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We have synthesized three phenylquaterthiophene derivatives (liquid-crystalline semiconductors that
exhibit a chiral nematic phase) and investigated their carrier transport characteristics in the chiral nematic
phases with the time-of-flight technique. In contrast to the ionic nature of negative carrier transport,
positive carrier transport in the chiral nematic phases of these compounds should be attributed to electronic
charge carrier transport. The temperature dependence of the positive carriers in the chiral nematic phases
of these compounds were strongly affected by a pretransitional smectic order formation.

Introduction

In order to construct organic molecular systems with
electronic and photonic functionalities, it is desirable to
introduce a periodic structure into organic semiconductors
by means of supramolecular self-assemblies because of th
limitations of the microscopic processing of organic semi-
conductors. Chiral nematic liquid crystals are promising
optical materials for reflective displayand imaging devicés

because the periodicities of their helical structures are of the

order of the wavelengths in visible light. Circularly polarized
photoluminescenéand laser emission from chiral nematic
liquid crystals have been investigated recefitfi/however,
only optical pumping was possible in these studies in which

fluorescent dyes were doped in the cholesteric matrixes. The

realization of electrical pumping systems, which are more
practical, requires the construction of semiconductive cho-
lesteric systems.

Electronic charge carrier transport has been confirmed in
smectic systen¥s®® and discotic columnar phasés’ in
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which intermolecular packing structures promote intermo-
lecular electronic charge transfer. In these phases, the
temperature and electric field dependence of the electronic
charge carrier mobility is small above room temperature
because the intermolecular stacking structure in the smectic
and columnar phases increases the intermolecular transfer
integral and decreases the charge carrier hopping barrier as
well as the distribution of energetic and spatial disorder. The
glassy chiral nematic phase of a fluorene derivative exhibits
good hole transporting properties, with mobility of the order
of 10 cnm?/Vs,'® in addition to the circularly polarized
luminescence The carrier transport characteristics in the
glassy nematic phase have been analyzed based on a cor-
relation disorder model and the results were similar to the
conventional organic amorphous semiconductbts. con-
trast, only ionic carrier transport has been observed in fluidic
nematic and chiral nematic phases because ionic impurities
or ionized liquid crystal molecules easily move in media with
low viscosity and intermolecular electronic charge hopping
is low due to a low transfer integrét. 23

Recently, electronic charge carrier transport has been
confirmed in the fluidic chiral nematic phase of a phenylqua-
terthiophene derivativé and the nematic phase of dialkyl-
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fluorene derivatives as well as glassy nematic compoghds. of the methyl substitutent were synthesized as shown in Figure 1.
The liquid-crystal materials reported in these papers are 2-Alkylquaterthiophene skeletons were constructed by sequential
characterized as large extendedonjugated systems that Ni(0)-catalyzed coupling reactions with thenylmagnesium bromide
enhance the intermolecular hopping of charge carriers dueaccording to the Iiterattrr%iAfter the.iodi.nation of the B’ position
to a large intermolecular transfer integral. We reported that °f the 2-alkylquaterthiophene derivatives, the three 2-alkyk5
carrier mobility in the chiral nematic phase saturated with phenylquaterthiophene derivatives were synthesized by a Pd(0)-

. in the t ture: this is diff tf th catalyzed Suzuki coupling reactinbetween the bromide and
an increase In the temperature, this IS diferent from the Case, _q »_methylbutyloxyphenyl)boric acid 2,2-dimethylpropanediy!
of ionic transport in which the ionic mobility monotonically

: > R ester. 2-Bromo-5-alkylthiophenes were commercially available and
increases with the temperature. The saturation in the elec-ysed without purification.

tronic charge carrier transport could be caused by the  5.j0do-3-methyl-2"'-propyl-2:5'-2":5"-2"":5""-quarterthio-
competition between the thermal activation of charge carrier phene (2).To a THF solution (100 mL) of 3-methyl“2-propyl-
hopping and the thermal disorder; however, no direct 2:5-2':5"-2":5"-quarterthiophenelj (2.00 g, 0.00518 mol) was
evidence has been confirmed. M. O’Neill et al. reported high added BoLi hexane solution (1.6 M, 5.5 mL, 0.0088 mol) atQ.
carrier mobility up to 103 cm?/Vs in the nematic phase of After stirring for 30 min, iodine (2.00 g, 0.0079 mol) was added to
fluorene derivatives with a large-conjugated systed.The the solution that Was.cooled te78 °C. After .stirring fa 1 h at
nematic phase of the fluorene derivatives with smation- room temperature, diluted hydrochl_onc acid was _added to the
jugation exhibits low carrier mobility with a positive tem- reaction mixture. It was extracted with THF and dried ov_eE-Na
. . . SO,. After the evaporation of the solvent, a yellow solid was
perature dependen_ce, Whlle the phase_s_ with Iatigenju- obtained. The crude product was recrystallized from n-hexane, and
gatet_j systems _eXh'b't high carrier mobility up to"1@m/ .. yellow powder crystals (1.84 g, 69.4%) were obtainétiNMR o
Vs with a complicated temperature dependence whose origin(ppm cbcy) = 1.00 (3H, t,J = 7.4 Hz), 1.71 (2H, sexte] =
is not clear at present. The temperature dependences of thg 4 Hz), 2.37 (3H, s), 2.78 (2H, §,= 7.4 Hz), 6.69 (1H, dJ =
carrier mobility in the nematic and chiral nematic phases 3.6 Hz), 6.97 (1H, dJ = 4.1 Hz), 6.99 (1H, dJ = 4.1 Hz), 7.00
are quite different from those in the smectic phases in which (1H, d,J = 3.6 Hz), 7.03 (1H, s), 7.06 (1H, d,= 3.8 Hz), 7.09
the carrier mobility is almost independent of the temperature. (1H, d,J = 3.8 Hz). IR (KBr disk) 463.79, 802.30, 828.28, 844.67,
In this paper, we compare the carrier transport in the chiral 1446.35, 1456.96, 1505.17, 2335.38, 2362.38, 2858.00, 2868.61,
nematic phases of some phenylquaterthiophene derivativesgiglég“éﬁ?ésg'l 350??82';21 g@g"gﬁé&ig‘g”g‘ﬂvgg 551122-397?;
nd clarify the temperatur ndence of the carrier Z 227 S5 700 So208 S E00
e e e onos oS358 51432, Found_© 4715, K. 328, 5, 2451,
. o L R . . Calculated: C, 46.87; H, 3.34; S, 25.03.
microscopic pretransitional organization in the chiral nematic

