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The phase behaviour of the binary systems 4/-n-tetradecyloxy-3/-nitrobiphenyl-4-carboxylic
acid (ANBC-14)-7-alkane ("-tetradecane or -hexadecane) was investigated by differential
scanning calorimetry, polarizing c%ptlcal mlcroscopy, and X-ray diffraction. The phase behaviour
was a function of temperature () and the effective carbon number of the system (%), where
n* involves carbon atoms both from the alkoxy group of ANBC-14 and from the "-alkane
added. ANBC 14 shows no cubic phase but the addition of ”-alkane induced cubic phases
when #*=¢. 15. An mterestmg pomt is that the type of cubic phase is lazd for 15=n*= 17,
while an 1m3m type is formed for 18= n*= 20. Furthermore, for 7* = 22, two types of cubic
phase, one with /m3m symmetry in the low temperature region and the other with la3d in

the high temperature region, were observed both on heating and cooling. The phase diagram
with respect to T and 7* is very similar to that of pure one-component ANBC-, which is a
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4'-n-tetradecyloxy-3'-nitrobiphenyl-4-carboxylic acid

function of T and the number of carbon atoms in the alkoxy group 7.

1. Introduction

Thermotropic cubic liquid crystalline phases have
been attracting much attention recently and many types
of compound exhibiting thermotropic cubic phases
have been synthesized and characterized [ 1-3]. Among
them, one of the most famous classes of compound is
probably the 4'-”-alkoxy-3'-nitrobiphenyl-4-carboxylic
acids, designed as ANBC-", where 7 is the number of
carbon atoms in the alkoxy group. These compounds
were first synthesized by Gray and co-workers in 1957
[4] and the "= 16 and "= 18 homologues have long
been known to exhibit thermotropic cubic phases,
initially called the smectic D phase [5, 6], later D [7, 87,
cubic D, or simply cubic (Cub) phase [ 3]. The molecular
structure is very simple, having a biphenyl core with a
long alkoxy chain at the 4'-position, a hydrogen-bonding
carboxylic acid group at the 4-position, and at the side,
in the 3'-position, a nitro group of large dipole moment.
Roughly speaking, the molecular shape is rod-like. Such

* Author for correspondence; e-mail: kutsu@cc.gifu-u.ac.jp

optically anisotropic rod-like molecules form an optically
isotropic cubic organization in a certain temperature
range [ 5, 6, 9, 10], neighboured by other optically aniso-
tropic phases with lamellar structures such as smectic C
and A (SmC and SmA) phases, or the isotropic liquid
(I) phase, when 7= 15, and the temperature region
widens monotonously with increasing 7 [10]. Thus, it
is clear that the number of carbon atoms in the alkoxy
group " is a key factor for forming the Cub phase, and
lengthening the alkoxy tail stabilizes the Cub phase(s).
The structure of the Cub phase for = 16 was identi-
fied as being of the space group 143d, and reasonably
assumed to be a bicontinuous type [ 7], by analogy with
the structure of a lyotropic cubic phase (labelled Q phase)
first postulated by Luzzati and co-workers, where rod-
like micelles are joined 3-by-3 to form two sets of inter-
woven networks (a skeletal graph) [11]. It is generally
considered that the aromatic core part forms the
‘skeletons’ in the skeletal graph and the alkyl chains fill
the remaining space between the skeletons [11], but this
picture is not so certain for the bicontinuous structure
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itself, and the reverse picture, i.e. with the methyl end
groups of the chains on the skeletons, may be possible
[12].

