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The structure of the thermotropic cubic phases of 4 ¾ -n-alkoxy-3 ¾ -nitrobiphenyl-4-carboxylic
acids (ANBC-n, where n indicates the number of carbon atoms in the alkoxy group) was
studied by X-ray diVraction. For the homologues with n= 15, 16, 17, and 18, the cubic phase
was of an Ia3d type, whereas the homologues with n= 19, 20, and 21 exhibited an Im3m cubic
structure; for these seven homologues the same type of cubic structure was observed both on
heating and cooling. Further lengthening of the alkoxy chain to n= 22 and 26, however, gave
two types of cubic structure in the cubic phase region on heating, one with Im3m symmetry
in the low temperature region and the other with Ia3d symmetry in the high temperature
region. On cooling, the two homologues exhibited the Ia3d cubic structure only. This is the
� rst example in the cubic phase region of a series of homologues containing two types of
structure, dependent on temperature and n. Such a complicated phase diagram in the cubic
region is clearly understood qualitatively in terms of Gibbs free energy–temperature diagrams.
The dependence of structural parameters such as the cubic lattice constant on the alkoxy
chain length n are also presented and discussed.

1. Introduction of one component to the other greater than 1. Our
Thermotropic cubic liquid crystalline phases are one understanding in this � eld is, however, still far from

of the most fascinating phases in the � eld of liquid complete and systematic studies are needed to elucidate
crystals, in that some kinds of optically anisotropic rod- the key factors governing the transitions between those
like molecule form an optically isotropic organization in cubic and other anisotropic phases and the relationship
a certain temperature range, neighboured by other aniso- between the structural unit and the cubic structure
tropic phases with lamellar, hexagonal, or columnar formed.
structures [1]. The same type of phase is seen in 4 ¾ -n -Alkoxy -3 ¾ -nitrobiphenyl -4-carboxylic acids
lyotropic systems such as lipid–solvent systems [2] and (designated as ANBC-n, see the structure) are well known
also in the � eld of block copolymers [3]. Regardless of for exhibiting one of the thermotropic cubic phases,
the diversity of chemical systems exhibiting cubic phases, labelled cubic D (CubD) [4–31]. The phase behaviour of
they share the common feature of consisting of two ANBC-n and the structure of the CubD phase have been
incompatible components, e.g. aliphatic vs aromatic, investigated by optical microscopy [4, 5, 9, 17], refractivity
apolar vs polar, or soft vs hard components, with a ratio [6], X-ray diVraction [7, 8, 12, 14, 16, 21, 25, 27, 28, 31],

NMR [13, 20], viscoelastic measurements [18, 23],
infrared spectroscopy [19, 26], adiabatic calorimetry*Author for correspondence; e-mail: kutsu@cc.gifu-u.ac.jp
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1448 S. Kutsumizu et al.

GCMS QP-1000 system, respectively. The phase trans-
itions and thermal stability were examined using a Seiko
Denshi DSC-210 and TG/DTA-300 interfaced to a TA
data station (SSC 5000 system). The measurements were
performed under a dry N2 � ow of c. 40 ml min Õ 1

for DSC
and of c. 200 ml min Õ 1

for TG/DTA; the scanning rateStructure. Chemical structure of ANBC-n.

was 5 K min Õ 1
for both measurements. The texture of each

mesophase was observed using a Nikon Optiphot-pol
[22, 24, 29, 30] and so on. The number of carbon atoms XTP-11 polarizing optical microscope (POM) equipped
in the alkoxy group, n, is a key factor for forming the with a Mettler FP82 hot stage and a Mettler FP80
CubD phase; the CubD phase appears when n" 15, central processor at a heating/cooling rate of 5 K min Õ 1

.
and the temperature region widens monotonously with X-ray diVraction (XRD) patterns at elevated temper-
increasing n [17]. For n = 16 and 18, the space group atures were obtained from powder samples contained in
of the phase has already been identi� ed as Ia3d thin glass capillaries of 1.5 mm diameter which were placed
[8, 16, 21] and it was reasonably assumed at that time in a Mettler FP82HT hot stage, and the temperature
that the space group of the remaining homologues would was controlled within Ô 0.1 ß C by a Mettler FP90 central
be the same. processor. The accuracy of the temperature was checked

