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acceptors on simple H-bonded liquid crystals
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Two fused-ring structures, 6-decyloxy-2-naphthoic acid C10ONA (3) and 6-dodecyloxy-
isoquinoline IS (8 ), were synthesized and utilized as proton donor and acceptor moieties to con-
struct a series of simple mesogenic supramolecules. The other complementary hydrogen-bonded
(H-bonded) moieties are benzoic acids, thiophenecarboxylic acid and pyridines containing
diŒerent alkyl chain lengths connected by ether and ester linkages, i.e. 4-alkoxybenzoic acid
C

n
OBA (1 ), terephthalic acid monoalkyl ester C

n
COOBA (2 ), 2,5-thiophenedicarboxylic acid

monodecyl ester C10COOTHA (4 ), 4-alkoxypyridine C
n
OP (6) and isonicotinic acid alkyl

ester C
n
COOP (7). Several series of simple mesogenic supramolecular dimers were constructed

from 1 : 1 molar ratios of proton donors (C
n
OBA, C

n
COOBA, C10ONA and C10COOTHA)

and proton acceptors (IS, C
n
OP and C

n
COOP), though the proton acceptor C

n
COOP

induced phase separation in all complexes. In order to investigate their fused-ring and linking
group eŒects on the mesogenic properties of the H-bonded complexes, analogous simple
supramolecular structures are compared. Supramolecular architecture and the distinct meso-
morphism of these simple H-bonded liquid crystalline materials were con� rmed by polarizing
optical microscopy, DSC and powder X-ray diŒraction experiments.

1. Introduction near room temperature. However, only the nematic
phase was seen in these H-bonded complexes, and veryThe application of molecular recognition through

hydrogen bonding has been widely explored in diŒerent few simple H-bonded systems have so far been investi-
gated. As we know, the simplest supramolecular liquidareas, including the formation of new supramolecular

liquid crystals [1–3]. DiŒerent molecular elements con- crystals are easier to study for the in� uence of their
taining complementary fragments can be linked through component segments, such as ring structures and linking
non-covalent interactions, e.g. hydrogen bonding, to groups, on their liquid crystalline properties. Thus,
generate supramolecular liquid crystalline materials through this study of the simplest supramolecular liquid
[4–9]. Supramolecular structures possessing diŒerent crystals, the eŒects of each component fragment on
mesogenic properties from those of their original moieties regular H-bonded liquid crystals may be developed.
can be obtained by complexation of proton donor and In previous studies, we found that quinoline systems
acceptor moieties. Many kinds of hydrogen bonds and bearing fused-heterocyclic rings can be successfully
building blocks have been developed in the hydrogen- applied to the mesogenic cores to improve the tilted
bonded structures to produce liquid crystalline phases SmC arrangement in their fully-covalent molecular
[5–10]. The self-assembly of carboxylic (or benzoic) acid structures [12, 13]. However, very few fused-heterocyclic
and pyridyl fragments is most frequently used in the systems have been used in supramolecular liquid crystals.
H-bonded structures. Kato et al. have demonstrated a Recently, we have developed a fused-heterocyclic ring
series of short H-bonded mesogens containing only two containing sulphur hetero-atoms, viz. thienothiophene,
single rings and one H-bond, which were built from as the proton donor in the H-bonded core [14]. Thus,
4-alkylpyridines and 4-alkoxybenzoic acids [11]. The fused-heterocyclic rings similar to the pyridyl unit con-
purpose of their study was to obtain the simplest taining a nitrogen hetero-atom with lone-pair electrons
H-bonded complexes possessing mesogenic properties should be feasible proton acceptors. Just as the quinoline

structure may be applied to the mesogenic core covalently ,
the isoquinoline structure is a useful H-bonded acceptor*Author for correspondence; e-mail: HCL@chem.sinica.edu.tw
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1104 H.-C. Lin et al.

candidate for use in a H-bonded core. Recently we were obtained from a Perkin-Elmer DSC-7 and Leitz
Laborlux S polarizing optical microscope (POM)reported preliminary results regarding one class of novel

isoquinoline-bas ed supramolecular liquid crystals making equipped with a THMS-600 heating stage. The heating
and cooling rates were 10 ß C min Õ 1 for all measurementsuse of the N-heterocyclic fused-ring structure as the

H-bonded acceptor [15]. In order to understand the unless mentioned. Powder X-ray diŒraction (XRD)
patterns were obtained from an X-ray diŒractometerfused-ring (single or double) eŒects on the mesogenic

properties of simple supramolecular liquid crystals, in Siemens D-5000 (40 kV, 30 mA) � tted with a temperature
controller TTK450. Nickel-� ltered CuK

a
radiation wasthis work we introduce fused-ring structures to the proton

acceptor (isoquinoline) and/or to the proton donor used as an incident X-ray beam. H-bonded complexes
were prepared by slow evaporation from THF solution(naphthoic acid). In addition, we present the linking

group (e.g. ester and ether) eŒects of proton donors and of a mixture in 1 : 1 molar ratio of the H-bonded donor
and acceptor moieties, followed by drying in vacuoacceptors on the simplest H-bonded liquid crystals.