. o . 5-lodo-3'-methyl-2""-propyl-2:5'-2":5"-2"":5"""-quarterthio-
phases on the carrier transport characteristics, which ar€phene (5). This compound was synthesized frafrin a manner

reflected in the cybotactic peak in the low-angle region in jgentical to that of 5-iodo-3-methyl“2-propyl-2:3-2':5"-2":5""-

the X-ray diffraction image. quarterthiophene]. The yield was 50%H NMR & (ppm, CDCH)
=1.00 (3H, t,J= 7.4 Hz), 1.73 (2H, sext] = 7.4 Hz), 2.36 (3H,
Materials and Methods s), 2.80 (2H, tJ = 7.4 Hz), 6.74 (1H, dJ = 3.6 Hz), 6.83 (1H,
d,J = 3.8 Hz), 6.95 (1H, s), 6.96 (1H, d,= 4.9 Hz), 7.00 (1H,
Synthesis of Phenylquaterthiophene Derivatives.Oligo- d,J= 3.8 Hz), 7.02 (1H, dJ = 3.8 Hz), 7.16 (1H, dJ = 3.6 H2).

thiophene derivatives such as sexithiophene are typical organic|gp (KBr disk) 418.5, 460.9, 791.7, 838.9, 1212.0, 1416.5, 1456.9,
semiconductors that have been employed in thin-film transistots. 1501.3, 2859.9, 2924.5, 2949.6 thMass (ESI) Found:ne:
,0'-Dialkyloligothiophené®*2 and w,w'-alkylalkynyloligoth- 517 29 513,29, 514.28, 515.28. Calculatede: 511.93, 512.93,
iophene}? which exhibit smectic phases, have also been investi- 513 92 514.92. Anal. Found: C.47.23: H, 3.25; S, 25.16. Calcu-
gated, and high carrier mobilities were reported in the highly ordered |ateq: ©,46.87: H, 3.34: S, 25.03.

smectic phases because of an extendedbital that includes sulfur 5-lodo-3-methyl-2""-dodecyl-2:5-2":5"-2":5" -quarterthio-

atoms with a large van der Waals radius. - ~ phene (8).This compound was synthesized frdfrin a manner
In this study, oligothiophene derivatives that exhibit the chiral jgentical to that of 5-iodo-3-methyl“2-propyl-2:3-2':5"-2":5""-
nematic phase were designed. In order to enhance the intermoleculagarterthiophene?j. The yield was 52%H NMR & (ppm, CDCH)
hopping of charge carriers, an extendedonjugated system is = 0 8g (3H, t,J = 7.5 Hz), 1.26-1.52 (18H, m), 1.69 (2H, sextet,
effective. On the other hand, crystallization was inhibited by the j = 7.5 Hz) 2.36 (3H, s), 2.81 (2H, §,= 7.5 Hz), 6.73 (1H, d,

laterally substituted methyl group. Three phenylquaterthiophene j — 3.6 Hz), 6.83 (1H, dJ = 3.7 Hz), 6.94 (1H, s), 6.95 (1H, d,
derivatives with different alkyl chain lengths and different positions 3 — 3.7 Hz), 7.00 (1H, d, 3.8 Hz), 7.02 (1H, d= 3.8 Hz), 7.15
(1H, d,J = 3.6 Hz). IR (KBr disk) 417.5, 459.9, 720.3, 828.3,
(25) Woon, K. L.; Aldred, M. P.; Vlachos, P.; Mehl, G. H.; Stirner, T.;  839.8, 1416.5, 1436.7, 1463.7, 1502.3, 2845.8, 2908.3, 2922.6,

Kelly, S. M.; O'Neill, M. Chem. Mater200§ 18, 2311. 1 . .

(26) Hajlaoui, R.; Horowitz, G.; Garnier, F.; Arce-Bronchet, A.; Laigyre, 2948.6 e Mass.(ESI).Found. m/e: 638.51, 639.51, 640.51,
L.; Kassmi, A. E.; Damanze, F.; Konki, Adv. Mater. 1997, 9, 389. 641.51. Calculated: m/e: 638.07, 639.07, 640.06, 641.07. Anal.

(27) Dodabalapur, A.; Katz, H. E.; Tosi, L.; Haddon, R.Siencel995 Found: C, 54.80; H, 5.50; S, 20.14. Calculated: C, 54.53; H, 5.52;
269, 1560. L L S, 20.08.

(28) Lll-|4o5rgtrvrtz, G.; Hajlaoui, M. E.; Hajlaoui, Rl. Appl. Phys200Q 87, 5—(4-[(8)-2-Methyl_butoxy]phenyl)-3-methyl-2’”-propyl-2:5’-2’:

(29) Halik, M.; Klauk, H.; Zschieschang, U.; Schmid, G.; Radlik, W.; 5"-2":5""-qua rterthiophene (3-QTP4MePh-05%) (3).5-lodo-3-
S’gnggn%renko, S.; Kirchmeyer, S.; Weber, W.Appl. Phys2003 methyl-2"-propyl-2:8-2":5"-2":5""-quarterthiophene2j (0.63 g,

(30) Gz’irnier,'F.; Hajlaoui, R.; Kassmi, A. E.; Horowitz, G.; Laiyre, L.;
Porzio, W.; Armanini, A.; Provasoli, Chem. Mater1998 10, 3334. (33) Geng, Y.; Fechterikmer, A.; Mulen, K. J. Mater. Chem2001, 11,

(31) Ponomarenko, S.; Kirchmeyer, $.Mater. Chem2003 13, 197. 1634.

(32) Azumi, R.; Gz, G.; Baserle, P.Synth. Met1999 101, 569. (34) Miyaura, N.; Yanagi, T.; Suzuki, ASynth. Commuri981 11, 513.



610 Chem. Mater., Vol. 19, No. 3, 2007

1) BU"Li/THF, -78 °C

Funahashi and Tamaoki

2) 1, 0°C

XEBOO/\;/\ cat. Pd(PPhy),

CaHy

Na,CO4/DME-H,0, reflux

1) BU"Li/THF, -78 °C

CsHy

2)1,,0°C

><Z:B_©"°/\g/\ cat. Pd(PPhs),

Na,CO3/DME-H,0, reflux

CsHy

1) BU"Li/THF, -78 °C

CaHy

se A N s I\
C12H25\/ s ® s

><:Z:B‘©‘°/\;/\ cat. Pd(PPhy),

Na,CO3/DME-H,0, reflux

1) Mg/THF

o
E 2) B(OMe)s, -78 °C

10 3) HO\X,OH

2)1,, 0°C

Ci2Hzs

12-QTP2MePh-O5* (9)

0]
X Oy
(e} =
11

Figure 1. Synthetic route of the oligothiophene derivatives exhibiting a chiral nematic phase.