Recently, we found that one homologue having a very by using a calibrated Fe–constantan thermocouple. The
long alkoxy chain, n= 26, forms two types of cubic following two set-ups were used.
phase, one with Im3m and the other with Ia3d symmetry,

(a) A MAC Science X-ray generator (M18XHF) wasand the Im3m cubic phase is transformed into the Ia3d
operated with a copper target at 40 kV and 30 mA,cubic phase at 435 K on heating [25, 28]. This was
and the CuK a radiation (l= 0.154 nm) was point-the � rst example of a thermotropic cubic–cubic phase
focused with Huxley–Holms optics. The scatteredtransition in a one-component system, although a few
X-rays were detected by a one-dimensional pro-examples have been reported in lyotropic binary or
portional counter (PSPC) with an eVective lengthternary mixtures, where the phase behaviour is a function
of 10 cm. The distance between the sample andof the water content [2, 32, 33]. Moreover, this � nding,
the PSPC was about 40 cm, and the geometry waswhich was accomplished by using a high resolution,
further checked using chicken tendon collagen,small angle X-ray scattering (SAXS) apparatus, obliged
which gives a set of sharp diVractions correspond-us to re-examine the space group of the cubic phases of
ing to a spacing of 65.3 nm, and by a-stearicother homologues than n= 16, 18 and 26.

This paper reports the phase type as a function of acid giving a set of diVractions for 3.95 nm. The
temperature (T ) and alkoxy chain length n in the region accumulation time for each measurement was
labelled CubD. An attempt is made to interpret the 500–3600 s, depending on the intensity obtained
behaviour in terms of Gibbs free energy (G)–T diagrams. and the quality needed.
The dependence of structural parameters such as the (b) A Rigaku R-AXIS IIC X-ray system was used
cubic lattice constant on the alkoxy chain length n is and operated with a copper target at 40 kV and
also presented and discussed. Part of the results was 150 mA, and the CuK a radiation was collimated
presented at ILCC 2000 in Sendai [31]. into the sample capillary. The scattered X-rays

were recorded on a two-dimensional imaging plate
2. Experimental (IP) camera with an eVective area of 20 Ö 20 cm

2
;

2.1. Preparation the camera distance was 20 cm. The exposure time
The ANBC-n compounds were prepared according to for each measurement was 5–10 min.

the method of Gray et al. [4, 34]. The samples were
Viscoelastic measurements were performed by usingrecrystallized from ethanol several times and con� rmed

a Rheometric Dynamic Stress Rheometer RDS-II.as fully pure by infrared (IR),
1
H NMR, mass spectro-

The parallel plate shear geometry was employed andscopy (MS), thin layer chromatography, diVerential
the samples were sandwiched between two plates at ascanning calorimetry (DSC), and elemental analysis.
temperature above the melting point under a N2 gas
atmosphere. The diameter of the plate and the gap2.2. Measurements
between the two plates were 25 and 1 mm, respectively.IR spectra were recorded with a Perkin-Elmer 1640
In the isochronal experiments, the rate of heating wasand a Perkin-Elmer system 2000 Fourier transform IR
1 K min Õ 1

, and the strain amplitude was maintained atspectrometer.
1
H NMR and MS spectra were recorded

using a JEOL JNM-a400 spectrometer and a Shimadzu less than 0.5%.
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1449Cubic phases of ANBC-n

3. Results

Figure 1 shows the phase diagram for each ANBC-n.
The cubic phase is formed for the homologues with
n" 15. As the alkoxy chain length n is increased, the
smectic C (SmC) to Cub phase transition temperature
falls monotonously, while the Cub to smectic A (SmA)
(or a structured liquid I1 ) [9, 11, 17, 28] phase transition
temperature is almost independent of n; as a result,
the temperature region of the Cub phase widens with
increasing n. Thus, it can be said that the Cub phase is
stabilized with lengthening alkoxy chain.

