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Two series of mesogenic compounds having both a perfluorinated substituent and a
hydrogen bonding active site were synthesized and their phase behavior investigated. Due to
the chemical architecture of these materials exhibiting amphiphilic character, structures of
nano-segregation are expected to form. We found a thermotropic cubic phase with Ia3d
symmetry in one of the acid/base hydrogen-bonded complexes, which is a nano-segregated
structure. Moreover materials exhibiting a first order smectic A to smectic C phase transition
were found, which was ascertained by differential scanning calorimetry measuring a large
latent heat, and X-ray diffraction experiments observing abrupt changes of physical pro-
perties at the phase transition, i.e. the tilt angle, the intensity and the half-width of the small
angle reflection. This first order phase transition occurs due to the frustration of nano-
segregated structures of lamellar phases.

1. Introduction
The self-organization of amphiphilic mesogens con-

sisting of two moieties of different chemical nature, e.g.

hydrophilic/hydrophobic, stiff/flexible, polar/non-polar,

and aliphatic/polyaromatic, etc., has been intensively

investigated in the last two decades. Due to the high

incompatibility between two molecular parts, liquid

crystalline phases with intriguing nano-segregated/

micro-separated structures have been found to form;

for instance, cubic phases with bicontinuous network

structure, segregated columnar phases or lamellar phases

of well defined sub-layers [1]. Moreover the fluorophilic/

fluorophobic interaction among perfluorinated chains

and hydrocarbon moieties has also been recognized to

promote the self-assembling of molecules [2]. Indeed this

effect is successfully used for self-organization leading to

intriguing liquid crystalline supramolecular structures,

e.g. rectangular columnar phases with c2mm and p2gg

symmetry, or laminated smectic phases [3]. Another

important non-covalent force for self-organization to well

defined supramolecular structures is hydrogen bonding,

which has recently been used to develop new classes of

liquid crystalline materials, from low molecular mass to

polymeric [4, 5].

In this study we have synthesized two series of

materials, which have both a perfluorinated substituent

and a site capable of forming hydrogen bonding; thus two

important non-covalent interactions, i.e. fluorophilic/

fluorophobic and hydrogen bonding, can effect and

enforce the formation of liquid crystalline phases with

nano-segregated structure. We have found in one of the

acid/base complexes under investigation—shown in

scheme 1(a)—the formation of a cubic phase having a

bicontinuous network structure of Ia3d symmetry, which

is a nano-segregated structure [6]. In another complex—

scheme 1(b)—a first order smectic A to smectic C phase

transition has been observed, which occurs due to the

frustration of liquid crystalline nano-segregated struc-

tures [7]. We describe the syntheses and phase behaviour

of the studied materials in detail, and discuss the chemical

prerequisite to the formation of thermotropic cubic

phases, and the phase transition phenomenon between
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the smectic A phase and the smectic C phase, in con-

nection with microstructural changes.

2. Synthesis

The synthesis route to the compounds under investi-

gation (4n–8n) is shown in scheme 2. The compounds 4n
are benzoic acid derivatives having either an end-

branched perfluoroalkyl chain (Rf1–) in the case of 41
or a relatively bulky perfluorinated substituent (Rf2–)

for 42. Because of the carboxy group these compounds

can exist in dimers through hydrogen bonding or form

acid/base complexes with basic compounds such as

pyridine [8]. The elongation of aromatic parts of 4n was

carried out by the coupling reaction using dicyclo-

hexylcarbodiimide (DCC) and dimethylaminopyridine

(DMAP) with either 4-(benzyloxy)phenol or benzyl

4-(hydroxy) benzoate resulting in 5n or 6n (n~1, 2). On

performing the hydrogenation of 5n or 6n, either 7n
having a free hydroxy group, or 8n having a free

carboxy group as a hydrogen bonding active site, were

obtained. The detailed procedures of the syntheses are

described in § 6.

3. Results

Phase behaviour of the compounds under investiga-

tion was determined by polarizing optical microscopy

(POM), differential scanning calorimetry (DSC) and

X-ray diffraction (XRD), the results summarized in

tables 1–3, together with enthalpy changes. Note that

Scheme 1. Chemical structure of the acid/base complexes under investigation. (a) 42-DiPy; (b) 41-DiPy.

Scheme 2. Synthesis route and chemical structure of the compounds under investigation.

Table 2. Phase transition temperatures (‡C) and enthalpy
changes [kJmol21] of the Rf2-Series compounds on
heating. Cr~crystalline; SmC~smectic C; SmA~smec-
tic A; I~isotropic.

Cr SmC SmA I

42 . 25 [19.6] . 108 [5.5] — .
52 . 46 [26.9] . 135 [8.6] — .
62 . 52 [39] . 69 [0.13] . 84 [3.4] .
72 . 61 [9.3] . 88 [1.6] . 96 [0.7] .
82 . 101 [4.4] . 218 [11.2] — .

E. Nishikawa et al.

Table 1. Phase transition temperatures (‡C) and enthalpy
changes [kJmol21] of the Rf1-Series compounds on
heating. Cr~crystalline; SmC~smectic C; SmA~smec-
tic A; I~isotropic.

Compound Cr SmC SmA I

41 . 87 [17] . 142 [11.4] — .
51 . 86 [24.5] . 110 [-] . 142 [9.3] .
61 . 90 [45.9] {. 58 [-] . 90 [7.1]}a .
71 . 98 [34.9] . 112 [4.7] — .
81 . 133 [10.1] . 223 [18.2] — .

aMonotropic transition.
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the values of enthalpy change were determined as those

of monomer forms although 4n, 7n and 8n can exist in

elongated dimer forms through hydrogen bonding. The

enthalpy changes of the 4,4’-dipyridyl complexes were

evaluated as those of the hydrogen-bonded complexes.