1.23 mmol), 4-[§-2-methyl-butoxy]-phenyl boric acid 2,2-di- 142.56, 142.60, 142.88, 145.40, 150.66, 151.06, 151.42, 151.89,
methylpropanediyl esterl{) (0.53 g, 2.2 mol), and tetrakis- 152.45, 152.90, 157.82, 161.47, 175.21. IR (KBr disk) 789.7, 822.5,
(triphenylphophine)palladium(0) (53.5 mg, 0.046 mmol) were 1037.5, 1181.2, 1247.7, 1447.3, 1460.8, 1502.3, 2870.5, 2948.7,
dissolved in dimethoxyethene (100 mL), and 10 wt % of an aqueous 2956.4 cnmi’. Mass (ESI) Foundm/e: 548.1 (100%), 549.1 (66%),
solution of NaCO; was added to the reaction solution. The reaction 550.1 (31%) Calculated:n/e: 548.13 (100%), 549.14 (34%),
mixture was refluxed at 120C for 1 h. After cooling to room 550.13 (18%). Anal. Found: C, 67.74; H, 5.86; O, 2.80; S, 23.25.
temperature, water was added to the reaction solution. Yellow Calculated: C, 67.84; H, 5.88; O, 2.92; S, 23.37.

crystals were obtained by filtering. The crude product was purified  5-(4-[(S)-2-Methylbutoxy]phenyl)-3"'-methyl-2'"'-propyl-2:5'-

with column chromatography (silica gel, the elutant was hot 2:5"-2'":5"'-quarterthiophene (3-QTP2MePh-O5*) (6). This
cyclohexane). The purified product was recrystallized from n-hexane compound was synthesized frdhand11in a manner identical to

and orange needle crystals (0.58. g, 86%) were obtalieNMR

o (ppm, CDC}) = 0.96 (3H, t,J = 7.4 Hz), 1.00 (3H, t) = 7.4

Hz), 1.02 (3H, dJ = 6.8 Hz), 1.27 (1H, sextef, = 6.3 Hz), 1.58
(1H, sextetd = 6.0 Hz), 1.69 (2H, sextet] = 7.4 Hz),1.87 (1H,
octet,J = 6.6 Hz), 2.42 (3H, s), 2.78 (2H, § = 7.4 Hz), 3.76
(1H, dd,J = 6.6 Hz, 9.0 Hz), 3.85 (1H, dd] = 6.0 Hz, 9.0 Hz),
6.69 (1H,d = J = 3.6 Hz), 6.90 (2H, dJ = 8.7 Hz), 6.99 (1H, d,
J= 4.2 Hz), 7.00 (1H, s), 7.00 (1H| = J = 3.9 Hz), 7.04 (1H,
d,J=3.6 Hz), 7.06 (1H, dJ = 3.6 Hz), 7.11 (1H, dJ = 3.9 Hz),
7.49 (2H, d,J = 8.7 Hz).13C NMR & (ppm, CDC}) = 27.45,

that of 5-(4-[§-2-methylbutoxy]phenyl)-3-methyl-2-propyl-2:3-
2:5"-2"":5""-quarterthi ophene (3-QTP4MePh-0O5%*3)( Yellow
needle crystals were obtained (92%).NMR 6 (ppm, CDC}) =
0.96 (3H, t,J = 7.5 Hz), 1.01 (3H, tJ = 7.2 Hz), 1.03 (3H, dJ
=6.1Hz), 1.28 (1H, sexted, = 7.5 Hz), 1.58 (1H, septed,= 5.7
Hz), 1.73 (2H, sextet) = 7.5 Hz), 1.88 (1H, sextef] = 6.1 Hz),
2.37 (3H, s), 2.80 (2H, tJ = 7.5 Hz), 3.76 (1H, ddJ = 6.6 Hz,
9.0 Hz), 3.85 (1H, ddJ = 6.0 Hz, 9.0 Hz), 6.74 (1H, d] = 3.6
Hz), 6.91 (2H, dJ = 8.7 Hz), 6.95 (1H, s), 6.96 (1H, d,= 4.1
Hz), 7.04 (1H, dJ = 3.8 Hz), 7.06 (1H, dJ = 3.8 Hz), 7.10 (2H,

29.79, 31.94, 32.65, 40.93, 42.26, 48.35, 50.84, 89.11, 92.71, 93.145s), 7.51 (2H, dJ = 8.7 Hz).13C NMR ¢ (ppm, CDC}) = 11.40,

93.56, 131.02, 139.50, 139.72, 139.91, 140.15, 141.09, 141.68,13.80, 15.60, 16.61, 24.91, 26.21, 32.25, 34.78, 73.08, 115.02,
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122.72, 124.02, 124.09, 124.56, 124.69, 125.19, 126.16, 126.94, Time-of-Flight Measurement Setup.The carrier mobility was
127.84, 133.82, 134.01, 134.35, 134.68, 135.46, 135.48, 135.83,determined by the conventional time-of-flight technigfethe
136.29, 145.94, 159.21. IR (KBr disk) 476.3, 791.7, 826.4, 841.8, apparatus consisted of a pulse laser (THG of a Nd:YAG laser (Laser
1018.2, 1176.4, 1247.7, 1459.9, 1500.4, 2838.7, 2872.6, 2931.3,Photonics; wavelength, 355 nm; pulse duration, 1 ns)) for excitation,
2954.4 cnl, Mass (ESI) Foundm/e: 548.1 (100%), 549.1 (66%), the sample on a hot stage, a serial resistor, and a digital oscilloscope
550.1 (31%). Calculatedmve: 548.13 (100%), 549.14 (34%), (Tektronics MD-600B). All measurements were carried out under
550.13 (18%). Anal. Found: C, 68.18; H, 5.92; O, 2.80; S, 23.35. atmospheric conditions. An electric field was applied to the liquid-
Calculated: C, 67.84; H, 5.88; O, 2.92; S, 23.37. crystal cell consisting of two ITO-coated glass plates. The pulse
5-(4-[(S)-2-Methylbutoxy]phenyl)-3"-methyl-2"-dodecyl-2:5- Iaser_ i_IIuminated one _side _of_ the cell. When t_he_absorptic_)n
2':5"-2":5"" quarterthiophene (12-QTP2MePh-05%) (9). This coefficient of a sample is sufficiently Ia'rge, t_he excitation pulse is
compound was synthesized fr@mnd11in a manner identical o~ @2Sorbed and a sheet of photocarriers is generated near the
that of 5-(4-[6-2-methylbutoxylphenyl)-3-methyl2-propyl-2:5- illuminated elec_tr_ode. In this study, Fhe neat film of the three
2:5"-2":5"-quarterthiophene (3-QTP4MePh-O5<B)( Yellow compounds exhibited a strong absorption band around 400 and 250