At present, the most common rigid cores in supra- at 60 ß C.
molecular liquid crystals are linear structures with
aromatic rings hydrogen-bonded through pyridyl and 2.2. Synthesis

The chemical structures of donor and acceptor moietiescarboxylic acid moieties. We would now like to replace
the pyridine group with the isoquinoline unit (N-hetero- and hydrogen-bonded complexes are shown in � gures 1,

2 and 3. All samples were identi� ed as the requiredcyclic fused-ring) to investigate the fused-heterocyclic
eŒect on the formation of the H-bonded structures. materials and judged to be pure by 1H and 13C NMR

spectroscopy and elementary analysis. The synthesesMoreover, some supramolecular liquid crystals with
non-linear structures are reported to reveal interesting of proton donor 4-alkoxybenzoic acid C

n
OBA (1 )

and proton acceptor 4-alkoxypyridine C
n
OP (6 ) weremesomorphic properties; our previous work showed that

angular supramolecules containing diŒerent bending described previously [16, 18]. The syntheses of other
proton donors and acceptors are described below.sites provide the possibility of manipulating the meso-

morphic properties of the complexes using angular
H-bonded interactions [16, 17]. However, these H-bonded
complexes contain only a single hydrogen bond in each
system. Consequently, instead of adjusting the relative
positions of the proton donor and acceptor moieties,
the � ve-membered heterocyclic ring (e.g. thiophene)
providing the kinked molecular structure is complexed
into double H-bonded liquid crystals in our recent work
[18]. We demonstrated the eŒect of the thiophene
structure on the mesomorphism of double H-bonded
supramolecules: the bene� ts of lowered melting temper-
atures and reduced packing e� ciency resulting from the
non-linear con� guration and an extra dipole from the
lone-pair electrons of the sulfur hetero-atom. H-bonded
dimers containing thiophene heterocyclic rings are also
now investigated. In order to conceive the mesogenic
behaviour of the H-bonded fused-ring structures and to
visualize the role of the heterocyclic moieties in these
supramolecular dimers, a series of simple H-bonded
complexes bearing benzene, naphthalene, thiophene,
pyridine and isoquinoline units are compared.

2. Experimental
2.1. General methods

1H and 13C NMR spectra were recorded on a Bruker
MSL 200 or 300 spectrometer (200 MHz or 300 MHz)
from a CDCl3 or DMSO-d6 solution with TMS as the
internal standard. Elemental analyses were carried out
by Perkin Elmer 2400 CHN type instrument. Thermal

Figure 1. Donor (1–4) and acceptor (5–8 ) moieties.transition temperatures and textures of all products
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1105Proton donors and acceptors in H-bonded L Cs

Figure 2. Hydrogen-bonded complexes containing a single-ring
(CnOP) acceptor. Figure 3. Hydrogen-bonded complexes containing a fused-ring

(isoquinoline) acceptor.

2.2.1. T erephthalic acid monoalkyl ester, C
n
COOBA (2)

A solution of terephthalic acid (2.00 g, 12.0 mmol), (m, 4H, Ar± H). 13C NMR d (CDCl3): 14.0, 22.5, 26.0,
28.6, 29.1, 29.2, 31.7, 65.7, 129.5, 130.0, 133.0, 135.0,4-dimethylami nopyridine (0.15 g, 1.2mmol), N,N-dicyclo-

hexylcarbodiimide (2.48 g, 12.0 mmol ), and octanol or 165.7, 171.1. Elemental analysis for C
16

H
22

O
4
: calcd

C 69.04, H 7.97; found C 69.21, H 8.12%.decanol (12.0 mmol) in pyridine (100 ml) was stirred at
room temperature for 24 h. The resulting solid was C

10
COOBA. 1H NMR d (CDCl3 ): 0.88 (t, 3H,

J 5 6.6 Hz, CH3 ), 1.27–1.47 (m, 14H, 7 Ö CH2 ), 1.74–1.84� ltered oŒand washed with ethyl acetate; the combined
solution was concentrated at reduced pressure. The crude (m, 2H, CH2 ), 4.36 (t, 2H, J 5 6.6 Hz, OCH2 ), 8.12–8.20

(m, 4H, Ar± H). 13C NMR d (CDCl
3
): 14.0, 22.6, 25.9,products were puri� ed by column chromatography on

silica gel, using EtOAc/hexane (1/20) as eluent to give 28.6, 29.2, 29.5, 30.9, 31.8, 33.5, 65.7, 129.5, 130.0, 133.2,
134.8, 165.8, 170.5. Elemental analysis for C18H26O4 :a white solid in 9–13% yield. The terephthalic acid

monoalkyl esters C
n
COOBA (2 ) were identi� ed as the calcd C 70.56, H 8.55; found C 70.46, H 8.72%.

required materials and judged to be pure by 1H and 13C
NMR spectroscopy. The synthetic routes for terephthalic 2.2.2. 6-Decyloxy-2-naphthoi c acid, C

10
ONA (3)

6-Hydroxy-2-naphthoi c acid (2.5 g, 13 mmol) andacid mono-octyl ester C
8
COOBA and terephthalic acid

monodecyl ester C10COOBA have also been described KOH (1.46 g, 26 mmol) were dissolved in ethanol/water
(100 ml, 9/1) and the solution was stirred for 20 min;in the literature [19, 20].