One of the main objects of the present studies was to
construct a ‘phase diagram’ within the Cub phase region,
and the phase types determined by XRD measurements
(the details of which are mentioned and discussed below)
are already shown in � gure 1. The result reveals the
presence of two types of Cub phase in the region, one
with Im3m (and denoted Cub I in this paper) and the
other with Ia3d symmetry (Cub II). A noteworthy feature
of the Cub phase region is that the Im3m Cub phase
region intervenes between two regions of Ia3d Cub
phase; the homologues n = 15, 16, 17, and 18 exhibit an

Figure 2. XRD patterns of the Im3m Cub (Cub I) phases ofIa3d Cub phase, in agreement with previous reports for
various ANBC-n homologues. The pattern was detectedn= 16 [8] and 18 [16, 21], whereas those of n = 19, 20, by PSPC and Miller indices are shown in the � gure.

and 21 exhibit an Im3m Cub phase, and for n= 22 and
26, the Ia3d type was again observed in their high
temperature region.

The XRD patterns of the various ANBC-n homo-
logues in the Cub I phase are presented in � gure 2 and
the patterns in the Cub II phase are shown in � gure 3.
Here, the abscissa q is de� ned as q= (4p/l) sin h, with

Figure 3. XRD patterns of the Ia3d Cub (Cub II) phases ofFigure 1. Phase diagram for ANBC-n (Cr, crystal; SmC/A,
smectic C/A; Cub, cubic; I1 , I2 , isotropic liquid phases). various ANBC-n homologues. The pattern in (a) was

recorded on IP and those in (b)–( f ) were detected byThe space group of the Cub phases, determined by XRD
measurements, is also shown. PSPC; Miller indices are also shown in the � gure.
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1450 S. Kutsumizu et al.

l= 0.154 nm and h = the scattering angle. The Cub I In the � gure, open and � lled symbols represent the data
phase exhibits 6 to 11 diVraction peaks the Miller indices on heating and cooling, respectively. Four points are
of which (h k l ) all satisfy h+ k+ l= 2n (n= integer). noted:
6 space groups of cubic systems match this condition

(1) The slopes of the d versus T plots are all slightlyand the most symmetric case is the space group Im3m.
negative. This means for the SmC phase, a thinningThus, the phase is most probably identi� ed as having
of the SmC layer thickness with increasing T , andthe space group Im3m. For the Cub II phase, on the
for the Cub region, a contraction of the unit latticeother hand, the number of diVraction peaks detected by
with T . In a separate experiment, for ANBC-22,one-dimensional PSPC was usually very small and some-
the speci� c volume was found to increase withtimes only one or two peaks were seen, which made it
increasing T in both the Cub I and II regionsa problem to determine the space group unambiguously.
[36]. Therefore, the number of molecules formingAs shown in � gure 3 (a), in the two-dimensional IP
a cubic unit lattice is not constant and decreasesimage, the patterns of the Cub II phase often became
with increasing T . We shall call this the ¯ uidspot-like because of the easy growth of fairly large
nature of the Cub phases, in that it is similar to thedomains [5, 7]. This tendency was signi� cant for the
number of liquid water molecules in a unit volumehomologues with smaller n such as n= 15 and 16.
which varies with temperature, and it de� nitelyHowever, careful duplicate measurements using both
distinguishes them from disordered crystals. ThePSPC and IP, and running the samples to a given
table summarizes the apparent thermal volumetemperature through a relatively rapid heating or cooling
expansion coeYcient a of the Cub phases of theprocess, led us to the conclusion that the diVractions
ANBC-n homologues; this was estimated by usingwith lower indices (1 0 0), (1 1 0), (1 1 1), (2 0 0) and
the relation a= (1/a3

) (qa3
/qT ), where a is the(2 1 0) are always absent for the Cub II phase, and

cubic lattice constant. Here, ‘apparent’ impliestwo space groups I43d and Ia3d match the condition.
that such a de� nition is not strictly allowed fromSince the space group Ia3d is frequently adopted in the
a thermodynamic point of view.literature for lyotropic cubic systems [2, 35], Ia3d is

(2) For n= 15–17, the variation of the SmC layerselected for the Cub II phase. In fact, higher indices
spacing with T is roughly linear and seems(2 1 1), (2 2 0), (3 2 1), (4 0 0), (4 2 0) and (3 3 2), which
continuous with the temperature variation of theare observable for both Ia3d and I43d, were observed,
Cub II (2 1 1) spacing across the phase boundary.but for example, the diVraction (3 1 0), observable only
This suggests the existence of an epitaxial relation-for I43d, was not.
ship between the two phases, very similar to theFigure 4 summarizes the plots of d-spacing versus

temperature T for all ANBC-n examined except n= 18. case of lyotropic cubic systems at the lamellar to