solids were obtained (67%) NMR 6 (ppm, CDC}) = 0.88 (3H, nm _lnt_the l_chr:ialtn;sngatlc phase; :.he ?edptth gf ;Tenettrr?tlonmof the
t,J= 6.9 Hz), 0.96 (3H, tJ = 7.5 Hz), 1.02 (3H, I = 6.6 Hz), . oratonignta nm was estimated to be less thanums

120-1.42 (19H, m), 158 (1M, sextal=5.9 Hz), 170 (H, sewtet, 50 | 080 ) STETEC AR F10 BEe e, et
J=6.9 Hz), 1.88 (1H, octet] = 6.7 Hz), 2.36 (3H, s), 2.81 (2H, » (N€ pnotog

across the bulk of the sample, inducing a displacement current
t,J= 7.5 Hz), 3.76 (1H, ddJ = 6.6 Hz, 9.0 Hz), 3.85 (1H, dd] . . . .
= 6.0 Hz, 9.0 Hz), 6.73 (1Hd = J = 3.6 Hz), 6.91 (2H, dJ = through the serial resistor. When the charge carriers arrived at the

5710, 695 (1) 865 (1 0= 331) 70 i )= o cectode e et dlacenert et dercsed
3.8 Hz), 7.06 (1H, dJ = 3.8 Hz), 7.10 (2H, s), 7.51 (2H, d,= '

corresponds to the transit time tJsing eq 1, the carrier mobility
8.7 Hz).13C NMR 6 (ppm, CDCH) = 11.39, 14.20, 15.60, 16.00, (u) can be calculated from the valuestgfthe sample thicknesh
16.61, 22.77, 26.21, 29.21, 29.43, 29.63, 29.72, 29.74, 30.02, 30.22,anol the applied voltage:
31.69, 32.00, 34.79, 73.10, 115.02, 122.71, 124.01, 124.08, 124.56,
125.18, 126.60, 126.94, 127.84, 130.89, 133.72, 133.81, 133.99, &
135.39, 135.84, 136.28, 143.48, 146.25, 159.21. IR (KBr disk) 1= 1)
471.5,788.9, 824.4,1175.4, 1250.6, 1284.4, 1462.7, 1499.4, 2847 .4, T

2869.6, 2913.9, 2956.4 crh Mass (MALDI-TOF) Found: n/e:

674.04, 675.05, 676.3, 677.06. Calculatede: 674.27, 675.28, IIIumina.tilng the electrode un.der a pg;itive or negativg bias allows
676.27, 677.27. Anal. Found: C, 67.74; H, 5.86; O, 2.80: S, 23.2. t_he positive or negative carrier mobility to be determined, respec-
Calculated: C, 67.84; H, 5.88; O, 2.92; S, 23.37. tively.

o . For the observation of optical textures under the application of
Characterization of Mesophases of the Phenylquaterthiophene o glectric field using a polarized light microscope, we prepared

Derivatives. The phase-transition temperature and transition en- jiquid-crystal cells (thicknesses: 4 andn) on two ITO-coated
thalpy were determined by differential scanning calorimetry (DSC, gjass plates. In the absence of an electric field, we observed a
Seiko DSC-6200). Phase identification was carried out by the Granjan texture, which was characteristic of a chiral nematic phase,
observation of the optical texture of the mesophases under ajn the chiral nematic phase of the three compounds; this indicated
polarized light microscope (Olympas BH-2) equipped with a hot  the planar alignment of the liquid-crystal molecules. After applying
stage (Mettler FP90) and X-ray diffraction (Rigaku RINT-2000);  an electric field (applied voltage 10 V) to the 9um-thick sample,
in this experiment, the X-ray (Cud) was transmitted through a  \ve observed a fingerprint texture that indicated that the helical axis
quartz tube filled with a liquid-crystal sample, and the diffraction \yas parallel to the electrode surface. From the periodicity of the
pattern was recorded on a 2D imaging plate. In this study, the liquid- opserved fingerprint texture, the helical pitch was caund for
crystal sample was not aligned, and the2¢ curve was obtained  3.QTP4MePh-05*, i.e., it was comparable to the thickness of the
by integration of the 2D diffraction image around the center of the sample (um). The helical pitches in the chiral nematic phases of
plate. 3-QTP2MePh-05* and 12-QTP2MePh-O5* were of the same order.
Viscosity Measurement.The temperature-dependence of the The helical twisting power of the compounds should not be so large
macroscopic viscosity determined by a capillary viscometer can as to induce a helical structure having a short periodicity. These
be a measure tiudgewhether the carrier transport mechanism is  0ligothiophene derivatives have a small permanent dipole moment
electronic or ionic although it is difficult to determine all the Perpendicular to the molecular axis as well as an induced dipole
viscosity tensor components considering its anisotfdpi?. The moment along the axis because of the longonjugated system.
viscosity in the isotropic and chiral nematic phases was measuredUnder a strong electric field, the induced dipole exceeds the
with glass capillaries placed on a hot stage. The relative viscosity Permanent dipole, thus causing a change in the molecular alignment.
was calculated from the time interval during which the sample Therefore, we observed a change of the direction of the helical
flowed through the capillary tul.In this method, the viscosity axis from perpendicular to parallel with regard to the surface when
of the isotropic and chiral nematic phases could be measured whilethe electric field was applied. We performed the electrical measure-

that of the chiral smectic phase could not be determined becauseMents in an alignment where the helical axis was parallel to the
of its very high magnitude. electrode surface; with this alignment, some molecules were

perpendicular to the surface, while other molecules were parallel
to the surface. If the anisotropy in the carrier mobility is large in
this phase, some carriers can drift faster than others. The transient
O[?hotocurrent was obtained by integration of the photocurrent caused