C
8
COOBA. 1H NMR d (CDCl3 ): 0.88 (t, 3H, 1-bromodecane (7.17 g, 32.5 mmol ) was then added and

the mixture heated under re� ux for 24 h. When theJ 5 6.7 Hz, CH3 ), 1.25–1.45 (m, 10H, 5 Ö CH2 ), 1.74–1.83
(m, 2H, CH

2
), 4.35 (t, 2H, J 5 6.7 Hz, OCH

2
), 8.12–8.20 reaction was complete, KOH (0.73 g, 13 mmol) was
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1106 H.-C. Lin et al.

added and the mixture heated under re� ux for a further C
8
COOP. 1H NMR d (CDCl3 ): 0.85–0.92 (m, 3H,

CH3 ), 1.29–1.37 (m, 10H, 5 Ö CH2 ), 1.70–1.81 (m, 2H,4 h. The ethanol was evaporated, and the mixture poured
into water and acidi� ed to approximately pH 5 2~ 3 CH

2
), 4.35 (t, 2H, J 5 6.7 Hz, OCH

2
), 7.83–7.86 (m, 2H,

2 Ö Pyridyl ± H), 8.76–8.79 (m, 2H, 2 Ö Pyridyl ± H).with acetic acid. The precipitate was � ltered and
washed with water and ether, and then recrystallized 13C NMR d (CDCl3 ): 14.03, 22.59, 25.94, 28.57, 29.14,

29.17, 31.75, 65.95, 122.81, 137.67, 150.56. Elementalfrom ethanol to give 71~ 80% yield. The synthetic route
for C10ONA has also been described in the literature analysis for C14H21NO2 : calcd C 71.46, H 8.99, N 5.95;

found C 71.32, H 9.32, N 5.67%.[21].

1H NMR d (DMSO-d
6
): 0.84 (t, 3H, J 5 6.4 Hz, CH

3
), C

12
COOP. 1H NMR d (CDCl

3
): 0.86 (t, 3H,

J 5 6.6 Hz, CH3 ), 1.24–1.43 (m, 18H, 9 Ö CH2 ), 1.71–1.801.24–1.42 (m, 14H, CH2 ), 1.73–1.80 (m, 2H, CH2 ), 4.09
(t, 2H, J 5 6.4 Hz, OCH2 ), 7.08–7.24 (m, 1H, Ar± H), 7.38 (m, 2H, OCH2CH2 ), 4.33 (t, 2H, J 5 6.7 Hz, OCH2 ),

7.81–7.83 (m, 2H, 2 Ö Pyridyl ± H), 8.75 (t, 2H,(d, 1H, J 5 3.38 Hz, Ar± H), 7.84 (d, 1H, J 5 13.01 Hz,
Ar± H), 7.88–7.94 (m, 1H, Ar± H), 7.99 (d, 1H, J 5 13.58 Hz, 2 Ö Pyridyl ± H). 13C NMR d (CDCl3 ): 14.05, 22.63, 25.90,

28.51, 29.17, 29.28, 29.45, 29.51, 29.57, 31.86, 65.92,Ar± H), 8.49 (s, 1H, Ar± H). 13C NMR d (CDCl
3
):

14.16, 22.31, 25.73, 28.75, 28.90, 28.96, 29.16, 29.21, 31.49, 122.79, 137.62, 150.56, 165.12. Elemental analysis for
C18H29NO2 : calcd C 74.18, H 10.03, N 4.81; found67.90, 106.72, 119.85, 125.77, 125.92, 127.12, 127.58,

130.56, 131.08, 136.96, 158.70, 167.83. Elemental analysis C 74.24, H 9.69, N 4.70%.
C

16
COOP. 1H NMR d (CDCl3 ): 0.88 (t, 3H,for C21H28O3 : calcd C 76.79, H 8.59; found C 76.76,

H 8.47%. J 5 6.6 Hz, CH3 ), 1.26–1.44 (m, 26H, CH2 ), 1.73–1.82
(m, 2H, CH

2
), 4.35 (t, 2H, J 5 6.7 Hz, OCH

2
), 7.84–7.86

(m, 2H, 2 Ö Pyridyl ± H), 8.78 (d, 2H, J 5 5.42 Hz,2.2.3. 2,5-T hiophenedicarboxyli c acid monodecyl ester,
C

10
COOTHA (4) 2 Ö Pyridyl ± H). 13C NMR d (CDCl3 ): 14.09, 22.66, 25.94,

28.55, 29.21, 29.33, 29.65, 31.90, 65.96, 122.82, 137.66,A solution of 2,5-thiophenedicarboxyli c acid (1.5 g,
8.7 mmol), 4-dimethylaminop yridine (0.106 g, 0.87 mmol), 150.54, 165.15. Elemental analysis for C22H37NO2 : calcd

C 76.03, H 10.73, N 4.03; found C 76.0, H 10.86, N 4.02%.N,N-dicyclohexylcarbodiimide (1.797 g, 8.7 mmol), and
decanol (1.517 g, 9.58 mmol ) in tetrahydrofuran (25 ml)
was stirred at room temperature for 24 h. The resulting 2.2.5. 6-Dodecyloxyisoquinoline , IS (8)

The synthetic route for 6-dodecyloxyisoquinolin e ISsolid was � ltered, washed with tetrahydrofuran , and the
combined solutions concentrated at reduced pressure. (8 ) was followed as described in the literature [22]. A

solution of 4-hydroxybenzaldehyd e (6.1 g, 50 mmol),The crude product was puri� ed by column chromato-
graphy on silica gel, using hexane/EtOAc (1/1) as eluent potassium hydroxide (7.0 g, 125 mmol ), and 1-bromo-

dodecane (32.2 g, 125 mmol ) in 50 ml of EtOH/H
2
Oto give a white solid in 16.5% yield.