Saito, Sorai, and their co-workers paid attention to
the role of the alkoxy chains in the Cub phase(s) of
ANBC-" homologues, and investigated the phase dia-
grams of binary systems of ANBC-” having "=38, 16
and 18 with 7-tetradecane [13]. One of their important
results is that the phase diagram of the binary system
ANBC-16 (or ANBC-18)-"!-tetradecane is quite similar
to the diagram of the neat one-component ANBC-”
system, and the result is reasonably understood in terms
of the effective carbon number 7* (or 7c in [13]) that
involves carbon atoms both from the alkoxy group of
ANBC-16 (or ANBC-18) and from the ”-tetradecane; *
is the apparent carbon number per ANBC-" biphenyl
core in the system and shown as 7" =n+ 14 [ X/(1— X)],
where 7 is the number of carbon atoms in the alkoxy
group of ANBC- ("= 16 or 18, in this case), ‘14’ is the
number of carbon atoms in #-tetradecane, and X(0=X=1)
is the molar fraction of ”-tetradecane in the system. The
result demonstrates that the role of the top part of the
alkoxy chain in neat ANBC-" systems acts as a solvent,
just like the solvent in the lyotropic Cub phases of lipid—
solvent systems. On the other hand, the phase diagram
of the ANBC-87-tetradecane binary system showed
no Cub phase region, from which they concluded that
the effective core size required for exhibiting the Cub
phase is larger than the size of a dimerized biphenyl
core plus two Cs alkyl tails at the ends. They extended
their idea to other compounds exhibiting Cub phases
and confirmed the importance of the effective number
of paraffinic carbon atoms for the appearance of Cub
phases, irrespective of the molecular structure and/or
intermolecular interactions [ 14].

Very recently, we have constructed the phase diagram
for the pure one-component ANBC-", unequivocally
establishing the phase type of the Cub phase region, as
shown in figure 1 [ 15, 16]. Unexpectedly and surprisingly,
the Cub region that had been assumed to contain a
single phase was found to contain two types of Cub
phase, one with /m3m symmetry (and denoted as Cub I
in this paper) and the other with /43d symmetry (Cub I1);
the type of cubic phase was 143d for 15=n=18, in
agreement with previous reports for 7= 16 [7] and 18
[17, 187, while an Im3m type was found for 19 = n= 21,
both on heating and cooling. A complicated feature of
the Cub phase region is that the /73m Cub phase region
lies between two regions of the /43d Cub phase, the la3d
type being again observed in the high temperature region
for the 7= 22 and 26 homologues, with a cubic-to-cubic
phase transition in the mid temperature range of the
Cub region on heating, whereas only the 143d type is
observed on cooling [ 15, 16, 19, 29]. Since the depend-

500
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Temperature / K
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11 15 5 20 25

Figure 1. Phase diagram for ANBC-"? on heating (Cr, crystal;
SmC/A, smectic C/A; Cub, cubic; 11, 12, isotropic liquid
phases). The space group of the Cub phases determined by
XRD is also shown. Reprinted from [16] with permission
from Taylor & Francis.

ence of the Cub phase type on ” in pure one-component
ANBC-" systems is not simple, the question arises
again as to whether the top part of the alkoxy chain in
ANBC-" is really liquid-like, free from conformational
restriction, as stated by Saito € @l when filling the
aliphatic subspace of the Cub phase(s).

In this paper, we have extended the work by Saito
and co-workers and examined the phase behaviour of
binary systems of the 7 = 14 homologue (ANBC-14) and
n-alkane (M-tetradecane or -hexadecane) by differential
scanning calorimetry (DSC), polarizing optical micro-
scopy (POM), and X-ray diffraction (XRD). We chose
ANBC-14 as the ANBC-" component, with an alkoxy
chain 1 carbon atom shorter than the alkoxy chain
length required for the Cub phase(s) in ANBC-” homo-
logues and therefore exhibiting 70 Cub phase. If the top
of the alkoxy tail really acts as a solvent, in other words
acts as a continuum, the top part, being connected to
the ANBC-" biphenyl core, would not be necessary and
the addition of ”-alkane to ANBC-14 would induce the
formation of the Cub phase(s). Furthermore, we also
focused attention on the phase type in the Cub region
of the binary systems, and examined to what extent the
effective carbon number 7* of the systems influences and
determines the formation of different types of Cub phase.