In the three compounds, the viscosity increased monotonically
with the temperature and continuously changed at the phase
transition from the chiral nematic to the isotropic phase. In the chiral
nematic phase of the compounds, the temperature dependence
the viscosity was of the Arrhenius type in which the activation (35) Collings, J.Liquid Crystals— Nature's delicate phase of matter
energy was 0.3 eV in 3-QTP4MePh-05*, 0.6 eV in 3-QTP-2MePh- Princeton University Press: New Jersey, 1990
O5*, and 0.5 eV in 12-QTP2MePh-O5*. (36) Kepler, R. GPhys. Re. 196Q 119 1226.
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Table 1

compound phase transition temperati@e(transition enthalpy (J/g))

3-QTP4MePh-O5* K 111 (53.8) N* 183 (1.5) Iso : heating
Iso 184 (1.3) N* 86 (43.4) K : cooling
3-QTP2MePh-O5* K 145 (48.7) N* 197 (1.4) Iso : heating
1so0 197 (1.5) N* 143 (3.6) SmC* 137 (40.5) K : cooling
12-QTP2MePh-O5* K 87 (7.2) SmX 112 (3.1) SmC* 146 (0.31) N* 166
(0.38) Iso : heating
Iso 165 (0.283) N* 144 (0.27) SmC* 110 (2.9) SmX 56
(7.3) K: cooling

@ - )

Figure 2. Micrographic texture in the chiral nematic phase of 3-QTP4MePh- phase; K, crystal phase.
O5* at 120°C under a polarized light microscope: (a) without an electric

field and (b) under an electric field (30 V). The liquid-crystal cell consisted  of these compounds, as shown in Figure*2m the chiral

a|so, isotropic phase; N*, chiral nematic phase; SmC*, chiral smectic

of two ITO-coated glass plates with a thickness qirf. . . . .
gassp o nematic phases of these compounds, the helical pitch, which

by carriers with various drift velocities and therefore the dispersion Was determined from the fingerprint texture appearing under
of carriers should be larger, exhibiting a slow current decay or a the application of an electric field, was of the order of several
long tail in the transient photocurrent curves. However, the obtained micrometers; this was much larger than the wavelength of
transient photocurrent decay was sharp and no current tailing visible light, resulting in the absence of interference colors
appeared. The dispersion and anisotropy in the phase should noin the visible region. The chiral smectic phases of 3-QTP2-
be very large. MePh-O5* and 12-QTP2MePh-O5* were confirmed by
broken fan-like textures observed under a polarized light
microscope as well as by the ferroelectric switching of the
In the chiral nematic phases of the three compounds, optical texture under the application of an electric field,
nondispersive transients were obtained for positive and which will be reported elsewhere. 12-QTP2MePh-O5*
negative carriers, and the carrier mobilities could be deter- exhibited another smectic phase below the chiral smectic
mined clearly overall mesomorphic temperature ranges andphase. The smectic phase had higher order than the chiral
a wide range of the electric field betweerP Hd 18 V/cm. smectic phase from X-ray diffraction; however, the phase
The negative carrier mobilities were of the order of 30  structure could not be identified.
cn?/Vs at 150°C, and the temperature dependences of the In the DSC measurement, small peaksH(= 0.3—2
compounds were of the Arrhenius type. The negative carrier mJ/mg) corresponded to the transition from the isotropic to
mobility in the chiral nematic phase of the three compounds the chiral nematic phase in the three compounds both in
increased monotonically with the temperature. The positive heating and cooling processes. Below the small peak, a
carrier mobilities in the chiral nematic phases of these relatively large peakAH = 3.6 mJ/mg) appeared in the case
compounds were of the order of Hn?/Vs above 150C. of 3-QTP-2Me-Ph-O5*, which corresponded to the transition
However, the temperature dependence of the positive carriefrom the chiral nematic to the monotropic SmC* phase. In
mobility was quite different among these three compounds. 12-QTP-2Me-Ph-0O5%*, the transition enthalpy from the chiral
3-QTP4MePh-O5* exhibited saturation in the positive carrier nematic to the SmC* phase was very small; this was
mobility with an increase in the temperature, which was in comparable to that from the isotropic to the chiral nematic
contrast to the behavior of 3-QTP2MePh-O5* where the phase. This small transition enthalpy should be associated
positive carrier mobility was independent of temperature; in with the pretransitional smectic order formation that will be
the chiral nematic phase of 12-QTP4MePh-O5*, the positive discussed later. In addition, a transition from the SmC* to
carrier mobility decreased with an increase in the tempera-the highly ordered smectic phase was also observed. The
ture. These three compounds had almost the same aromatiphase transition temperature and transition enthalpy are
core structure, which contributed to the carrier transport summarized in Table 1.
process; however, they had different alkyl chain and methyl In the X-ray diffraction of the chiral nematic phases of
group substitutions, which could influence the molecular self- the three compounds, only a broad halo was observed in the
organization. wide-angle region, and a single sharp reflection was observed
Characterization of the Mesophase of the Phenylqua-  in the low-angle region in the chiral smectic phases of
terthiophene Derivatives.3-QTP4MePhO5* exhibited only ~ 3-QTP2MePh-O5* and 12-QTP2MePh-O5*. It should be
the chiral nematic phase and crystallized at °€7 while noted that the cybotactic peak in the low-angle region was
3-QTP2MePh-0O5* and 12-QTP2MePh-O5*, in which the observed in the temperature region near the phase-transition
5 position of the second thiophene ring was substituted by point from the chiral nematic phase to the chiral smectic
a methyl group, exhibited a chiral smectic C phase below phase of 3-QTP2MePh-O5* and 12-QTP2MePh-0O5*,
the chiral nematic phase. In the observations obtained using Carrier Transport in the Chiral Nematic Phase of
the polarized light microscope, Granjan textures were 3-QTP4MePh-O5*. The carrier transport characteristics of
observed in the chiral nematic phases of the three compounds-QTP4MePh-O5* have already been described in another
without an electric field, as shown in Figure 2a; this indicated paper?* The nondispersive transient photocurrent curves were
a planar molecular alignment of the surface of the substrates.obtained for positive carriers for the entire temperature range
Under the application of an electric field, fingerprint textures, of the chiral nematic phase, which corresponded to a mobility
which indicated that the helical axis was parallel to the of the order of 10% cn?/Vs. For negative carriers, single
electrode surface, were observed in the chiral nematic phasesransits at the longer time region than that of the positive