1H NMR d (CDCl3 ): 0.88 (t, 3H, J 5 6.6 Hz, CH3 ), (9/1) was heated under re� ux for 24 h. The precipitate
was � ltered and the solution concentrated at reduced1.27–1.43 (m, 14H, 7 Ö CH2 ), 1.71–1.80 (m, 2H, CH2 ),

4.32 (t, 2H, J 5 6.6 Hz, OCH2 ), 7.76 (d, 1H, J 5 3.93 Hz, pressure. The residue was added to water and the
mixture extracted with CH2Cl2 . The organic layer wasthiophenyl ± H), 7.82 (d, 1H, J 5 4.12 Hz, thiophenyl± H).

13C NMR d (CDCl
3
): 14.10, 22.67, 25.89, 28.55, 29.20, dried with MgSO

4
and concentrated at reduced pressure.

The crude product was puri� ed by column chromato-29.28, 29.49, 31.87, 66.05, 133.01, 134.49, 137.67, 140.71,
161.52, 166.45. Elemental analysis for C16H24O4S: calcd graphy on silica gel, using EtOAc/hexane (1/10) as eluent

to give 4-dodecyloxybenzaldehyd e as a pale yellowC 61.51, H 7.74; found C 61.43, H 7.71%.
solid in 70% yield (10.2 g). A benzene (50 ml ) solution
of equimolar amounts of 4-dodecyloxybenzaldehyd e2.2.4. Isonicotinic acid alkyl ester, C

n
COOP (7)

Isonicotinic acid (5 g, 40 mmol ) and potassium (7.1 g, 37.5 mmol) and aminoacetaldehyd e dimethyl acetal
(3.9 g, 37.5 mmol) was heated under re� ux overnightcarbonate (11.06 g, 80 mmol ) were dissolved in acetone

(150 ml ) and N,N-dimethylformamide (20 ml ). 1-Bromo- using a Dean–Stark trap. The solution was evaporated
in vacuo and then twice more with added benzene; thealkane (120 ml ) was added to the mixture which was

heated under re� ux for 48 h, then cooled to room viscous residue was dissolved in dry THF. This solution
was cooled to Õ 10 ß C and 1 equiv of ethyl chloroformatetemperature. The solvent was removed under reduced

pressure. The crude product was dissolved in dichloro- (4.1 g, 37.5 mmol) was added with rapid stirring; the
mixture was further stirred more than 5 min. The coolingmethane and the solution washed with water and dried

over anhydrous magnesium sulphate. The solvent was bath was removed and 1.2 equiv of trimethyl phosphite
(5.6 g, 45 mmol ) was added with stirring. The mixtureremoved by evaporation and the residue was puri� ed

by column chromatography using silica gel with 35/1 was stirred at room temperature for 15 h and then
evaporated to an oily state. The oil was then evaporatedhexane/EtOAc as eluent, giving ~62% yields.
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1107Proton donors and acceptors in H-bonded L Cs

twice with added toluene to remove traces of trimethyl Ar± H), 9.09 (s, 1H, Ar± H). 13C NMR d (CDCl3 ): 14.1,
22.7, 26.0, 29.0, 29.3, 29.5, 29.6, 31.9, 68.2, 104.5, 119.7,phosphite. The oily residue was dissolved in dry CH2Cl2 ,

6 equiv of titanium tetrachloride (24 ml, 225 mmol ) was 120.6, 124.4, 129.2, 137.7, 143.4, 151.5, 160.4. Elemental
analysis for C21H31NO: calcd C 80.46, H 9.97, N 4.47;added, and the solution heated under re� ux for 36 h

under a drying tube. The cooled solution was shaken found C 79.93, H 9.94, N 4.20%.
with 1 equiv of aqueous NaOH to neutrality, whereupon
TiO2 was precipitated as a white solid. The � ltrate was 3. Results and discussion

All the proton donors (1–4 ) and acceptors (5–8 ) usedextracted with 3N HC1, and this extract washed with
CH

2
Cl

2
. It was made basic with aqueous alkali, and in this work are shown in � gure 1, and their thermal

properties are given in table 1. The simple H-bondedagain extracted with CH2Cl2 . This further treatment of
the extract was followed by drying with MgSO4 and dimer complexes were prepared from a mixture of these

proton donors and acceptors in 1 : 1 molar ratio. Theevaporation of the organic phase. The crude product
was puri� ed by column chromatography on silica gel, mesogenic properties of the complexes were charac-

terized by polarizing optical microscopy (POM) andusing EtOAc/hexane (1/5) as eluent to give a yellow
solid in 2.7% yield (0.32 g). 6-Dodecyloxyisoquinoline con� rmed by X-ray diŒraction (XRD). The orthogonal

SmA phase was characterized by the focal-conic fanIS (8 ) was identi� ed as the required product and
judged to be pure by 1H and 13C NMR spectroscopy texture coexisting with the homeotropic alignment; the

tilted SmC phase was characterized by the broken focal-and elemental analysis.