Table 1. Apparent thermal volume expansion coeYcients a (in K Õ 1
), determined by XRD

a
, of the Cub phases of ANBC-n.

n Im3m Cub phase Ia3d Cub phase

16 heating — Õ 7 Ö 10 Õ 4
(451–471 K)

b

cooling — no data
17 heating — Õ 1.3 Ö 10 Õ 3

(442–469 K)
cooling — Õ 1.4 Ö 10 Õ 3

(424–463 K)
18 heating — Õ 1.0 Ö 10 Õ 3

(434–469 K)
cooling — Õ 1.4 Ö 10 Õ 3

(409–464 K)
19 heating Õ 4 Ö 10 Õ 5

(426–467 K) —
cooling Õ 3 Ö 10 Õ 4

(403–463 K) —
20 heating Õ 9 Ö 10 Õ 4

(421–469 K) —
cooling Õ 9 Ö 10 Õ 4

(391–465 K) —
21 heating Õ 9 Ö 10 Õ 4

(414–469 K) —
cooling Õ 7 Ö 10 Õ 4

(382–463 K) —
22 heating Õ 1.3 Ö 10 Õ 3

(411–454 K) Õ 6 Ö 10 Õ 4
(454–469 K)

cooling — Õ 3 Ö 10 Õ 4
(385–464 K)

26 heating Õ 2.3 Ö 10 Õ 3
(395–428 K) Õ 7 Ö 10 Õ 4

(428–467 K)
cooling — Õ 8 Ö 10 Õ 4

(366–462 K)

a
a= (1/a3

) (qa3
/qT ), where a is the cubic lattice constant.

b
Temperature region of each phase in parenthesis.
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1451Cubic phases of ANBC-n

Figure 4. Plots of d-spacing versus temperature (T ) for all ANBC-n examined except n= 18; open and � lled symbols represent
the data on heating and cooling, respectively.

Ia3d Cub phase transition [37]. For n = 19–21, cooling, however, the Cub I (2 2 2) spacing seems
to change continuously into the SmC spacingthe SmC layer spacing seems to change into the

spacing of the Cub I (3 2 1) phase with a small across the phase boundary. For n= 22 and 26,
the highest density plane changes from the SmCdiscontinuity on heating. The (3 2 1) plane was

the highest density plane of the Cub I phase. On layer plane to the Cub I (3 2 1) plane and to the
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1452 S. Kutsumizu et al.

Cub II (2 1 1) plane with small discontinuities
at the phase transitions. To obtain de� nite con-
clusions, however, further detailed experiments are
necessary using oriented samples.

(3) Reversibility: For n= 17 and 19–21, the d versus
T plot in the Cub temperature region on cooling
(� lled circles) is completely superposed on the plot
for heating (open circles), except that the region
becomes extended on the lower temperature side
owing to supercooling. Thus, the type of Cub
phase is the same both on heating and cooling for
these homologues. For n= 22 and 26, on the other
hand, two types of Cub phase are present on
heating, the Cub I phase with Im3m symmetry in
the low temperature region and the Cub II phase
with Ia3d symmetry in the high temperature
region. On cooling, only the Cub II phase is
observed, the Cub I phase being absent. Probably,
the formation of the Im3m Cub phase is strongly
aVected by the preceding phase structure on the
thermal cycle used for n= 22 and 26. There have
been reports about similar observations [23, 38, 39].

(4) For n= 26, a hexagonal columnar (Hex) phase
Figure 5. (Top) XRD pattern of ANBC-18 recorded atappears with a temperature interval of only 2 K

458.5 K in the Cub phase region on heating; two Cub
on cooling. This phase was detected by both POM lattices are present and their Miller indices are shown in
and XRD [28]. Regarding this, it has been reported the � gure. (Bottom) Plots of d-spacing versus temperature

(T ) for ANBC-18, where open and � lled symbols representthat a metastable S4 [9–11] or a tetragonal [21]
the data on heating and cooling, respectively.phase is frequently observed for the shorter alkoxy