Results and Discussion
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Figure 3. Ahrrenius plot of the carrier mobility in the chiral nematic and 7| — , . —
isotropic phases of 3-QTP4MePh-O5*. - i 20V
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carrier were observed in the high-temperature region, while 0 R C R E RV
two transits that corresponded to mobilities of the order of — i _ 1 B
104 and 10° c?/Vs were observed in the low-temperature & s N"-: sV
region. As shown in Figure 3, below 13C, the positve & 40 B A &
carrier mobility increased with the temperature; however, it g By |
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saturatedibove this temperature. This dependence was quite § iy, LB veere 100 V
different from the temperature dependence of the viscosity, £ 5 I __ ) 5'.‘4
. . . . u ‘l".l_.._'_ -
which increased monotonically with the temperature. There-
fore, the positive carrier transport was identified to be
electronic in nature. The negative carrier mobility at longer

time region exhibited the Arrhenius type of temperature 0 500 1000 1500 2000

dependence with an activation energy of 0.4 eV, which was Time (us)

identical with that of the inverted viscosity. Therefore, the

slower negative carrier transport was attributed to ionic Figure 4. Transient photocurrent curves for (a) positive carriers and (b)
. . negative carriers in the chiral nematic phase of 3-QTP2MePh-O5* at 150

transport. The faster negative carrier transport should be°C. The sample thickness is @m and the wavelength of excitation is

ascribed to an electronic process. However, a precise3ss nm.

discussion was difficult because of the weak photocurrent

signal. 10° T
It is speculated that the temperature dependence of the : 5 5 - °
electronic carrier mobility should be determined by two g e s ® o * * o s o & o
factors: the thermal activation of charge carrier hopping, g . 4 | |
which causes a positive temperature dependence, and thn% O N smc* 7
dynamic disorder effect, which causes a negative temperature = R ; ;
dependence of the carrier mobility. In the high-temperature § e E,=076eV
region of the chiral nematic phase, the dynamic disorder E 105 L _ ""'---.___ﬁ;_ : ]
effect should cancel out the positive temperature dependence E _ "‘-—-..;,_‘ a
caused by the thermally activated charge carrier hopping and 3 i a i
result in saturation. In the isotropic phase, the positive carrier | * positive carrier mobility
mobility again increased with the temperature; this should 10° . ; i el
be attributed to the hopping of electronic charge carriers or 21 245 22 225 23 235 24 245
ionic carrier transport that is thermally activated by the 1000/T (10%/K)
disapp_earance of the_ m0|eCUIa_r assemblir_lg structure. Figure 5. Ahrrenius plot of the carrier mobility in the chiral nematic and
Carrier Transport in the Chiral Nematic Phase of isotropic phases of 3-QTP2MePh-O5*,

3-QTP2MePh-0O5*. The nondispersive transient photocur-

rent curves were also obtained for positive carriers in the molecular weight. The positive carrier mobility was almost
chiral nematic phase of 3-QTP2MePh-O5* in all the tem- independent of the electric field; this was different from the
perature and field ranges as shown in Figure 4, and the carrieicase of 3-QTP4MePh-O5* where the positive carrier mobility
mobility was clearly determined for the ranges. The positive exhibited the PooleFrenkel type of dependence. In addition
carrier mobility was of the order of 16 cn?/Vs at 150°C to the field dependence of the positive carrier mobility, its
in the chiral nematic phase; this order of magnitude was temperature dependence (shown in Figure 5) was quite
identical to that of 3-QTP4-MePhO5* at the same temper- characteristic: the positive carrier mobility was almost
ature. This value is 1 to 2 orders of magnitude higher than constant in the temperature range in the chiral nematic phase,
those of conventional nematic liquid crystals with a low which was in contrast to the case of 3-QTP4-MePh-O5*.
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This behavior did not correspond to that of the viscosity, (a)
which strongly depended upon the temperature; the positive
carrier transport in the chiral nematic phase of this compound —
should therefore be attributed to an electronic process. In
the isotropic phase, the positive carrier mobility also
increased with the temperature. This result indicates that the®
local molecular assembling structure disappears in the 5
isotropic phase, and the carrier mobility is determined by a 8
thermally activated process without the dynamic disorder
effect that causes a negative temperature dependence.

For negative carriers, the nondispersive transient photo-
current curves were obtained in all temperature regions, as
shown in Figure 4b; however, in contrast to the positive
carrier transport, the negative carrier mobility was about 1
order of magnitude smaller than that of the positive carriers (b) 60
and exhibited the Arrhenius type of temperature dependence. ; : :
Itincreased monotonically with the temperature as shown (b4 =
in Figure 5. The activation energy determined from the F 4. : — 25V
Arthenius plot of the negative carrier mobility was 0.7 eV, & o f &% TSV
which was almost identical with that of the viscosity. This [ K i f
result strongly indicates that negative carrier transport in the
chiral nematic phase of the compound should be attributed
to an ionic process.

The positive carrier mobility increased up to>4 10°* 3
cn?/Vs from 2 x 1074 cn?/Vs discontinuously at the phase 10 [
transition from the chiral nematic to the chiral smectic C ] _
phase; however, the discontinuity was relatively small as ok T A

s : . 0 500 1000 1500 2000
compared to that at the transition between the isotropic and .
smectic phases. In the chiral smectic C phase, only the Time (us)
current decay was observed for the negative carriers and theilrigure 6. Transient photocurrent curves for (a) positive carriers and (b)
mob|||ty could not be determined. In the isotropic phase, TOF negative carriers in the chi(al nematic phase of 12-QTP2M'ePh-O..5* at 150
measurement could not be carried out because the hot Stagﬁ(r:ﬁ_The sample thickness isi@n and the wavelength of excitation is 355

used for the experiment could not rise the temperature over

Photo

L ¥ - H : - — 45 \.-’
= 30 - ]‘. B S ......................... ceee 50V H

ent (LA)

Phtocu

20

200°C. 10°

Carrier Transport in the Chiral Nematic Phase of 12- ; : : | :
QTP2MePh-O5*. This compound had a long alkyl chain @ o o o o
and exhibited the chiral nematic phase in a relatively narrow -
temperature range and the chiral smectic phase in a relatively & E,=033eV | . *
wide temperature range. In all the temperature regions, the &, |*=a... | ° ; |
nondispersive transient photocurrent curves were obtainedlg 10 — lmrop::_ . N* | smc* ............... .
for the positive carriers, and the positive carrier mobility was & f
clearly determined as shown in Figure 6a. fg s £ ahes v