1H NMR d (CDCl3 ): 0.88 (t, 3H, J 5 6.8 Hz, CH3 ), conic fan texture coexisting with the schlieren texture; the
nematic phase was characterized by the schlieren texture1.27–1.51 (m, 18H, 9 Ö CH

2
), 1.81–1.90 (m, 2H, CH

2
),

4.08 (t, 2H, J 5 6.4 Hz, OCH
2
), 7.03 (s, 1H, Ar± H), 7.22 coexisting with the homeotropic alignment. The meso-

morphism of the H-bonded dimer complex C8OBA-C8P(d, 1H, J 5 9.0 Hz, Ar± H), 7.52 (d, 1H, J 5 5.6 Hz, Ar± H),
7.84 (d, 1H, J 5 9.0 Hz, Ar± H), 8.42 (d, 1H, J 5 5.6 Hz, (1 : 1 molar ratio) containing proton acceptor 5 (C8P)

Table 1. Phase transition temperatures ( ß C)a and corresponding enthalpies (J g Õ 1 ), in parentheses, of constituents of hydrogen-
bonded complexes, i.e. 4-octyloxybenzoic acid (C8OBA), 4-decyloxybenzoic acid (C10OBA), 4-octyloxycarbonylbenzoic acid
(C8COOBA), 4-decyloxycarbonylbenzoic acid (C10COOBA), 6-decyloxy-2-naphthoic acid (C10ONA), 5-decyloxycarbonyl-
thiophene-2-carboxylic acid (C10COOTHA), 4-hexadecyloxypyridine (C16OP), 4-hexadecyloxycarbonylpyridine (C16COOP)
and 6-dodecyloxyisoquinoline (IS).

C8OBA Cr EGGGGGF73.8 (57.9)

49.3 (54.3)
SmX EGGGGGF101.7 (45.0)

95.4 (44.1)
SmC EGGGGGF108.2 (4.9)

105.9 (4.9)
N EGGGGGF148.1 (9.4)

146.0 (9.5)
I

C10OBA Cr EGGGGGF85.1 (58.9)

69.4 (21.5)
SmX EGGGGGF96.0 (30.3)

90.2 (31.1)
SmC EGGGGGF123.7 (4.5)

120.5 (4.3)
N EGGGGGF142.4 (7.7)

139.6 (7.2)
I

C8COOBA Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGF111.4 (89.4)

99.6 (85.5)
I

C10COOBA Cr EGGGGGF69.0 (31.7)

41.3 (25.5)
SmX EGGGGGGGGGGGGGGGGGGGGGGGGF113.3 (97.0)

104.7 (90.4)
I

C10ONA Cr EGGGGGF104.8 (0.7)

89.7 (1.7)
Cr ¾ EGGGGGF136.3 (39.4)

120.3 (40.3)
SmC EGGGGGF140.5 (2.9)

138.4 (3.6)
N EGGGGGF175.9 (7.7)

173.3 (4.7)
I

C10COOTHA Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGF104.8 (95.6)

94.8 (97.7)
I

C16OPb Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGF51.5 (166.1)

30.8 (167.3)
I

C16COOPc Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®50.3 (168.2)
I¬ ¾ ¾ ¾ ¾ ¾ ¾

32.6 (21.1)
Cr ¾ ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

35.2 (135.2)

IS Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGF48.1 (124.2)

No crystallization to room temp.
I

a Abbreviations: Cr and Cr ¾ 5 crystalline phases, SmX 5 unidenti� ed smectic phase, SmC 5 smectic C phase, N 5 nematic phase,
I 5 isotropic liquid.

b C8OP is liquid at room temperature; C12OP: Cr 36.9 ß C (158.7 J g Õ 1 ) I (no crystallization upon cooling to room temp.).
c C8COOP and C12COOP are both liquid at room temperature.
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1108 H.-C. Lin et al.

was obtained from the literature [11] for comparison and SmC phases; complexes C
n
COOBA-C8OP (n 5 8

and 10) containing the ester linkage in the acid favourwith analogous systems. Since phase separation occurred
in all mixtures containing proton acceptor 7 (C

n
COOP), the SmA phase; and complexes C

n
OBA-C

8
P (n 5 8

and 10) containing the ether linkage in the acid favourno H-bonded complexes formed and all results relating
to C

n
COOP could not be compared. the nematic phase.

As we increase the � exible length of the single-ringThe mesogenic properties of the analogous complexes
C8OBA-C8P, C8OBA-C8OP and C8COOBA-C8OP are (C

n
OP) acceptor (from n 5 8 to n 5 16) in complexes

C
10

OBA-C
n
OP, C

10
COOBA-C

n
OP and C

10
ONA-C

n
OPshown in table 2. Both C

8
OBA-C

8
P and C

8
OBA-C

8
OP

show the nematic phase; however, C
8
COOBA-C

8
OP (n 5 8, 12 and 16), the clearing temperatures and ranges

of the mesophases are in the following order (table 3):shows a monotropic SmA phase. Due to the lack of
cooling data for C8OBA-C8P in the literature [11], we C10ONA-C

n
OP > C10OBA-C

n
OP > C10COOBA-C

n
OP.

Sequentially, complexes C10ONA-C
n
OP (n 5 8, 12can only verify that C8OBA-C8OP shows a monotropic

nematic phase. These results suggest that the insertion and 16) containing the fused-ring acid have the highest
clearing temperatures and widest ranges of mesophases,of the ether linkage of the pyridine (C

8
OP) in C

8
OBA-

C
8
OP has raised its clearing temperature compared with and complexes C

10
COOBA-C

n
OP (n 5 8, 12 and 16)

have the lowest clearing temperatures and the narrowestthat in C8OBA-C8P. Regarding C8OBA-C8OP and
C8COOBA-C8OP, the introduction of the ester linkage mesomorphism. For a shorter � exible length of the

proton acceptor C
n
OP (n 5 8) in all systems of table 3,in the benzoic acid (C8COOBA) has induced the SmA

phase in C8COOBA-C8OP, instead of the nematic phase the SmA phase is favoured only in C10COOBA-C8OP,
and the nematic phase only in C