3.1. Phase behaviour of the neat materials

3.1.1. Phase behaviour of 4n
Both the neat acids show only one liquid crystalline

(LC) phase, a smectic C (SmC) phase. The acid 41,

having an end-branched perfluoroalkyl chain, melts at

87‡C into a SmC phase, which transforms into an

isotropic (I) liquid at 142‡C with an enthalpy change

(DH) of 11.4 kJmol21. The acid 42 melts at 25‡C into a

SmC phase, which persists until an I phase transition

takes place at 108‡C with DH of 5.5 kJmol21. Owing to

the bulky flexible perfluorinated moiety the melting

temperature of 42 is relatively low compared with that

of 41.

3.1.2. Phase behaviour of 5n
The benzyl ester derivatives 5n, i.e. the precursors to 7n,

have no hydrogen bonding active site. 51 melts at 86‡C to

form a SmC phase, which transforms into a smectic A

(SmA) phase at 110‡C, followed by an I phase transition

at 142‡C. On cooling, the SmC phase is supercooled to

60‡C. The SmA to SmCphase transition of this material is

observed with POM, but not with DSC. 52 shows only

a SmC phase in the temperature range 46–135‡C. On

cooling, a supercooling of the SmC phase occurs, with

crystallization at 37‡C.

3.1.3. Phase behaviour of 7n
This series of compounds has a phenol group capable

of hydrogen bonding. 71 exhibits only a SmC phase

between 98 and 112‡C. On cooling, the SmC phase is

supercooled until crystallization occurs at 66‡C. 72
melts at 61‡C into a SmC phase, which transforms to a

SmA phase at 88‡C. The SmA to SmC phase transition

is observed by POM and also by DSC, measuring a DH
of 1.6 kJmol21. This latent heat is relatively large for a

SmA to SmC phase transition. The SmA to I phase

transition occurs at 96‡C with DH of 0.7 kJmol21

(entropy change DS~1.9 Jmol21K21), which is

remarkably small for a SmA to I phase transition.

3.1.4. Phase behaviour of 6n
The benzyl ester derivatives 6n that are the precursors

to 8n, exhibit both a SmA phase and a SmC phase. 61
monotropically shows a SmA phase and a SmC phase

on cooling; that is, the SmA phase appears at 90‡C and

transforms into the SmC phase at 58‡C which exists

until crystallization occurs at 42‡C. The SmA to SmC

phase transition is observed with POM but not with

DSC. On heating, a crystalline to crystalline transition

occurs at 53‡C and then the crystal melts at 90‡C
directly into the I phase. 62 melts at 52‡C into a SmC

phase and transforms to a SmA phase at 69‡C,
followed by an I phase transition at 84‡C. The SmA

to SmC phase transition of this material is slightly

detected with DSC, showing DH of 0.13 kJmol21. On

cooling the SmC phase is supercooled to about 20‡C.

3.1.5. Phase behaviour of 8n
The organic acids 8n are two ring systems having a

carboxy group at one end, and can form dimeric

structures through hydrogen bonding. 81 exhibits only a

SmC phase between 133 and 223‡C, while 82 shows a

SmC phase between 101 and 218‡C. The clearing

temperatures of 8n are considerably higher compared

with those of 7n having a phenol group as a hydrogen

bonding active site. This result suggests that 8n exists in

dimer forms because the hydrogen bonding is strong

enough, while in case of 7n the hydrogen bonding is too

weak to stabilize a linear dimeric structure.

3.2. Phase behaviour of the 4,4’-dipyridyl hydrogen-
bonded complexes of 4n (4n-DiPy)

The hydrogen-bonded 4,4’-dipyridyl (DiPy) complex

of 41 (41-DiPy, see scheme 1b) melts at 106‡C into a

SmC phase. Then a SmA to SmC phase transition

occurs at 157‡C, followed by an I phase transition at

161‡C. Figure 1 shows polarized optical photomicro-

graphs of the 41-DiPy complex sandwiched between

two normal glass plates (a) and (b) or two polyimide-

coated glass plates (c) and (d). Figure 1 (a) is taken at

the SmA to SmC phase transition temperature, showing

two regions: one dark region showing homeotropical

uniform molecular alignment of the SmA phase, and

another showing schlieren texture of the SmC phase.

Figure 1 (b) demonstrates the SmA to I phase transition

Table 3. Phase behaviour of 4,4’-dipyridyl (DiPy) complexes of 4n compounds. Cr1, Cr2~crystalline; Sm~smectic;
SmC~smectic C; SmA~smectic A; Cub~cubic; Col~columnar; I~isotropic.

Acid Base Phase transition temperatures/‡C [enthalpy/kJmol21]

41 DiPy Cr1 87 Cr2 106 [39.2] SmC 157 [5.3] SmA 161 [13.1] I
42 DiPy Cr 69 [9.7] Sm 91 [2.1] Cub 138 [0.6] Col 139 [2.1] I
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that appears to occur like a two-phase separation. Note

that at the boundaries of two phases no birefringence

appears, indicating completely homeotropical molecu-

lar orientation in the SmA phase. Figure 1 (c) shows a

typical fan-shaped texture of the SmA phase, while

figure 1 (d) shows a broken texture of the SmC phase.

These two textures, (c) and (d), are observed to change

reversibly with increasing and decreasing temperature.
A DSC thermogram of 41-DiPy is shown in

figure 2 (a), in which the SmA to SmC phase transition

is clearly observed as a sharp peak. The enthalpy

change of the SmA–SmC phase transition amounts to

5.3 kJmol21 (DS~12.3 JK21mol21), which is a vast

amount of latent heat for SmA to SmC phase

transition. This result is indicative of a first order

phase transition.

The complex 42-DiPy between 42 and 4,4’-dipyridyl
see scheme 1(a) is found to organize in a thermotropic

cubic (Cub) phase. A DSC thermogram measured

at a heating/cooling rate of 2Kmin21 is shown in

figure 2 (b). A crystalline to crystalline phase transition

occurs at 38‡C and then the crystal melts at 69‡C into a

LC phase (SmX), which we have not yet assigned. At

91‡C a cubic phase transition takes place with DH of

2.1 kJmol21, followed by a columnar phase transition

at 138‡C with DH of 0.6 kJmol21. An isotropic phase

transition is then observed at 139‡C with DH of

2.1 kJmol21. On cooling, the Cub phase is supercooled

until crystallization occurs at 58‡C. In this process the

SmX phase does not appear.