2. Experimental

2.1. Preparation
ANBC-14 was prepared according to the method of
Gray ¢t al. [4,217. The sample was recrystallized from
ethanol several times and confirmed to be fully pure by
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infrared (IR), '"H NMR, mass spectroscopy (MS), thin
layer chromatography, DSC, and elemental analysis. The
phase transition temperatures obtained were in excellent
agreement with previous reports [10].

n-Tetradecane (m.p. 6°C; b.p. 252°C) and ”-hexadecane
(m.p. 18°C; b.p. 287°C) were from Nacalai Tesque
(purity > 99%) and used as received. Binary mixtures
of ANBC-14 with "-tetradecane/”-hexadecane were pre-
pared in the present study by simple mixing in the
isotropic liquid state as detailed below.

2.2. Measurements

IR spectra were recorded using a Perkin-Elmer 1640
and a Perkin-Elmer system 2000 Fourier transform IR
spectrometer. '"H NMR and MS spectra were recorded
using a JEOL JNM-0400 spectrometer and a Shimadzu
GCMS QP-1000 system, respectively.

The phase transitions were examined with a Seiko
Denshi DSC-210 interfaced to a TA data station (SSC
5000 system). The measurements were performed using a
dry N> flow of ¢- 40 ml min ' and at a heating/cooling rate
of 5 K min . Weighed binary samples were hermetically
sealed into an Al pan (types 560-001 and 560-002 for
liquid samples) and kept at 488 K in the isotropic liquid
state for 15 min to mix the two components fully, followed
by cooling to 303 K at 5K min '; samples were then
ready for measurements. Recording was therefore started
from the second heating run and the repeated scans for
the same samples between 303 and 503 K gave perfect
reproducibility, indicating no loss of the 7-alkane.

The texture of each mesophase was observed using a
Nikon Optiphot-pol XTP-11 polarizing optical micro-
scope equipped with a Mettler FP82 hot stage and
a Mettler FP80 central processor at a heating/cooling
rate of 5 K min '. For the POM observations, binary
samples were packed into an Al pan, covered with a
cover glass, and sealed with an epoxy adhesive agent
(Araldite Rapid®, Vantico). Then, the samples were
heated to and kept at 488 K for 15 min to mix the two
components fully. The samples were then removed from
the Al pan and sandwiched between two cover glasses,
whose four edges were hermetically sealed with an epoxy
adhesive agent to avoid the loss of the alkane component
during observations at elevated temperatures.

For XRD measurements at clevated temperatures,
binary samples were prepared as for the samples for
POM observation, and then sandwiched between a
0.06—0.08 mm thick cover glass (Matsunami Glass, thick-
ness No.00) and a 0.25mm thick PET sheet with a
0.5 mm Teflon spacer, sealed with an epoxy adhesive agent.
The samples, covered with an Al foil with windows, were
placed in a Mettler FP82HT hot stage, and the temper-
ature was controlled within £0.1°C by the Mettler FP90
central processor. The accuracy of the temperature was

checked using a calibrated Fe—constantan thermocouple.
For recording the XRD patterns, a MAC Science X-ray
generator (M18XHF) was operated with a copper target
at40kV and 30 mA, and the Cu Karadiation (A= 0.154 nm)
was point-focused with Huxley—Holms optics. The scattered
X-rays were detected by a one-dimensional proportional
counter (PSPC) with an effective length of 10cm. The
distance between the sample and PSPC was about 40 cm;
the geometry was further checked by using chicken tendon
collagen, which gives a set of sharp diffractions corres-
ponding to a spacing of 65.3 nm, and a-stearic acid, giving
a set of diffractions at 3.95 nm. The accumulation time
for each measurement was 500-3 600 s, depending on
the intensity obtained and the quality needed.

3. Results and discussion

Figure 2 shows the DSC traces of the ANBC-14-71-
tetradecane binary system on the second heating run,
where 7* is the effective carbon number of the system,
given by * = 14+ 14 [ X/(1— X)] with X being the molar
fraction of "-tetradecane, as mentioned in the Introduction.

*
n =
14+14[x/(1-X)],
X is the molar
fraction of
tetradecane

n*=15.0

SmC Cub

Endo.

[ S T RO N B B
420 440 460 480
T/K
Figure 2. DSC traces of the ANBC—!-tetradecane binary system
on the second heating run. The amount of 7-tetradecane

in the system is designated by the effective carbon number
* (see text).