In the chiral nematic phase, the positive carrier mobility g £ =o. 427 ev" -._ ' P T—
was of the order of 10 cn?/Vs, which was independent of * e[| negative carrier
the electric field and comparable to those in the chiral 10% ; : .
nematic phase of the other two compounds. However, the 215 22 225 23 235 24 245 25
temperature dependence of the positive carrier mobility, as 1000/T (10%K)

Shown in Figure 7, WQS qUIt.e pecu“a_r' the positive carrier Figure 7. Ahrrenius plot of the carrier mobility in the chiral nematic and
mobility decreased with an increase in the temperature. At isotropic phases of 12-QTP2MePh-O5*.

the phase transition temperature from the chiral smectic C

to the chiral nematic phase, the mobility wasc2.0~* cn?/ electric-field assistance, and therefore the carrier mobility
Vs, and it decreased to2 107 cn?/Vs at the temperature  increases with the temperature and electric field. In ionic
corresponding to the transition from the chiral nematic to transport, the ionic mobility also increases with the temper-
the isotropic phase. The viscosity also decreased monotoni-ature because it is determined by the viscosity of the medium
cally with the temperature in this chiral nematic phase of that decreases with an increase in the temperature. In order
the compound, and therefore the positive carrier transportto explain this negative temperature dependence, a factor
should be attributed to the electronic charge carrier transport.(other than these thermally activated processes) that causes
In the conventional hopping charge carrier transport, the a negative temperature dependence must be considered. The
charge carrier hopping requires thermal activation and positive carrier mobility increased with the temperature in
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the isotropic phase, and this can be described by thethe phase transition point from the nematic or chiral nematic
conventional hopping conduction or ionic transport. phase to the smectic or crystal phase.

In contrast to the peculiar behavior of the positive carrier ~ The electronic charge carrier transport in organic semi-
transport in the chiral nematic phase, the negative carrierconductors is also strongly affected by the microscopic
mobility exhibits the Arrhenius type of temperature depen- molecular condensed states. In organic amorphous semicon-
dence with an activation energy of 0.5 eV, as shown in Figure ductors, local energetic and positional disorders strongly
7; this value is identical with that of the viscosity, indicating influence the microscopic charge carrier hopping and mac-
the ionic nature of the negative charge carrier transport in roscopic carrier transport characteristics. In liquid-crystal
the chiral nematic phase of the compound. The negative systems, the carrier mobility is strongly influenced by the
carrier mobility increases continuously with the temperature molecular condensed structure in the liquid-crystal phé&es.
in the isotropic phase. These characteristics of the negativeln this section, we would like to point out that the
carrier transport in the chiral nematic and isotropic phases microscopic smectic order in the chiral nematic phase affects
of the compound are identical to those of the other the temperature dependence of the positive carrier mobility.
compounds. Figure 8a shows X-ray diffraction patterns in the low-

In the chiral smectic C phase, the positive carrier mobility angle region at various temperatures in the chiral nematic
was 4 x 104 cn?/Vs, and its dependence on the electric phase of 3-QTP4MePh-O5*. In all the temperature regions,
field and temperature was very small. The mobility value a broad halo was observed arouhe- 20°, indicating liquid-
was of the same order as in the SmA and SmC phases ofike short range order and intermolecular spacing in the
2-phenylnaphthalene and dialkylterthiophene derivatives. Thedirection perpendicular to the director. In the low-angle
difference in the positive carrier mobility between the chiral region, no peaks were observed in this phase of the
nematic and smectic C phases was also small. The smalicompound in all the temperature regions, indicating no
temperature and field dependences of the positive carrierremarkable smectic order or cluster formation even near the
mobility were similar to those in the smectic phases of other crystallization temperature in the chiral nematic phase.
liquid-crystalline semiconductors such as 2-phenylnaphtha- In contrast to 3-QTP4MePh-O5*, a weak but clearly
lene and dialkylterthiophene derivatives; this indicates that recognizable peak was observed t=2 2.6° in the chiral
the positive carrier transport process was intrinsic becausenematic phase of 12-QTP2MePh-O5* having a long alkyl
the contamination with a fairly small amount of impurity of chain near the phase-transition temperature from the chiral
the order of ppm should change the intrinsic process to annematic phase to the chiral smectic C phase, as shown in
extrinsic trap-controlled hopping process or ionic transport Figures 8, parts b and c. At high temperatures in the phase,
in which the carrier mobility depends upon the temperattre, this peak was not very remarkable; however, the intensity
reflecting on trap depth or viscosity. of the peak increased with a decrease in the temperature and

For the negative carriers, the nondispersive transientbecame stronger and sharper below the temperature of the
photocurrent curves whose kink points appeared in the longerphase transition from the chiral nematic to the chiral smectic
time range were observed in the chiral nematic phase, whilephase. The position of the peak corresponded to 34.5 A,
only current decays were observed in the chiral smectic C Which was similar to the magnitude of the molecular length;
phase. This result indicates that the electron-trapping impurity therefore, this peak should be associated with the cybotactic
should play an important roll in the negative carrier transport peak, which indicates a microscopic smectic order or cluster
in the chiral smectic and nematic phases; the impurity formation.
functioned as a deep trap for electrons in the chiral smectic In the chiral nematic phase of 3-QTP2MePh-O5*, the
phase causing photocurrent decay, and the ionized impuritycybotactic peak was also observed & 2 3.4°, which
molecules themselves drifted, thus causing slow ionic corresponded to 26.0 A; this was identical to the molecular
conduction in the chiral nematic phase. In the SmX phase length. However, the cybotactic peak was not as prominent
which appeared below the SmC* phase, only dispersive as in the case of 12-QTP2MePh-O5*.
transient photocurrent curves both for positive and negative  This microscopic smectic order formation reflected in the
carriers and carrier mobilities could not be determined. cybotactic peak in the X-ray diffraction can be explained as

Microscopic Structure of the Chiral Nematic Phases a kind of pretransitional effect above the transition temper-
of the Phenylquaterthiophene Derivatives. The nematic  ature of the appearance of the smectic pl{&3&erefore, a
phase is an optically uniaxial phase and the chiral nematic clear cybotactic peak was observed in 12-QTP2MePh-O5*
phase has a structure in which the uniaxial nematic structurethat exhibited the chiral smectic phase in a wide temperature
is twisted macroscopically. However, the microscopic aspectsrange. A long alkyl chain of the compound should promote
of nematic and chiral nematic phases are more complicated.the smectic cluster formation in the chiral nematic phase.
In X-ray diffraction, a weak and broad peak in the low-angle The small transition enthalpy at the phase transition between
region is frequently observed in nematic and chiral nematic the chiral nematic and chiral smectic C phases of 3-QTP2Me-
phases. This peak indicates the formation of a microscopic PhO5* and 12-QTP2MePh-O5* also suggests a microscopic
smectic order or clusters, and various researches haveorganization in the chiral nematic phases of these compounds.
suggested a relationship between this smectic order and the

anomalous behaviors of viscosity, helical pit€letc. around  (38) Akiyama, H.; Mallia, A.; Tamaoki, NAdv. Funct. Mater 2006 16,
477.