4. Discussion

In the previous section we have described the detailed

phase behaviour of the compounds under investigation.

One hydrogen-bonded complex exhibits a cubic phase

(42-DiPy). One of the subjects of this work is to

understand the chemical features of compounds cap-

able of organizing into thermotropic cubic phases; this

is discussed in § 4.1. Another topic concerns phase

transition behaviour between SmA and SmC phases. It

has been found that some reported compounds show

only a SmC phase while some form both a SmA phase

and a SmC phase. In the later case the SmA to SmC

Figure 1. Polarized optical photomicrographs of the hydro-
gen-bonded complex 41-DiPy: (a) at 157‡C showing the
SmC (schlieren texture) to SmA (homeotropic alignment)
phase transition; (b) at 161‡C showing the isotropic phase
transition observed between non-coated glass plates; (c)
at 160‡C showing focal-conic texture of the SmA phase;
(d) at 156‡C showing the broken texture of the SmC
phase observed between polyimide-coated glass plates.

Figure 2. DSC thermograms of the hydrogen-bonded com-
plexes (a) 41-DiPy and (b) 42-DiPy, observed at a cooling/
heating rate of 2Kmin21.

E. Nishikawa et al.788
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phase transition has been found to occur either as a

first order or a second order phase transition depending

on the chemical structures of the materials. This phase

transition is discussed in § 4.2., in connection with the

microstructure changes of lamellar phases at the phase

transition.

4.1. Cubic phase formation

The 4,4’-dipyridyl complex of 42 (42-DiPy) forms a

thermotropic cubic phase. The microstructure of the

cubic phase was analysed with XRD. Figure 3 shows an

X-ray pattern taken at a temperature of 65‡C in the

cubic phase on cooling together with the corresponding

intensity profile.

Some Bragg-like spots are seen at small angles while

a broad isotropic reflection is observed at wide angles.

The intensity profile clearly exhibits four kinds of peak

with the wave vectors q1~1.40, q2~1.62, q3~2.14 and

q4~2.82 nm21 (q~4psinh/l~2p/d, 2h~scattering angle,

d~d-spacing, l~0.154 nm), corresponding to the

d-spacings d1~4.49, d2~3.88, d3~2.93 and d4~2.23nm,

respectively. As the ratio of q1 : q2 : q3 : q4 is 61/2 : 81/2 :

141/2 : 241/2, we can index the reflections (2 1 1), (2 2 0),

(3 2 1) and (4 2 2), respectively. From this X-ray pattern,

the cubic phase of the complex can be assigned to a

structure with body-centred cubic symmetry, (Ia3d),

which could be a bicontinuous interpenetrating jointed

rod network structure, similar to that discussed in other

systems [9–11]. The cell parameter of the cubic phase is

estimated as a~10.9 nm, which is approximately twice

the molecular length of the complex (l~5.5 nm). Tem-

perature dependent XRD measurements have revealed

that with increasing temperature the unit cell para-

meter decreases, exhibiting a negative thermal volume

expansion of (1/a3)[d(a3)/dT]~22.361023K21, which

is consistent with the values reported in other recent

work on compounds showing cubic phases [11, 12].

The optically isotropic phase of 4’-n-alkoxy-3’-
nitrobipheny1-4-carboxylic acids (abbreviated to ANBC-

n, n is the alkyl chain carbon number) was reported by

Gray et al. in 1957, and later identified as a liquid

crystalline phase with cubic symmetry by Demus et al.

in 1968 [13, 14]. Since then, thermotropic cubic phases

have aroused much interest as their microstructures are

intriguing and the presence of the cubic phase between

two lamellar phases (SmC and SmA) is curious. During

the last two decades, structures of the cubic phases of

ANBC-n have been intensively studied by 1H NMR,
13N NMR, XRD, IR, viscoelastic measurements, dielec-

tric measurements and calorimetric experiments, etc.

[11, 15–23].

In parallel with the structure analysis on ANBC-n
and on other cubic phase-forming materials, many new

materials organizing in optically isotropic phases, e.g.

polycatenar and swallow-tailed compounds, have been

synthesized, and are summarized in recent articles [24,

25]. Furthermore, a variety of new materials with quite

different chemical structures have been reported in the

last decade, for instance, dichiral compounds [26],

dendrimeric compounds [27] and folic acid derivatives

[28]. Moreover, polyhydroxy amphiphiles [29], four-ring

imines with fluorinated chains [30], hydrogen-bonded

siloxane-containing acid/base complexes [31] and coil-

rod-coil oligomeric molecules [32], etc. have been found

to show cubic phases. An important common feature of

these materials from the chemical point of view is that

they possess amphiphilic character due to two (or three)

incompatible compositional moieties. Recently a mole-

cular dynamic simulation on a cubic phase-forming

compound, 1,2-bis[4-n-octyloxybenzoyl]hydrazine (BABH8),

was carried out and revealed that the molecule has a

strong segregation power between core and tails; this

Figure 3. (a) X-ray diffraction pattern of 42-DiPy observed in the cubic phase at 65‡C; (b) the intensity profile at small angles,
showing a body-centred cubic symmetry (Ia3d).
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was pointed out to be a crucial factor for cubic phase

formation [33].

The acid/base complex 42-DiPy also has an amphi-

philic character due to a fluorophilic/fluorophobic inter-

action, which leads to the formation of segregated

microstructures. This feature is thus again an important

factor in the organization of cubic phases. However, as
described, 41-DiPy, which has a similar chemical archi-

tecture to 42-DiPy, does not form cubic phases. Some

other materials having a similar chemical structure to

41-DiPy were reported in our previous work, and were

also found not to form cubic phases [34]. The signi-

ficant difference among them is the bulkiness of the

perfluorinated moieties. The perfluorinated part of the

cubic phase-forming 42-DiPy is much bulkier and more

flexible than the perfluorinated parts of the others that

do not form cubic phases. This point may be one of the

crucial chemical features in the formation of cubic

phases.