!
400
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ANBC-14 shows two kinds of lamellar mesophases, a
smectic C (SmC) phase (390-465 K) and a smectic A
(SmA) phase (465—476 K), and no cubic (Cub) phase.
As 7-tetradecane was added as the second component
and thus 7* was increased from 14, another phase
appeared around 450 K. This phase was identified as a
Cub phase by POM observations which showed, on
heating, the appearance and growth of completely black
arecas with straight edges in the SmC schlieren texture
between crossed polarizers [5]. The ‘textures’ taken for
n*=16.1 and 18.9 at the phase transition are shown
in figure 3. As "* was increased, the SmC—Cub phase
transition temperature was lowered and became obscure,

Figure 3. Polarizing photomicrographs near the SmC—Cub
phase transition for the ANBC-14-"-tetradecane system
on the second heating run: (¢) at 427.4 K for 7* = 16.1
and (b) at 396.7 K for 7* = 18.9.

and concomitantly, a broad hump around 470 K became
obvious, which was not apparent for ANBC-14. Such
humps are seen at 470-480 K for ANBC-" homologues
with 7= 15 [10], and assigned to a structured liquid
(I, )-normal isotropic liquid (I.) phase transition [10].

An interesting fact was seen for 7*=15.0. On the
second heating (the first scan of the measurements, see
Experimental section), the Cub and SmA phases were
observed at 441.9-459.8 K and at 459.8—-468.8 K, respect-
ively; but on the third heating after cooling from 503 to
303 K, the Cub phase region was narrowed (447.2—456.3),
eroded by the SmA phase region (456.3—468.5 K). Finally
the Cub phase disappeared on the fourth heating. Such
an instability of the Cub phase was also observed for
ANBC-15[22], and is supposed to be closely connected
with the fact that the aliphatic content of #=15 or "*=15
is a minimum for forming the Cu phase(s) in ANBC-"
homologues and related systems.

The "* dependence of the phase transitions is sum-
marized in figure 4. The SmA phase region vanishes around
n* =16, being replaced by the I, phase region from
the high temperature side. The Cub—SmA/I; and 1,1,
phase transition temperatures are almost independent
of * whereas the SmC—Cub transition temperature is
lowered almost linearly with 7%, These features are also
seen in the phase diagram of the pure one-component
ANBC-" system as a function of temperature and 7
(figure 1). It should be noted that the phase diagram of
ANBC-" is reproduced by adding the aliphatic com-
ponent (-tetradecane) to ANBC-14 that itself shows no
Cub phase.

n*=14+14[x/(1-X)],
x is the molar fraction
1 of tetradecane.

v
> 450 -
o
=3
et
o
[«}]
Q.
g
= 400 -

R R
14 15 16 _17 18 19
n

Figure 4. Plots of the phase transition temperatures versus
n* for the ANBC-"-tetradecane binary system on the
second heating run.
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As mentioned above, the SmC—Cub phase transition
was obscure by DSC above *>17, as indicated by
a broken line in figure 4. The transition interval for
n* = 17.1 was significantly broader compared with the
case of "*=16.1 or 15.0 and probably superposed on
the tail of the large low temperature endothermic peak
assigned to the Cr—SmC transition (around 385 K); the
high content of the second component (¥=>0.2) would
widen the heterogencous region at the Cr—-SmC and
SmC-Cub transition intervals.

Figure 5 shows the DSC traces of the ANBC-14-7-
hexadecane binary system on the second heating run,
where 7* is given by "*= 141 16 [X/(1— X)] with X
being the molar fraction of 7-hexadecane in the system.
The addition of the aliphatic component, #-hexadecane,
induced a Cub phase at and above 7* = 15.1, and the
SmA phase region disappeared above 7* = 15.4. These
two features are in good agreement with those in the
phase diagram for ANBC-7; the Cub phase is formed
for "= 15 and the temperature interval of the SmA
phase is about 1 K for 7= 16 and the phase disappears

n® = SmC ANBC-14
14+16[x/(1-¥)], (n"=14) SmA
xis the molar |/ gmc & !
fraction of n =143
hexadecane SmAL |,
n*=14.7 L
. SmC
'8 } n*=151 o p
i n*=15.4 h
SmC Cub
n*=16.0
‘ |1 |2
n*=16.1

n*=21.7

I B !
420 440 460 480
T/K

Figure 5. DSC traces of the ANBC-14-""-hexadecane binary
system on the second heating run, where 7* is the effective
carbon number of the system.