ANBC-n such as n = 16 and n= 18 especially by
same time or else a structural � uctuation between thePOM before the change into the Cub phase on
two phases with time, because the presence of smallcooling. The existence of this, however, was not
air bubbles in the capillary tubes changes the sampledetected by the present XRD studies.
position being irradiated slightly from time to time

In our previous publication [27], the cubic phases of during the measurement, causing a change in the total
n= 19 and 20 were assigned to the space group Ia3d and intensity with time. Since this is a pure one-component
the same assignment was made to the cubic phase for system, it is not easy to accept the coexistence of two
n= 22 at 433 K. These assignments have been corrected Cub phases because it is not thermodynamically allowed.
by the present XRD characterization by using a high Thus, a structural � uctuation between the two is more
resolution SAXS apparatus. likely. This unusual observation was con� rmed in triplicate

Figure 4 does not include the data on ANBC-18; these experiments for n = 18, but never found for ANBC
are shown separately in � gure 5. Crudely speaking, in homologues other than n= 18.
the d-spacing versus T plots, the Ia3d type Cub II phase Figure 6 shows the temperature dependence of
was observed both on heating and cooling, as reported the storage modulus (G ¾ ) and loss modulus (G ² ) at
by other researchers [16, 21], and an epitaxial relation 62.8 rad s Õ 1

for ANBC-18 in the Cub temperature region
is obtained between the SmC layer spacing and the on heating. As observed for other ANBC-n homologues
Cub II (2 1 1) spacing at the phase boundary, as seen for in the Cub phase [18, 23], the G ¾ value is around
n= 15–17 in � gure 4. Very surprisingly, as shown in the 10

7
dyn cm Õ 2

(1 dyn cm Õ 2 = 0.1 Pa), much higher than
pattern in the upper part of � gure 5, the ‘coexistence’ of the usual values for smectic phases (10

3
–10

4
dyn cm Õ 2

).
another series of diVraction peaks of the Im3m type was It is clear that the high value of G ¾ re� ects the three-
very often observed in the high temperature region dimensionally isotropic organization of this phase; smectic
above # 450 K on heating. These are plotted with the phases can � ow through a slippage of layers without a
symbol { in the plots in the lower part of the � gure. breakdown of the structure, whereas the three-dimensional
It is not certain at this stage whether this observation network structure of the Cub phases could oVer resist-

ance to the shear distortion. A signi� cant fact not seenreally indicates the coexistence of two Cub phases at the
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1453Cubic phases of ANBC-n

transition entropy have opposite signs and the entropy
is virtually transferred from the core to the alkyl chain.

On the basis of their interpretation, the present XRD
characterization of the Cub phases has enabled us to
depict the G versus T curves as diagrams for various chain
lengths n, where the slope of the G± T curve corresponds
to the entropy of the phase. Figure 7 schematically
illustrates the G± T curves for the SmC, Im3m Cub, Ia3d
Cub, and isotropic liquid (I ) phases. The G± T curve for
the SmA phase of n = 16 and the distinction between
the I1 (a structured liquid) and I2 (the true isotropic
liquid) phases are neglected for clarity. An important
point is that the dependence of the Cub phase type on
n and T (� gure 1), which seems complicated at � rst sight,
is thermodynamically allowed by postulating diVerent
dependences on n of the G± T curves for the two Cub
phases; as depicted in ( f ) and ( g), the n dependence of
the slope of the G± T curve for the Ia3d Cub phase would

Figure 6. Temperature dependence of the storage modulus
(G ¾ ) and loss modulus (G ² ) at 62.8 rad s Õ 1

for ANBC-18
in the Cub temperature region on heating (heating rate:
1 K min Õ 1

).

for other homologues in the Cub phase is that the G²
value, which is constant with temperature below # 450 K,
steeply increases above this temperature, suggestive of the
existence of a structural relaxation . This fact is probably
related to the unusual XRD observation mentioned
above, and so it is concluded that the Ia3d Cub structure
of ANBC-18 is severely subject to thermal � uctuations
above # 450 K, resulting in the transformation between
the Ia3d Cub and Im3m Cub structures. As discussed
later, a reason why this happens only for ANBC-18 may
arise from the close proximity of the Gibbs free energy
versus temperature curves for the two Cub phases.