Another point to note is by that the neat organic acid
42 does not form cubic phases, but the acid/base

complex 42-DiPy does. This may indicate that the

effective length of the mesogenic core is important for

cubic phase formation. The dimer form of 42 has a

three-ring core when the cyclic hydrogen-bonded part is

included, which could be too short for cubic phase

formation. The cubic phase forming complex 42-DiPy is

a four-ring system, which could be more effective in

cubic phase formation. Polycatenar compounds and

swallow-tailed mesogens, which can form thermotropic

cubic phases, also have long aromatic core systems.

Therefore one could expect that the organic acid 82
could form a cubic phase because it has the same
perfluorinated moiety as 42-DiPy, and its elongated

mesogenic core structure (through hydrogen-bonding)

has a five-ring core—longer than that of 42-DiPy and

even as long as ANBC-n. However it has been found

that this neat acid does not form cubic phases, but

again the acid/base complex between 4,4’-dipyridyl and
82 does [35]. These results mean that in the series of

compounds investigated in this work the acid/base

complexation is crucial to cubic phase formation.

In case of BABH the existence of lateral molecular

interaction through diimine nitrogen–hydrogen bond-

ing is proposed as a responsible factor in cubic phase

formation [36]. In the studied acid/base complexes that
have the tendency to form nano-segregated structures,

lateral molecular interactions can be promoted by the

following two factors. First, 4,4’-dipyridyl can move

easily in its micro-segregated domain relative to the

domain of the perfluorinated acid, as the hydrogen

bonding is dynamic and transient. Second 4,4’-dipyridyl
can freely rotate around the molecular long axis of the

complex, independent of the acid parts. These two

aspects that probably enable and enhance lateral

molecular interactions could also be the important

factors in cubic phases formation. We are now

synthesizing new compounds for the study and under-

standing of chemical requirements for thermotropic

cubic phase formation.

4.2. Smectic A to smectic C phase transition

The 4,4’-dipyridyl complex of 41 (41-DiPy) exhibits a

SmA to SmC phase transition, which is observed with

DSC as a strong peak with the corresponding enthalpy

change of DH~5.3 kJmol21. As this amount of latent

heat is remarkably large for a SmA to SmC phase

transition, the transition of this complex is possibly of

first order. In order to characterize the phase transition,

temperature-dependent XRD experiments were carried

out. The results are summarized in figure 4.
The small angle reflection resulting from the lamellar

structure clearly shows that at the SmA to SmC phase

transition the wave vector (q-value) changes abruptly.

Figure 4 (b) shows the corresponding d-spacing change

and the tilt angle change calculated from the original

XRD data of Figure 1 (a). In the SmA phase a layer

spacing dA~47.7 Å is observed, while in the SmC phase

at 1‡C below the phase transition temperature, a layer

spacing dC(T)~45.4 Å is seen. Using the relation h~
arcos [dC(T)/dA], the corresponding tilt angle change of

17.9‡ is calculated. A large tilt angle at the SmA to

SmC phase transition is seen; thereafter the tilt angle

increases slightly with decreasing temperature and

becomes almost constant. Generally the tilt angle can

be regarded as the primary order parameter of the SmA

to SmC phase transition [37]. It changes continuously

in the case of a second order phase transition, but dis-

continuously if the transition is of first order. Therefore

the observed tilt angle change on the hydrogen-bonded

complex suggests that the SmA to SmC phase tran-

sition is of first order. Figures 4 (c) and 4 (d ) show the

temperature dependence of the intensity and the half-

width of the small angle reflection, respectively. The

intensity of the small angle reflection discontinuously

changes at the SmA to SmC phase transition, probably

indicating a discontinuous change of density. The half

width, which is related to the correlation length of

smectic layers in a direction parallel to the layer

normal, is observed to change discontinuously at the

SmA to SmC phase transition. These results from XRD

experiments also suggest that the SmA to SmC phase

transition of 41-DiPy is of first order. So far clear

evidence of a first order SmA to SmC phase transition

does not appear to have been experimentally observed,

except in the homologues of the terephthal-bis-p-n-

alkylaniline series [38]. In relation to the SmA to chiral

E. Nishikawa et al.790
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smectic C (SmC*) phase transition, Heppke et al. [39]

reported a compound showing a first order SmA to SmC*

phase transition: (S,S)-4-(3-methyl-2-chloropentanoyloxy)-

4’-heptyloxybiphenyl. This was studied by means of

XRD, with theoretical work by Lı́en and Huang [40].

Thereafter first order SmA to SmC* phase transitions

on several compounds have been discussed [41].

We suggest the following reasons why the studied

complex shows a first order SmA to SmC phase tran-

sition. As mentioned above, the layer d-spacing of the

SmA phase is 47.7 Å, while the molecular length of the

acid/base complex is calculated to be 65 Å. This means

that the SmA phase should be partially interdigitated

(SmAd). If the interdigitation between the perfluori-

nated moieties and the alkyl chain parts shown in

figure 5 is assumed in the SmAd phase, the calculated

layer distance becomes about 48 Å, which is consistent

with the observed d-spacing of 47.7 Å. In this model of

the SmAd phase, therefore, segregation between the

perfluorinated chains and the normal alkyl groups does

not take place completely; only the aromatic parts

elongated through hydrogen bonding are segregated.