(39) Chandrasekhar, Q.iquid Crystals Cambridge University Press:

(37) Funahashi, M.; Hanna, Chem. Phys. LetR004 397, 319. Cambridge, 1992.
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ature dependence and the pretransitional microscopic smectic
order formation, which is suggested by the cybotactic peak
in the X-ray diffraction pattern and degraded by the dynamic
disorder effect, resulting in a negative temperature depen-
dence of the carrier mobility. In the chiral nematic phase of
3-QTP4MePh-0O5*, no remarkable pretransitional molecular
organization was observed, and therefore the carrier mobility
decreased with a decrease in the temperature because of
thermally activated charge carrier hopping. In contrast, the
carrier mobility did not decrease with a decrease in the
temperature in the chiral nematic phase of 3-QTP-2MePh-
O5* because the pretransitional microscopic smectic order
formation promoted the intermolecular hopping of charge
carriers. In the chiral nematic phase of 12-QTP2MePh-O5*
in which this effect was very prominent, the decrease in the
charge carrier hopping rate caused by a decrease in the
temperature should be canceled and exceeded by the promo-
tion of charge carrier hopping by the pretransitional micro-
scopic order formation, resulting in a negative temperature
dependence of the carrier mobility.

The small differences in the positive carrier mobility
between the chiral nematic and smectic C phases of
3-QTP2MePh-0O5* and 12-QTP2MePh-O5* should also be
explained by this pretransitional microscopic organization.
The differences were only a factor of 2 in these two
compounds, which was much smaller than those between
the isotropic and smectic A or smectic C phases of 2-phe-
nylnaphthalene and dialkylterthiophene in spite of the liquid-
like nature of the chiral nematic phasé8The smectic order
formation in the chiral nematic phases should enhance the
positive carrier mobility in addition to the realization of
electronic carrier transport.

In contrast to the variety in the temperature dependence
of the positive carrier mobility, the temperature dependences
of the negative carrier mobility of the chiral nematic phases
of the three compounds were quite similar. They were of
the Arrhenius type, and the activation energies were identical
to those of the viscosities. It is plausible that the impurity
molecules that trapped electrons were contaminated in these
three compounds, and they trapped electrons and formed a
negatively charged ionic species that drifted in the bulk, thus
causing ionic conduction in the chiral nematic phases of these
compounds. The synthesis and purification procedures were
common among the three compounds, and it is reasonable
to assume that these three compounds contained the same

Figure 8. X-ray diffraction curves in the low-angle region. The samples type of impurities.

were quartz tubes filled with the liquid crystals without molecular alignment,
and the diffraction patterns were measured by an imaging plate. (a)
3-QTP4Me-Ph-O5*. (b) 3-QTP2Me-Ph-0O5*. (c) 12-QTP2Me-Ph-O5*.

The smectic-like order formation in the chiral nematic
phase should affect not only the electronic transport but also
the viscosity and ionic carrier transport. In the chiral nematic

The temperature dependence of the positive carrier mobil- phases of 3-QTP2MePh-O5* and 12-QTP2MePh-O5* in
ity in the chiral nematic phase among the three compoundswhich the pretransitional smectic order formation is remark-
was quite different. It increased and saturated in the chiral able, the activation energies of the viscosity and negative
nematic phase of 3-QTP4MePh-O5* with an increase in the carrier mobility are 0.6 and 0.7 eV, respectively; these values
temperature, it was independent of temperature in the phaseare larger than those of the chiral nematic phase of
of 3-QTP2MePh-O5*, and it exhibited a negative temperature 3-QTP4MePh-0O5* with no remarkable pretransitional order
dependence in the phase of 12-QTP2MePhO5*: This dif- formation. The larger activation energy should be attributed
ference in the temperature dependence of the carrier mobilityto the pretransitional smectic order formation.

can be explained by the competition between the thermally

In the recent report by M. O'Neil et a® high carrier

activated charge carrier hopping causing a positive temper-mobilities on the order of 18* cn?/Vs with small temper-
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ature-dependence were observed in the nematic phases afompounds were of the Arrhenius type, and the activation
dialkylfluorene derivatives with large-conjugated system  energies corresponded to those of the viscosity of the phases.
and short lateral alkyl chains while low carrier mobilities Therefore, the negative carrier transport should be attributed
which was dependent on temperature were observed in theto the ionic transport, and the negative ionic carriers should
nematic phases of those with relatively smaltonjugated be ionized impurity molecules. In contrast to the ionic nature
system and long lateral alkyl chains. Largeconjugated of the negative carrier transport, the positive carrier transport
systems increased intermolecular transfer integral to enhancén the chiral nematic phases of the compounds should be
intermolecular charge carrier transfer, and on the other hand attributed to the electronic charge carrier transport. The
long lateral alkyl chains inhibit close molecular packing to temperature dependence of the positive carriers in the chiral
decrease intermolecular charge transfer. Large transfernematic phases of the compounds was strongly affected by
integrals contribute to a small activation energy of intermo- the pretransitional effect. A negative temperature dependence
lecular charge carrier hopping and should increase carrierwas observed in the chiral nematic phase of 12-QTP2MePh-
mobility, decreasing its temperature-dependence. In X-ray O5* and a temperature-independent mobility was observed
diffraction in the nematic phases of the liquid crystals with in the chiral nematic phase of 3-QTP2MePh-O5*, where a
high carrier mobility, no cybotactic peak associated with smectic-like order was formed; positive temperature depen-
microscopic smectic order was observed, but a weak dif- gence was observed in the phase of 3-QTP4MePh-O5*,
fraction was observed in a low angle region which was where no pretransitional organization was observed. Such a
related to short range order in the lateral direction. Micro- smectic-like order formation occurred in the chiral nematic

scopic structure in the chiral nematic phases of our phe- phase below the temperature at which the SmC* phase
nylquaterthiophene derivatives should be different from the gppeared.

nematic phases of those dialkylfluorene derivatives because
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