4. Discussion

4.1. Gibbs free energy versus temperature curves for the
two Cub phases

Professors Sorai and Saito and their colleagues have
precisely measured heat capacities of the ANBC-n homo-
logues with diVerent chain lengths n = 16, 18 and 22 by
adiabatic calorimetry, and the excess entropy acquisition
with temperature was determined [22, 24, 29, 30]. The Figure 7. Schematic Gibbs free energy (G) versus temperature

(T ) curves for the SmC, Im3m Cub, Ia3d Cub, and isotropicsequence of SmC, Im3m Cub, and Ia3d Cub phases was
liquid (I) phases of various ANBC-n. The G± T curve fordeduced from an analysis of the chain length dependence
the SmA phase of n= 16 and the distinction between theof the SmC to Cub transition entropy (DSSm C-Cub ). They
I1 and I2 phases are neglected for clarity in this � gure. In

also postulated the ‘alkyl chains as entropy reservoir’ ( f ) and (g), the n dependence of the G± T curve for the
mechanism for the SmC to Cub phase transition; the Im3m Cub phase and that for the Ia3d Cub phase are

shown, respectively.contributions of the core and the alkyl chain to the
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1454 S. Kutsumizu et al.

be larger than that for the Im3m Cub phase. To con� rm linearly with increasing T . The thinning of the SmC
layer with increase of T is characteristic of the phase whenthis postulate further, calorimetric measurements for n=

20 are currently in progress. it exhibits any Cub phase on the higher temperature
side (at least for ANBC-n homologues).Another feature of the G± T diagrams is that for n=18

the G± T curves for the two Cub phases can be very close The negative slope dL Sm C/dT varies with n, and is
presented in � gure 9, together with the plots of the SmCto each other in the high temperature region of the Cub

phase. Therefore, the observation of the ‘coexistence’ layer thickness at the SmC to Cub transition temperature
(TSmC-Cub ) as a function of n. As n increases from n= 15,of the two Cub phases (� gure 5) may be qualitatively

understood by considering the proximity of the two G± T the dL Sm C/dT value initially slowly decreases, but beyond
n= 18 decreases strongly showing a strong odd–evencurves and the resulting thermal � uctuations between

the two states. alternation. The type of the Cub phase neighboured by
the SmC phase is changed from Ia3d to Im3m beyondIn conjunction with the Cub phase of ANBC-18,

Levelut and Fang [16] and Levelut and Clerc [21] n= 18. On the other hand, the SmC layer thickness at
TSm C-Cub increases with increasing n, but the incrementidenti� ed the Cub phase of the n= 18 cyano analogue,

4¾ -n-octadecyloxy-3 ¾ -cyanobiphenyl-4-carboxylic acid (often with n changes between n! 18 and n" 19, which also
corresponds with the cubic type neighboured by thedenoted as ACBC-18), as having the space group Im3m.

Initially, these reports confused us, because the space SmC phase. The linear least-squares � ts gave a relation
of L SmC=2.46+0.122n for n! 18 and L SmC=1.87+0.148ngroup of the Cub phase seemed to be entirely Im3m for

the ACBC-n homologues and very sensitive to the type for n" 19.
It may be said that the intercept at n = 0 correspondsof the side group at the 3 ¾ position of the biphenyl core,

i.e. CN or NO2 . The phase diagram of � gure 1, however, to the eVective core size, which is diVerent between
n! 18 and n" 19. The eVective core size was deducedshows that the cubic phase of ANBC-19 is of Im3m type

and thus, the Im3m type of ACBC-18 is now not so to be 2.46 nm for the shorter alkoxy ANBC-n and
1.87 nm for the longer alkoxy homologues, while thesurprising.