However in the SmC phase that appears on lowering

the temperature from the SmAd phase, the favourable

segregation of the perfluorinated moieties and the

normal hydrocarbon chains possibly occurs as shown

in figure 6 (a). Recently, Weissflog et al. reported

that at the smectic to columnar phase transition of

perfluorinated swallow-tailed compounds, a change of

segregation (interdigitation) could take place [43]. As in

Figure 4. (a) Intensity profiles at small angle regions at temperatures of (%) 159‡C, (#) 158‡C, (') 157‡C, (() 156‡C and (e)
155‡C; (b) (#) temperature dependent d-spacing and (%) tilt angle; (c) temperature dependent intensity; (d) temperature
dependent half-width, observed on 41-DiPy. T denotes the measurement temperature and TCA the SmC to SmA phase
transition temperature of 157‡C.
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this case, it is possible to suppose that in the acid/base

complex studied the degree of interdigitation could

change at the phase transition. Moreover a change of

molecular conformation could take place. At the link

between the perfluorinated moiety and the alkyl chain

the linear conformation could bend to change into a

zig-zag conformation as shown in figure 6 (b). Such a

zig-zag conformation in smectic phases has recently

been examined by Clark et al. by means of IR mea-

surements [44], and by Shashidhar et al. [45] on

siloxane-containing compounds in connection with elec-

troclinic effects and de Vries smectics [46, 47]. In the

model of the zig-zag conformation of the complex, the

free space among molecules could be more fully filled

than in the model of the linear conformation.
We speculate that these possibly occurring micro-

structural changes could cause a first order SmAd to

SmC phase transition of the complex, which could be

supported from the X-ray diffraction data shown in

figure 7. In the SmC phase the second and third order

small angle reflections of lamellar structure are clearly

detected, while these reflections are absent in the SmAd

phase. This indicates that the segregation of the mole-

cular parts becomes more definite in the SmC phase

than in the SmAd phase. At wide angles, a broad reflec-

tion at around 0.6 nm (q<10 nm21) resulting from the

perfluorinated parts can be recognized, which reveals
the segregation of the perfluorinated moiety. The cor-

responding intensity appears to be stronger in the SmC

phase than in the SmAd phase, on analysing the fitting

data. Moreover the wide angle reflection from the

aromatic core part is observed at around 0.54 nm

(q<11 nm21), which is considerably larger than the

conventional wide angle reflection at about 0.46 nm

(q<13 nm21). This means that the averaged aromatic

core distance is large in the complex, as can be

postulated from the models in figure 5. The difference in

the observed wide angle reflection pattern between the

SmAd phase and SmC phase suggests that the micro-

structural changes take place as discussed above.
As described in § 3.1, four of the other compounds

under investigation (51, 61, 62 and 72) show both a SmA

Figure 5. Model of microstructure of the SmA phase of 41-
DiPy, showing interdigitation between the perfluorinated
moieties (green) and the alkyl chains (blue).

Figure 6. Model of microstructure of the smectic C phase of
41-DiPy, showing (a) possible change of the degree of
interdigitation, (b) possible change of the conformation
resulting in a zig-zag conformation, in comparing with
the microstructure of the smectic A phase (see figure 5).

Figure 7. X-ray patterns of 41-DiPy observed (') at 160‡C
in the smectic A phase and (#) at 120‡C in the smectic C
phase. The solid and dotted lines are fittings.
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phase and a SmC phase. The SmA to SmC phase

transition of 51 and 61 was not detected with DSC,

while that of 62 was detected as a small peak with DH

of 0.13 kJmol21. These thermal measurements indicate

that the SmA to SmC phase transition of the three

compounds is of second order. The SmA to SmC phase

transition of 72 is clearly observed with DSC showing

DH of 1.6 kJmol21. This relatively large latent heat

indicates that the phase transition is possibly of first

order, similar to that of 41-DiPy. Temperature-dependent

XRD experiments were carried out on 72 and 62 to

study the SmA to SmC phase transition behaviour. The

results are shown in figures 8(a) and 8 (b), respectively.

Compound 72 exhibits a constant d-spacing of 41.2 Å in

the SmA phase, which decreases steeply at the SmA–

SmC phase transition at 88‡C and then slightly with

further decreasing temperature. The observed tilt angle

at 1‡C below the phase transition temperature is 8‡.
Compound 62 exhibits a d-spacing that gradually

changes around the SmA to SmC phase transition.

Figure 9 summarizes the temperature-dependent tilt

angle of the compounds 62, 72 and 41-DiPy. As can

be seen, the tilt angle change of 72 around the SmA to

SmC phase transition temperature is similar to that of

41-DiPy, while 62 shows a significantly different beha-

viour. These results indicate that the SmA to SmC

phase transition of 72 is probably of first order, while

that of 62 is of second order.

As already described, the d-spacing of the SmA phase

of 72 is 41.2 Å, while the molecular length is calculated

as l~31.3 Å. In order to reconcile these two lengths we

propose a model of interdigitated microstructure to the

SmA phase (SmAd) as shown in figure 10. In this model

the perfluorinated moieties and the hydrocarbon parts

are completely segregated. Hydrogen bonding takes

place between the phenol group and the oxygen atom

of the ester group that links the alkyl chain to the

perfluorinated moiety. In this case, the degree of inter-

digitation probably does not change at the SmA to

SmC phase transition, because favourable space filling

and segregation between hydrocarbon and perfluor-

inated parts are already established. It is reasonable to

suppose that a bend at the ester group that links the

perfluorinated part to the alkyl chain leads to a zig-zag

molecular conformation, resulting in a molecular tilt at

the SmA to SmC transition. This could be preferred to

the conventional inclination of the whole molecule.

Finally we should describe the SmA to I phase

transition of 72. In the I phase a diffuse small angle

reflection is observed by XRD up to a high temperature

above the I to SmA phase transition, which indicates

Figure 8. Temperature dependent d-spacing changes of (a) 72
and (b) 62, measured by XRD.

Figure 9. Temperature-dependent tilt angle determined by
XRD on (#) 41-DiPy; (') 72; (%) 62.
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that in the I phase micro-separated structure still exists,

probably a kind of aggregate, e.g. smectic clusters. As

seen in figure 8 (a), the calculated d-spacing abruptly

increases at the I to SmA phase transition with

decreasing temperature as a consequence of a first

order phase transition. However, as already described,

the enthalpy change of the I to SmA phase transition

amounts to DH~0.7 kJmol21 (entropy change~

1.9 Jmol21K21), which is rather small for a SmA to

I phase transition. This could mean that the I to SmA

phase transition tends toward a second order transition

[48].

