optical studies

Electro-optical properties were studied using the
SSFLC con® guration to evaluate spontaneous polariza-
tion, response time and tilt angle in a single set-up [39].
Commercial cells (from E.H.C., Japan) coated with Figure 14. Spontaneous polarization versus temperature (E=
indium-tin oxide and rubbed polyimide were used. The 3 3́ V mm Õ 1 , f=100 Hz).
active area of the cell was 0 1́6 cm2 and the thickness
3 mm. The classical set-up [42] consisted of a Eurelco
604 wave generator, a Kohn-Hite 10 W wide band
ampli® er and a Scienti® c Instruments Signal Memory
Recorder, together with an Olympus BH2 microscope
and Mettler FP82 hot stage.

The compounds with n=14 and n=18 were studied;
the measurements were done upon cooling to facilitate
the alignment. Field dependent studies showed that the
saturation plateau of the polarization was reached at 5
to 10 V and the saturation ® eld decreased with increasing
temperature in the SmC* phase. In the TGBC phase
the helical structure with the axis perpendicular to the
cell surface was easily unwound by the electric ® eld, also
perpendicular to the cell surface, and a phase transition
of TGBC to SmC* was induced by the electric ® eld. We
used square waves of ® eld voltage 10 V (3 3́ V mm Õ 1 ) and Figure 15. Response time versus temperature (E=

3 3́ V mm Õ 1 , f=100 Hz).frequency 100 Hz for polarization and response time
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to blue phase. The structure of the TGBA phase
is quite similar to that of other TGB materials.
The smectic layers are parallel to the helical axis.

(4 ) Up to three blue phases are observed in the
members with long chain lengths (n=14, 16, 18,
20). From the DSC pro® les and microscopic
observation, we assign BPI, BPII and BPIII to
these blue phases as for normal cholesteric blue
phases. Macroscopically, Kossel diagrams would
be necessary to determine the crystallographic
symmetry and cell parameters of these phases.
We would then be able to con® rm that they have
the same cubic structure as normal blue phases.
Microscopically, the X-ray structural analyses
have demonstrated that smectic order persists

Figure 16. Tilt angle versus temperature (E=3 3́ V mm Õ 1 , f= (or pre-exists) in these blue phases just next to
0 1́ Hz). the TGBA phase. Therefore we think that they

are some new kinds of blue phases: TGB blue
phases. Further X-ray structural study on mono-

saturation value. An electric ® eld-induced TGBA± SmC*
crystals of these blue phases is actually in pro-

transition [43] did also occur in the TGBA phase.
gress. The blue phases in the members with short

However, a much higher ® eld (>20± 30 V) was required
chain lengths (n=13 � 7) are not detectable by

to unwind completely the helical structure. The elec-
microscopy because of their short helical pitches.

troclinic e� ect would occur in the TGBA phase close to
Their assignments need to be veri® ed.

the TGBC± TGBA transition as in the case of a
Nevertheless, the smectic-like ordering is also

SmC*± SmA transition [44].
evident in them.
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