10
ONA-C

8
OP con-in C

8
OBA-C

8
OP. However, all these cases have narrow

LC phase ranges (4~ 6 ß C). taining the fused-ring donor (naphthoic acid). Table 3
also shows that complexes C10COOBA-C

n
OP have theThe H-bonded dimer complexes bearing a single-ring

(C
n
OP) acceptor, i.e. C10OBA-C

n
OP, C10COOBA-C

n
OP, most obvious monotropic mesophase behaviour in these

systems. Additionally, by increasing the � exible lengthC10ONA-C
n
OP and C10COOTHA-C

n
OP (1 : 1 molar

ratio, where n 5 8, 12 and 16), are shown in � gure 2. of the pyridine C
n
OP (from n 5 8 to n 5 16) in complexes

C
10

COOBA-C
n
OP and complexes C

10
ONA-C

n
OP, theTheir thermal and mesogenic properties are given in

table 3. No complexes containing thiophene donors mesomorphism shifts from the monotropic SmA phase
or the enantiotropic nematic phase to the monotropic(i.e. C10COOTHA-C

n
OP) display any liquid crystalline

phase; this is due to the short H-bonded angular or enantiotropic SmC phase. These results indicate that
simple H-bonded liquid crystals also follow the commonstructure. In contrast to the table 2 data, by increasing

the � exible length of the acid (from n 5 8 to n 5 10) in rule that the SmC phase is more favoured in molecules
with longer � exible lengths. In order to understand thecomplexes C

n
OBA-C

8
OP and C

n
COOBA-C

8
OP, the

mesomorphism shifts from the monotropic nematic fused-ring eŒects of the proton donors on the mesogenic
properties of simple H-bonded complexes, complexesphase in C8OBA-C8OP to the enantiotropic SmC phase

in C10OBA-C8OP; whereas C8COOBA-C8OP has the C10OBA-C
n
OP containing a single-ring (benzene) donor

(C10OBA) and complexes C10ONA-C
n
OP containingsame mesomorphism (i.e. the monotropic SmA phase)

as C
10

COOBA-C
8
OP. Moreover, from the literature a fused-ring (naphthalene) donor (C

10
ONA) in table 3

are compared. Signi� cantly, the nematic phase is more[11], both C
8
OBA-C

8
P and C

10
OBA-C

8
P show the

same nematic phase. Consequently, the available data favoured and higher clearing temperatures are expected
in complexes C10ONA-C

n
OP due to the longer rigidsuggest that complexes C

n
OBA-C8OP (n 5 8 and 10)

containing double ether linkages favour both nematic core of the fused-ring (naphthalene) donor.

Table 2. Phase transition temperatures ( ß C)a and corresponding enthalpies (J g Õ 1 ), in parentheses, of hydrogen-bonded complexes
C8OBA-C8P, C8OBA-C8OP and C8COOBA-C8OP.

C8OBA-C8Pb Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®45 N ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®49 I

Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®77.2 (79.7)
IC8OBA-C8OP ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

65.3 (69.9)
N ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

69.3 (6.4)

C8COOBA-C8OP Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®64.5 (70.6)
I¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

46.3 (59.3)
SmA ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

52.7 (11.5)

a Abbreviations: Cr 5 crystalline phase, SmA 5 smectic A phase, N 5 nematic phase, I 5 isotropic liquid.
b Data cited from reference [11].
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1109Proton donors and acceptors in H-bonded L Cs

Table 3. Phase transition temperatures ( ß C)a and corresponding enthalpies (J g Õ 1 ), in parentheses, of hydrogen-bonded complexes
C10OBA-C

n
OP, C10COOBA-C

n
OP, C10ONA-C

n
OP and C10COOTHA-C

n
OP (where n 5 8, 12 and 16).

C10OBA-C8OP Cr EGGGGGGGGGGGGGGGGGGGGF66.6 (69.8)

57.0 (65.0)
SmC EGGGGGGGGF75.6 (7.5)

73.7 (7.0)
I

C10OBA-C12OP Cr EGGGGGGGGGGF62.9 (33.6)

35.5 (22.0)
SmX EGGGGGF65.1 (28.6)

53.0 (52.1)
SmC EGGGGGGGGF81.5 (25.0)

79.4 (30.4)
I

Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®64.6 (50.6)C10OBA-C16OP ¬ ¾ ¾ ¾ ¾
34.7 (12.8) Cr ¾ ¬ ¾ ¾ ¾ M

39.6 (9.9)
SmX EGGGGGF69.1 (13.5)

65.5 (13.0)
SmC EGGGGGGGGF83.3 (34.1)

82.4 (30.2)
I

Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®60.2 (65.3)
IC10COOBA-C8OP ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

39.4 (63.9)
SmA ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

51.9 (3.2)

Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®74.1 (77.4)
IC10COOBA-C12OP ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

60.7 (48.2)
SmC ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

61.3 (28.3)

Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®79.2 (90.9)
IC10COOBA-C16OP ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

64.3 (59.6)
SmC ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

65.2 (31.0)

C10ONA-C8OP Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGF59.2 (58.0)

36.2 (45.5)
N EGGGF96.8 (27.9)

94.9 (5.3)
I

Cr ¾ ¾ ¾ ¾ ®48.0 (32.7) Cr ¾ ¾ ¾ ¾ ¾ ®53.9 (14.7) Cr ² ¾ ¾ ¾ ¾ ®60.9 (28.7)
SmC EGGGF85.1 (5.8)

81.4 (2.1)
N EGGGF93.6 (8.5)

92.7 (13.9)
IC10ONA-C12OP ¬ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾

35.4 (49.8)

C10ONA-C16OP Cr EGGGGGGGGGGGGGGGGGGGGF67.7 (45.1)