5. Conclusions

Two series of new mesogens, with both a perfluorin-

ated substituent and a site capable of hydrogen

bonding, have been synthesized in order to study the

influence of strong amphiphilic character of the mole-

cules on the formation of liquid crystalline phases with

segregated microstructures.

We have found that an acid/base complex between

one of the studied organic acids and 4,4’-dipyridyl
forms a thermotropic cubic phase with Ia3d symmetry;

this is a highly self-organized structure with micro-

segregation among incompatible constitutional mole-

cular parts. In order to organize the cubic phase, the

bulkiness and flexibility of the perfluorinated moiety

play important roles, in addition to the segregation

power resulting from the fluorophilic/fluorophobic

interaction. Moreover the complex formation enables

and strengthens lateral molecular interaction, which is

crucial for cubic phase formation in the materials

studied.

Five compounds under study form both a smectic A

phase and a smectic C phase. Two of them were found

to show a first order smectic A to smectic C phase

transition. The microstructures of both the lamellar

phases consist of well defined sub-layers of perfluori-

nated moieties, hydrocarbon chains or aromatic core

parts, which are nano-segregated structures. The first

order smectic A to smectic C phase transition occurs

owing to the frustration of microstructures between the

two phases, changing the degree of interdigitation and/

or the molecular conformation.

6. Experimental

6.1. Characterization

The chemical structures of the synthesized com-

pounds were assigned by spectroscopic methods and

elemental analysis. Proton nuclear magnetic resonance

(1H NMR) spectrometry was carried out with a Bruker

DRX500 nuclear magnetic resonance spectrometer using

CDCl3 as the solvent and TMS as the internal

standard. MS spectra were measured with a JEOL,

JMS-700 using the FD/MS method.

Thermal properties of the samples were determined

by differential scanning calorimetry (DSC) using a Mac

Science DSC-3100 at a heating/cooling scan rate of

2Kmin21. Texture observation with polarizing optical

microscopy (POM) was performed using an Olympus

BX-50 equipped with a Linkam hot stage LK-600PH.

X-ray diffraction (XRD) measurements were carried

out with monochromatic CuKa radiation of wavelength

1.54 Å from an X-ray generator Bruker AXS D8-

Discover with a power of 1.6 kW (40mA640 kV). A

two-dimensional position-sensitive detector (Bruker

Hi-Star) was used, which had 102461024 pixels in a

15615 cm2 beryllium window.

6.2. Synthesis procedure

6.2.1. 4-{5-[2-(Perfluoro-5-methylhexyl)ethoxycarbonyl]

pentyloxy}benzoic acid 41
A solution of 3 g (15.4mmol) of 6-bromohexanoic acid

in 5ml of thionyl chloride and 3 drops of dimethylforma-

mide (DMF) was stirred for 24 h at room temperature.

Excess thionyl chloride was removed under vacuum and

the residue was dissolved in 20ml methylene chloride

(CH2Cl2) and 5ml of tetrahydrofuran (THF). Under ice-

cooling, a solution of 6.4 g (15.46mmol) of 2-(perfluoro-

5-methylhexyl)ethanol 11 and 1.6 g (15.8mmol) of

triethylamine in 20ml of CH2Cl2 and 5ml of THF was

added dropwise over 1.5 h, and the mixture was stirred

at room temperature overnight. The solvent was then

evaporated and the residue extracted with diethyl ether

Figure 10. Model of microstructure of the smectic A phase
of 72, showing the interdigitation that leads to complete
segregation between the fluorinated moieties and the
hydrocarbon parts.
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(200ml). After filtration the ether solution was washed

with 10% aqueous sodium hydroxide (NaOH) and 20%

aqueous sodium chloride (NaCl); the organic layer was

dried over NaSO4 and concentrated. The residue (crude

21) was dissolved in 100ml of acetone to which 3.5 g of

benzyl p-hydroxybenzoate and 8 g of potassium carbo-

nate (K2CO3) were added. The mixture was stirred at

50‡C for 3 days. The solvent was then evaporated and

the residue dissolved in 150ml of ethyl ether and washed

with 10%aq. NaOH and 20%aq. NaCl. The organic layer

was dried over magnesium sulphate (MgSO4) and then

concentrated. Purification was carried out by column

chromatography (eluent: ethyl acetate/hexane~1/4) to

obtain the precursor ester 31 (6.6 g, 58%). The 6.6 g of 31
was then dissolved in amixture of 40ml ethanol and 80ml

ethyl acetate, in which 0.6 g of palladium on activated

carbon (Pd/C) was added. Under slight pressure of

hydrogen (H2) hydrogenation was performed to yield the

product 41. After recrystallization from ethanol, 4.9 g of

41 was obtained (85%).

41: Elemental analysis: found, C40.9, H3.1, F44.8;

calc. for C22H19F15O5~648.34, C40.75, H2.95, F43.95.
1H NMR (CDCl3, 400MHz, d/ppm): 1.53 (m, 2H,

methylene), 1.72 (q, 2H, methylene), 1.83 (q, 2H,

methylene), 2.38 (t, 2H, –OOCCH2–), 2.42–2.53

(m, 2H, –CF2CH2–), 4.03 (t, 2H, –CH2–O–), 4.38

(–COOCH2–), 6.91 (d, 2H, aromatic H), 8.05 (d, 2H,

aromatic H), 12 (bs, 1H, –COOH).