4.2. T emperature dependence of the SmC layer spacing
for various ANBC-n homologues

Figure 8 shows the temperature dependence of the
SmC layer spacing for various ANBC-n homologues on
heating. When the temperature T is raised, the SmC
phase of n" 15 undergoes a transition to a Cub phase
with Ia3d or Im3m symmetry, whereas that of n= 14 is
transformed into the SmA phase. In � gure 8, for all n
except n = 14, the layer spacing (L SmC ) decreases almost

Figure 9. (a) Plots of the SmC layer spacing (L Sm C ) just below
the SmC to Cub transition temperature (TSmC-Cub ); and

Figure 8. Temperature dependence of the SmC layer spacing (b) of the variation of L SmC with temperature (T ) (dL SmC/dT ),
as functions of the alkoxy chain length n.(L SmC ) for various ANBC-n homologues on heating.
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1455Cubic phases of ANBC-n

Figure 10. Schematic diagrams of the molecular organizations in the SmC phase for (a) ANBC-15, (b) ANBC-18 and (c) ANBC-20.

core size estimated by using Chem 3D software was
2.4 nm. Furthermore, the tilt angle b in the SmC phase
could be estimated using the relation cos b= L SmC /L SmA ,
where L Sm A is the layer thickness of the SmA phase. The
b values lay between 16 ß and 23ß for n= 14–17.

On the basis of these results, the molecular organization
in the SmC phase is schematically depicted in � gure 10.
Although the structural model is probably oversimpli� ed,
one feature is noted: for the homologues whose SmC
phase is transformed into the Ia3d type Cub II phase at
a higher temperature, the core is only slightly tilted with
respect to the layer normal in the SmC phase, whereas
for those into the Im3m type Cub I phase, the core is
strongly tilted. This probably re� ects the fact that in the
SmC phase the core–core interaction is stronger in the
longer alkoxy homologues than in the shorter ones, as
a consequence of the larger deviation from 1 of the
volume ratio of the aliphatic tail to aromatic core part,
a factor which seems to be closely connected to the
molecular organizations in the two Cub phases on the
high temperature side.

4.3. L attice parameter versus alkoxy chain length for the
two Cub phases

Figure 11 shows plots of the cubic lattice constant a
versus alkoxy chain length n for the two Cub phases.
The a value of the Im3m Cub phase increases almost
linearly with n, with the relation a= 9.8+ 0.38n. For the
Ia3d Cub phase, on the other hand, the dependence
of the a value on n is divided into two straight lines,
a= 5.7+ 0.32n for 15! n! 18 and a = 7.3+ 0.19n for
22! n! 26; we could � nd no relation for the whole
n region.

For the Ia3d Cub phase, the most accepted structure
is a bicontinuous type. Luzzati and Spegt postulated

Figure 11. Plots of the cubic lattice constant a versus alkoxya skeletal structure for the Ia3d Cub phase ( labelled
chain length n for the two Cub phases, where straightQ phase) of anhydrous strontium soaps, which shows
lines represent least-squares � ts for the data. The a valuethat rod-like micelles are joined 3-by-3 to form two sets
for the Im3m Cub I phase was calculated from the data

of interwoven networks [35]. An alternative description at # 425 K and that for the Ia3d Cub II phase from the
is the in� nite periodic minimal surface (IPMS) model data at # 455 K, but the temperatures were not exactly

the same, depending on the phase region.and the G-surface corresponds to the Ia3d Cub structure
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[40–42]. The molecular structure of anhydrous stron- As expected, the former factor is enhanced when the
temperature is raised or the length of the alkyl chain istium soaps consists of the strontium carboxylate core

(± COO Õ Sr
2+ Õ OOC ± ) and alkyl chains at both ends. increased, so deforming the ANBC-n dimers to a shape

like two truncated cones with the two tops joined, whereIt is generally considered that the core part forms the
‘skeletons’ in the skeletal graph and the alkyl chain � lls cubic mesophases are favoured. In the case of the latter

factor, on the other hand, weakening of the hydrogenthe remaining space between the skeletons; in the IPMS
description, correspondingly, the methyl end groups form bonding caused by raising temperature would contribute

to putting the deformation slightly back towards athe G-surface. This picture, however, is not so certain
as the bicontinuous structure, and the reverse picture, cylindrical shape and to reducing the curvature of the

layer. For n= 22 and 26, the aggregation interactioni.e. with the methyl end group of the chain on the
skeletons, may be possible [43]. between the core parts in the temperature region of the

Ia3d Cub phase would become weaker than in the Im3mFor ANBC-n, the basic units constructing the cubic
structure are hydrogen-bonded ANBC-n dimers [19], in Cub region. The dynamic viscoelastic measurement for