34.2 (35.6)
SmC EGGGGGGGGF96.2 (17.1)

96.2 (15.7)
I

Cr ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ®68.6 (55.8)
C10COOTHA-C8OP ¬ ¾ ¾ ¾ ¾

49.7 (25.5) Cr ² ¬ ¾ ¾ ¾ M
52.9 (9.7)

Cr ¾ EGGGGGGGGGGGGGGGGGGGF77.2 (56.6)

65.3 (66.6)
I

C10COOTHA-C12OP Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGF85.1 (99.8)

74.3 (101.4)
I

Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGF85.8 (111.1)

74.2 (112.1)
IC10COOTHA-C16OP

a Abbreviations: Cr, Cr ¾ , and Cr ² 5 crystalline phases, SmA 5 smectic A phase, SmC 5 smectic C phase, N 5 nematic phase,
I 5 isotropic liquid.

The H-bonded dimer complexes bearing a fused- shown in � gure 3. Their thermal and mesogenic properties
are given in table 4. The complex C

10
COOTHA-IS,ring (IS) acceptor, i.e. C

10
OBA-IS, C

10
COOBA-IS,

C10ONA-IS and C10COOTHA-IS (1 : 1 molar ratio) are containing a thiophene proton donor, displays no

Table 4. Phase transition temperatures ( ß C)a and corresponding enthalpies (J g Õ 1 ), in parentheses, of hydrogen-bonded complexes
C10OBA-IS, C10COOBA-IS, C10ONA-IS and C10COOTHA-IS from the 1 : 1 molar ratio of 6-dodecyloxyisoquinoline (IS)
complexed with 4-decyloxybenzoic acid (C10OBA), 4-decyloxycarbonylbenzoic acid (C10COOBA), 6-decyloxy-2-naphthoic
acid (C10ONA) and 5-decyloxycarbonylthiophene-2-carboxylic acid (C10COOTHA).

C10OBA-IS Cr EGGGGGGGGGGGGGGF83.8 (102.6)

62.1 (94.5)
SmA EGGGGGGGGGGGGGGF89.8 (15.9)

87.3 (13.6)
I

Cr EGGGGGGGGGGGGGGF75.8 (93.8)

46.4 (78.5)
SmA EGGGGGGGGGGGGGGF78.8 (7.8)

73.5 (13.9)
IC10COOBA-IS

C10ONA-IS Cr EGGGGGGGGGGGGGGF91.4 (66.9)

54.3 (60.5)
SmA EGGGGGF102.5 (4.3)

100.5 (5.5)
N EGGGGGF106.2 (3.8)

104.6 (4.1)
I

Cr EGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGF83.2 (98.8)

67.7 (97.6)
IC10COOTHA-IS

a Abbreviations: Cr 5 crystalline phases, SmA 5 smectic A phase, N 5 nematic phase, I 5 isotropic liquid.
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1110 H.-C. Lin et al.

liquid crystalline phase, which is also due to the short and acceptor, i.e. naphthalene donor and isoquinoline
acceptor) , a single fused-ring (naphthalene donor) com-H-bonded angular structure. Except for C10COOTHA-IS,

all the other complexes in table 4, i.e. C
10

OBA-IS, plex C
10

ONA-C
12

OP possesses better mesomorphism,
i.e. wider ranges and lower phase transition temperaturesC10COOBA-IS and C10ONA-IS, possess the SmA phase,

which might be due to the longer rigid core of the fused- of mesophases. The fused-ring eŒects on the mesogenic
properties can be conceived by comparing analogousring proton acceptor (IS) in the complexes. Similarly

to the comparison of complexes C10OBA-C
n
OP and complexes containing double ether linkages, i.e. C10OBA-

C
12

OP (no fused-ring system, possessing the SmCC
10

COOBA-C
n
OP in table 3, complex C

10
OBA-IS,

containing the ether linkage in the proton donor, also phase 65.1–81.5 ß C), C
10

ONA-C
12

OP (single fused-ring
donor system possessing the SmC phase 60.9–85.1 ß Chas a higher clearing temperature and better meso-

morphism than C10COOBA-IS, containing the ester and the nematic phase 85.1–93.6 ß C), C10OBA-IS (single
fused-ring acceptor system possessing the SmA phaselinkage in the proton donor. Since the � exible length of

the fused-ring proton acceptor IS (n 5 12) is equal to 83.8–89.8 ß C) and C10ONA-IS (double fused-ring system
possessing the SmA phase 91.4–102.5 ß C and the nematicthat of the single-ring proton acceptor C

12
OP (n 5 12),

complexes C
10

OBA-IS, C
10

COOBA-IS and C
10

ONA-IS phase 102.5–106.2 ß C). The results of this comparison
are summarized as follows: Firstly, the greater thein table 4 are analogous to C10OBA-C12OP, C10COOBA-

C12OP and C10ONA-C12OP in table 3. In contrast to number of fused-ring structures in the H-bonded com-
plexes, the higher the clearing temperature that will bethe latter systems containing the single-ring proton

acceptor C12OP as shown in table 3, the introduction obtained. Secondly, the ranges of the useful mesogenic
phases, including nematic, SmA and SmC, are in theof the fused-ring proton acceptor (isoquinoline) in