6.2.2. 4-{5-[1H, 1H-2,5-di(trifluoromethyl)-3,6-

dioxaundecafluorononyloxycarbonyl]

pentyloxy}benzoic acid 42
A similar procedure to the above-described for 41

was performed to synthesize 42. 3 g (15.4mmol) of

6-bromohexanoic acid, 5ml of thionyl chloride, 3 drops

ofDMF,6.2 g(12.9mmol)of1H,1H-2,5-di(trifluoromethyl)-

3,6-dioxaundecafluoro nonanol 12, 1.6 g of triethylamine,

6.2 g of benzyl p-hydroxybenzoate, 8 g of K2CO3 were

used. The precursor ester 32 was obtained and purified

by column chromatography (ethyl acetate/hexane~1/5)

to yield the precursor ester 32 (7.1 g, 57.5%), which was

hydrogenated using 0.71 g of Pd/C under H2 to yield 6 g

of the acid 42 (95%).

42: Elemental analysis: found C37.0, H2.5, F41.7;

calc. for C22H17F17O7~716.32, C36.89, H2.39, F45.09.

MS m/z~716 (Mz). 1H NMR (CDCl3, 400MHz, d/

ppm): 1.53 (m, 2H, methylene), 1.74 (q, 2H, methylene),

1.83 (q, 2H, methylene), 2.43 (t, 2H, –OOCCH2–), 4.03
(t, 2H, –CH2–O–), 4.58–4.72 (m, 2H, –CF2CH2–), 6.92

(d, 2H, aromatic H), 8.05 (d, 2H, aromatic H), 12 (bs,

1H, –COOH).

6.2.3. 4-Hydroxylphenyl 4-{5-[2-(perfluoro-5-methylhexyl)

ethoxycarbonyl]pentyloxy}benzoate 71
A solution of 41 (2.5 g, 3.86mmol), 4-(benzyloxy)-

phenol (0.772 g, 3.86mmol), DCC (0.796 g, 3.86mmol)

and DMAP (40mg, 0.1 eq.) in 40ml dry CH2Cl2 was

stirred at room temperature overnight. The precipitate

was filtered off and the filtrate concentrated. The

residue was purified by column chromatography (ethyl

acetate/hexane~1/3) to yield 2 g of the precursor 51
(62%). Then 1.85 g of the benzyl ester 51 was hydro-

genated using 0.19 g of Pd/C under a slight pressure of

H2 in a mixed solvent of ethanol and ethyl acetate to

yield the product 71 (1.6 g, 97%).

51: Elemental analysis: found, C50.8, H3.3, F34.0%;

calc. for C35F15H29O6~830.58, C50.61, H3.52, F34.31%.

MS m/z~830 (Mz). 1H NMR (CDCl3, 400MHz, d):

1.53 (m, 2H, methylene), 1.73 (q, 2H, methylene), 1.85

(q, 2H, methylene), 2.39 (t, 2H, –OOC–CH2–), 2.45–

2.54 (m, 2H, methylene), 4.04 (t, 2H, –CH2–O–w–), 4.39
(t, 2H, –CH2–OOC–), 5.07 (s, 2H, –OCH2–w), 6.95 (d,

2H, ArH of –O–w–COO–), 7.06 (dd, 4H, ArH of

–COO–w–O–), 7.33–7.45 (m, 5H, ArH of –CH2–w),
8.13 (d, 2H, ArH of –O–w–COO–). 71: Elemental

analysis: found, C45.8, H3.0, F38.1; calc. for

C28F15H23O6~740.46, C45.42, H3.13, F38.49%. MS

m/z~740 (Mz). 1H NMR (CDCl3, 400MHz, d/ppm):

1.53 (m, 2H, methylene), 1.73 (q, 2H, methylene), 1.85

(q, 2H, methylene), 2.39 (t, 2H, –OOC–CH2–),

2.43–2.54 (m, 2H, methylene), 4.04 (t, 2H, –CH2–O–

w–), 4.39 (t, 2H, –CH2–OOC–), 4.93 (s, 1H, –OH), 6.84
(d, 2H, ArH of –O–w–COO–), 7.00 (dd, 4H, ArH of

–COO–w–O–), 8.12 (d, 2H, ArH of –O–w–COO–).

6.2.4. 4-Hydroxyphenyl 4-{5-[1H-2,5-di(trifluoromethyl)-3,6-

dioxaundecafluorononyloxycarbonyl]pentyloxy}

benzoate 72
A solution of 42 (3 g, 5.02mmol), 4-(benzyloxy)-

phenol (1 g, 5.02mmol), DCC (1.04 g, 5.02mmol) and

DMAP (61mg, 0.1 eq.) in 45ml dry CH2Cl2 was stirred

at room temperature overnight. The precipitate was

filtered off and the filtrate concentrated. The residue

was purified by column chromatography (ethyl acetate/

hexane~1/3) to yield 2.45 g of the precursor ester 52
(65%), which was hydrogenated using 0.25 g of Pd/C

under a slight pressure of H2 in a solvent of ethanol

and ethyl acetate, yielding 72 (2 g, 91%).

52: Elemental analysis: found, C47.1, H2.8, F35.5;

calc. for C35F17H27O8~898.57, C~46.78, H~3.03,

F~35.95. (MS m/z~898 (Mz). 1H NMR (CDCl3,

400MHz, d/ppm): 1.54 (m, 2H, methylene), 1.74 (q,

2H, methylene), 1.85 (q, 2H, methylene), 2.45 (t, 2H,

–OOC–CH2–), 4.04 (t, 2H, –CH2–O–w–), 4.65 (q, 2H,

–CF2–CH2–OOC–), 5.07 (s, 2H, –OCH2–w), 6.95 (d,
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2H, ArH of –O–w–COO–), 7.06 (dd, 4H, ArH of

–COO–w–O–), 7.33–7.46 (m, 5H, ArH of –CH2–w),
8.13 (d, 2H, ArH of –O–w–COO–). 72: Elemental

analysis: found, C 42.2, H 2.5, F 38.8; calc. for

C28F17H21O8~808.45, C 41.60, H 2.62, F 39.95%. MS
m/z~808 (Mz). 1H NMR (CDCl3, 400MHz, d/ppm):

1.54 (m, 2H, methylene), 1.74 (q, 2H, methylene), 1.85

(q, 2H, methylene), 2.45 (t, 2H, –OOC–CH2–), 4.04 (t,

2H, –CH2–O–w–), 4.66 (q, 2H, CF–CH2–OOC–), 6.84

(d, 2H, ArH of –O–w–COO–), 7.00 (dd, 4H, ArH of

–COO–w–O–), 8.13 (d, 2H, ArH of –O–w–COO–).