ANBC-22 gave a result supporting this consideration;which the aromatic part and the dimeric COOH groups
act as the core with long alkoxy chains at both ends, in the temperature region of the Im3m Cub phase, the

storage modulus (G ¾ ) is one magnitude larger than thesimilarly to the strontium soaps. In fact, the increment
in the lattice constant a with respect to the alkoxy chain loss modulus (G ² ) at 6.28 rad s Õ 1

, whereas the values of
both are almost the same in the Ia3d Cub region,length n for 15! n! 18 is almost the same in the case

of the anhydrous strontium soaps (a= 7.5+ 0.35n for re� ecting the closer nature to a true liquid compared
with the Im3m Cub phase [18, 23]. In the schematicn= 12, 14, 16, 18, 20, 22) [35]. The diameter of the rod-

like micelles is approximately estimated as D = (a Ó 5)/8 G± T diagram in � gure 7, this is represented by the fact
that the slope of the G± T curve (and thus, the entropy)by calculating the distance between two adjacent but

not connecting rods [27, 35]. Here, note that D is not of the Ia3d Cub state is larger than that of the Im3m
Cub state.the diameter of the ‘skeleton’ in the skeletal graph. For

n" 15, the D are 5–35% less than the length of the The structure of the Im3m Cub phase is mysterious.
Luzzati and coworker proposed a structure of lyotropicANBC-n dimer in the extended form. This indicates that

in the Ia3d Cub phase, D corresponds to the length of Cub phases with Im3m symmetry using a skeletal graph,
where the skeletons forming the networks are joined notone dimer with substantially curled alkoxy chains.

For 22! n! 26, in addition to the Ia3d Cub phase, 3-by-3 but 6-by-6, so that they are directed parallel to
one of three lattice axes [2]. The problem of applyingthe ANBC-n exhibit the Im3m Cub phase on the low

temperature side on heating, and the increment of a for this structure to the Im3m Cub phase of the ANBC-n
arises from the fact that the diameter of the rod-likethe Ia3d Cub phase with n is much diminished compared

with the region 15! n! 18. Moreover, the a value for micelles corresponds to the length of two ANBC-n
dimers or more [28]. In the lyotropic Im3m Cub phases,n= 22 is very close to that of n= 18, which implies a

decreased number of molecules constructing a unit lattice, the (1 1 0) diVraction peak is the most intensely observed
[2], which is readily understood on the basis of Luzzati’sre� ecting the decreased curvature in the G-surface.

Here, we simply consider the ratio of a to the molecular skeletal graph. For the Im3m Cub phase of the ANBC-n,
however, the most intense plane is (3 2 1) as seen inlength (or n) as a measure of the curvature. We have

attributed this behaviour to weakening of the hydrogen- � gure 2, which suggests that the structure is less simple
than Luzzati’s model.bonded COOH linkage in the ANBC-n core part.

According to the packing considerations � rst postulated In the IPMS description, the P-surface describes the
Im3m Cub structure [40–42]. For the Im3m Cub phaseby Israelachvili for lyotropic systems [44], the average

shape of the building unit plays a key role in forming a of an ANBC-n analogue, i.e. ACBC-18, a modi� ed
version of the P-surface has been proposed using a spacevariety of aggregation structures, and if the average

shape is regarded as cylinder-like, a � at layer structure foliation; the Cub phase contains three continuous
surfaces [21]. The total surface area per unit lattice Sis constructed, but the deformation from a cylinder to a

truncated cone results in a strong curvature of the layer is given by S= 5.39a2
[21], where a is the lattice

constant. In the case of an Ia3d cubic IPMS of type G,structure, giving rise to a rod-like micelle, and as an
intermediate aggregation state, cubic mesophases are the corresponding relation is S= 3.091a2

[43]. Provided
that the surface of area S is covered by the methyl endrealized. In the ANBC-n, it is reasonable to consider

that two competing factors, the extension in space of groups on both sides, the alkyl chain area A, re� ecting
the thermal motion of the methyl end group, is de� nedthe alkyl tails vs the eVective volume of the ANBC-n

core part containing the hydrogen-bonded COOH link- as A= S/(N0 /2); and N0 , the number of methyl groups
in the unit lattice, is given by (ra3

)/(M/NA ), where r isage, determines the average shape of the building unit.
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