C
10

OBA-IS, C
10

COOBA-IS and C
10

ONA-IS, in general, following order: C
10

ONA-C
12

OP (single fused-ring
donor system) > C10OBA-C12OP (no fused-ring system) >has induced higher clearing temperatures due to the

longer rigid core of the fused-ring (isoquinoline) acceptor C10ONA-IS (double fused-ring system) > C10OBA-IS
(single fused-ring acceptor system). Finally, the SmCstructure. However, the ranges of the mesophases in

these simple complexes are not improved by the fused- phase is favoured in the single-ring acceptor systems
(C

10
OBA-C

12
OP and C

10
ONA-C

12
OP); the nematicring replacement in the proton acceptor. Although the

nematic phase is observed in both C10ONA-C12OP and phase is favoured in the fused-ring donor systems
(C10ONA-C12OP and C10ONA-IS); the SmA phase isC10ONA-IS, their mesomorphism has shifted from the

enantiotropic or monotropic SmC phase in C10OBA- favoured in the fused-ring acceptor systems (C10OBA-IS
and C10ONA-IS).C12OP, C10COOBA-C12OP and C10ONA-C12OP to the

enantiotropi c SmA phase in C
10

OBA-IS, C
10

COOBA-IS To prove the formation of H-bonded architecture,
XRD patterns were measured to con� rm our speculation.and C

10
ONA-IS. For single fused-ring systems, this

suggests that the nematic phase is more favoured in Since the molecules are orthogonal to the layer in the
SmA phase, the largest d-spacing values of the SmAsimple H-bonded liquid crystals containing the fused-

ring donor (naphthalene unit) systems, i.e. complexes phase are correlated to the length of the supramolecules.
Table 5 shows the d-spacing values in the SmA phase ofC10ONA-C

n
OP (for n 5 8 possessing the nematic phase

59.2–96.8 ß C and n 5 12 possessing the nematic phase complexes C
10

OBA-IS, C
10

COOBA-IS and C
10

ONA-IS.
The lengths of each component calculated by molecular85.1–93.6 ß C), rather than the fused-ring acceptor

(isoquinoline unit) systems, i.e. complexes C10OBA-IS modelling are listed as follows: C10OBA 5 19.1~ 20.6 AÃ ,
C10COOBA 5 20.2~ 21.8 AÃ , C10ONA 5 21.3~ 22.8 AÃ(no nematic phase) and C10COOBA-IS (no nematic

phase). Hence, the fused-ring eŒect of the proton and IS 5 20.0~ 23.2 AÃ ; the former value is the molecular
projection length along the rigid core and the latteracceptors on the mesogenic properties of the simple

H-bonded complexes is that the SmA phase is more value is the fully extended molecular length. According to
the XRD patterns, complexes C10OBA-IS, C10COOBA-ISfavoured than the SmC phase; however, the fused-ring

eŒect of the proton donors is that the nematic and the and C10ONA-IS have the largest d-spacing values
40.19 AÃ at 70 ß C (cooling), 40.45AÃ at 68 ß C (cooling) andSmC phases are more favoured than the SmA phase.

Overall, higher clearing temperatures are expected in 42.84 AÃ at 96 ß C (heating), respectively. Both C10OBA-IS
and C10COOBA-IS have similar largest d-spacingthe fused-ring systems than in single-ring systems.

For fused-ring acceptor systems in table 4, complex values, which are close to the sum (~40 AÃ ) of each com-
ponent. Hence, they are approximately the same lengthC10ONA-IS containing the fused-ring acid has the

highest clearing temperature and the best mesomorphism, in their supramolecular con� gurations. C10COOBA-IS
is a little larger than C10OBA-IS, owing to the longerand is the only structure to show the nematic phase.

Nevertheless, in contrast to the double fused-ring com- ester linking group in C10COOBA-IS compared with
the shorter ether linking group in C

10
OBA-IS.plex C

10
ONA-IS (containing both fused-ring donor
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1111Proton donors and acceptors in H-bonded L Cs

Table 5. The d-spacing values of H-bonded complexes group has not only in� uenced the formation of the
C10OBA-IS, C10COOBA-IS and C10ONA-IS in the SmA H-bonded liquid crystals (unless there is phase separation)
phase obtained from XRD measurements at diŒerent

but has also aŒected the type of the mesophase. Intemperatures.
general, the clearing temperatures of analogous com-

Complex Temperature/ ß Ca d-spacing/AÃ plexes containing diŒerent linking groups are in the
following order: alkoxyl chains > alkyl ester chains > alkyl

C10OBA-IS (Heating) 82 39.62 chains. The result of this investigation also implies
84 39.42

that the fused-ring structures in H-bonded complexes86 39.33
can have a variable in� uence on the mesomorphism,88 39.22
depending on the fused-ring structures being on the

(Cooling) 85 39.46
proton side or on the acceptor side (or on both sides)80 39.68
of the complex. Consequentially, the naphthalene- and75 39.81

70 40.19 isoquinoline-based structures supply fused-rings as the
proton donor and acceptor to form unique supra-C10COOBA-IS (Heating) 76 39.77

78 39.43 molecules. Overall, this study has illustrated a simple
H-bonded molecular architecture in the design of supra-(Cooling) 73 40.11
molecular liquid crystals. Through this research, the70 40.15

68 40.45 fused-ring and linking group eŒects on simple supra-
molecular liquid crystals can be visualized, and similarC10ONA-IS (Heating) 94 42.43

96 42.84 eŒects might be expected in general H-bonded liquid
98 42.71 crystals. By the adjustment of fused-ring structures and

100 42.60 linking groups in H-bonded moieties, it is possible to
(Cooling) 100 41.06 create interesting mesomorphism in novel supramolecular

90 40.77 liquid crystals.
80 41.18
70 41.31
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