6.2.5. 4-(Carboxy)phenyl 4-{5-[2-(perfluoro-5-methylhexyl)

ethoxycarbonyl]pentyloxy}benzoate 81
A solution of 1 g (1.54mmol) of 41, 0.35 g (1.54mmol)

of benzyl p-hydroxybenzoate, 0.32 g (1.54mmol) of DCC

and 0.02 g (0.15mmol) of DMAP in 25ml dry CH2Cl2
and 1ml dry THF was stirred at room temperature

overnight. The precipitate was filtered off, and the filtrate

concentrated. The residue was purified by column chro-

matography (ethyl acetate/hexane~1/4) to yield 0.97 g of

the precursor ester 61 (73%). Then 0.6 g (0.7mmol) of 61
was hydrogenated using 0.06 g of Pd/C under a slight

pressure of H2 in a mixture of ethanol and ethyl acetate to

yield 0.46 g of 81 (87%).

61: Elemental analysis: found, C50.9, H3.5, F32.4;

calc. for C36H29O7F15~858.59, C50.36, H3.40, F33.19%.

MS m/z~858 (Mz). 1H NMR (CDCl3, 400MHz, d/
ppm): 1.55 (m, 2H, methylene), 1.73 (q, 2H, methylene),

1.85 (q, 2H, methylene), 2.39 (t, 2H, –OOCCH2–),

2.43–2.54 (m, 2H, –CF2CH2–), 4.05 (t, 2H, –CH2–O–),

4.39 (t, 2H, –COOCH2–), 5.38 (s, 2H, –CH2–w–), 6.96
(dd, 2H, aromatic), 7.29 (dd, 2H, aromatic), 7.35–7.47

(m, 5H, aromatic H), 8.13 (dd, 2H, aromatic H), 8.16

(dd, 2H, aromatic H). 81: Elemental analysis: found, C
45.9, H 3.2, F 36.6; calc. for C29H23O7F15~768.47, C

45.32, H 3.02, F 37.09. MS m/z~768 (Mz). 1H NMR

(CDCl3, 400MHz, d/ppm): 1.54 (m, 2H, methylene),

1.74 (q, 2H, methylene), 1.86 (q, 2H, methylene), 2.39

(t, 2H, –OOCCH2–), 2.43–2.54 (m, 2H, –CF2CH2–),

4.06 (t, 2H, –CF2CH2–), 4.39 (t, 2H, –COOCH2–), 6.97

(dd, 2H, aromatic), 7.34 (d, 2H, aromatic), 8.14 (dd,

2H, aromatic H), 8.19 (d, 2H, aromatic H).

6.2.6. 4-(Carboxy)phenyl 4-{5-[1H,1H-2,5-di

(trifluoromethyl)-3,6-

dioxaundecafluorononyloxycarbonyl]

pentyloxy}benzoate 82
A solution of 3 g (4.2mmol) of 42, 0.96 g (4.2mmol)

of benzyl p-hydroxybenzoate, 0.864 g (4.2mmol) of

DCC and 0.052 g (0.42mmol) of DMAP in 30ml dry

CH2Cl2 and 3ml dry THF was stirred at room

temperature overnight. The precipitate was filtered off

and the filtrate concentrated. The residue was purified

by column chromatography (ethyl acetate/hexane~1/5)

and recrystallized from methanol to yield 3.1 g of the

precursor ester 62 (88.4%). Then 62 (1.5 g, 1.62mmol)

was hydrogenated using 0.15 g of Pd/C under a slight

pressure of H2 in a mixture of ethanol and ethyl acetate

to yield 1.2 g of 82 (68.5%).
62: Elemental analysis: found, C46.7, H2.90, F34.4;

calc. for C36H27O9F17~ 926.58, C46.66, H2.94, F34.86%.

MS m/z~926 (Mz). 1H NMR (CDCl3, 400MHz, d/

ppm): 1.54 (q, 2H, methylene), 1.74 (q, 2H, methylene),

1.87 (q, 2H, methylene), 2.45 (t, 2H, –OOCCH2–), 4.04

(t, 2H, –CH2–O–), 4.59–4.72 (m, 2H, –CF2CH2–), 6.96

(dd, 2H, aromatic H), 7.29 (dd, 2H, aromatic H),

7.35–7.46 (m, 5H, aromatic H), 8.13 (dd, 2H, aromatic
H), 8.14 (dd, 2H, aromatic H). 82: Elemental analysis:

found, C 41.7, H 2.5%, calc. for C29H21 F17O9~836.45,

C 41.64, H 2.53, F 38.62%. MS m/z~836 (Mz).
1H NMR (CDCl3, 400MHz, d/ppm): 1.53 (m,

2H, methylene), 1.74 (m, 2H, methylene), 1.83 (m,

2H, methylene), 2.43 (t, 2H, –OOCCH2–), 4.03 (t, 2H,

–CH2–O–), 4.58–4.72 (m, 2H, –CF2CH2–), 6.92 (d,

2H, aromatic H), 7.35 (d, 2H, aromatic H), 8.15 (d,
2H, aromatic H), 8.20 (d, 2H, aromatic H).

6.2.7. Preparation of the acid/base hydrogen-bonded

complexes between the acids 4n and 4,4’-dipyridyl
In the general procedure used to prepare acid/base

hydrogen-bonded complexes, a 2 : 1 molar ratio of one

of the acids (4n) and 4,4’-dipyridyl was dissolved in dry

THF. The solvent was then removed by heating and the

residue further heated to melt into an isotropic liquid; it

was then cooled to ambient temperature.
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