1 ]
400

for "= 17 (see figure 1). Unlike the ANBC-14—7I-tetra-
decane system shown in figure 2, the SmC—Cub phase
transition peak was detected by DSC even for 77* = 21.7,
but the transition enthalpy rapidly decreased around
n* =17 being as low as 0.2Jg ' (corresponding to
0.1kJ mol ~"). The temperature scale is shifted by 15-25 K
to the low temperature side compared with the diagram
for ANBC-" due to the freezing point depression effect.

The phase type for the Cub region was examined by
XRD and selected patterns are presented in figure 6.
Here, 4= (4r/J)sin 0, A= 0.154 nm, and 0= scattering
angle. The existence of two types of Cub phases was
confirmed. As seen in (@), (4) and (), one type of pattern
exhibits two strong peaks with the ratios of the reciprocal
spacings being \/3: V4 and sometimes has a few very
weak peaks with the ratios \/8: \/B This type of pattern
is characteristic of the most commonly observed Cub
phase with space group 143d_and the peaks are probably
indexed as \/5 : \% : & 1 1/20; the indices are doubled,
although this is not mathematically driven because in
most cases we could not detect the peak corresponding
to the ratio of \/H The fact that some homologues of
pure one-component ANBC- also exhibit an 1a3d type
Cub phase inclined us to this assignment. Thus, the
whole Cub temperature regions of 7* = 16.0 in (@), 17.1

T T AP T —
E = *=16.0 E3 - | & [n"=21a E
E(a) 8 e E @ A
F Cub Il {fa3d) |1 8 Cub Il (/a3d)
L g § 4 J
= ; ' :
© | g |n*=180 | g g *=22.0
~ (b) ﬁ":gg gl 23.3K | -(e) S8 & gtSSS.SK E
[ e Cub | (fm3m) {\ g Cub | (im3m)
= [T —
S g8 [
e =z M
| e 2
= 1
S
- ; — : ] —
*=20.0 “=22.0
_(c) £ ot 418.4K i ) at 423.6K
Cub | (fm3m) Cub 1l (fa3d) | |
WM” g_'
£
1 1 1 1
2

1 1
g/nm

Figure 6. XRD patterns at temperatures in the Cub phase
region for the ANBC-14-"-hexadecane system with various
n*: (@) at 413.3 K for "*=16.0, (b) at 423.3 K for "*=18.0,
(©) at 4184 K for n*=20.0, () at 4232 K for m* =211,
(©) at 383.9 K for "*=22.0 and (/) at 423.6 K for 7*=220.
In each figure, Miller indices and the Cub phase type
determined are shown.
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(not shown here) and 21.1 in (4) and the high temperature
region of 77* = 22.0 are identified as having space group
lazd.

Another type of pattern is seen in (9), (¢) and (€). In
this case, the indices of the peaks observed should be
doubled because the ratios \/7 and /15 are not com-
patible with any Cub phases; thus, the phase is identified
as a body-centred Cub phase from among the 6 space
groups 123, 12,3, Im3, 1432 143m and Im3m most
probably Im3m, the most symmetrical type. Hence, the
entire Cub temperature regions of 7*=18.0 in (b), 19.1
(not shown here) and 20.0 in (€) and the low temperature
region of 77* = 22.0 are identified as having space group
Im3m.

The phase diagram within the Cub ‘phase’ region of
the ANBC-14-7-hexadecane system is shown in figure 7,
where transition temperatures, full circles, were deter-
mined by DSC and POM, and the phase types of the
Cub phases were determined by XRD, as mentioned
above. Three important points should be noted.

(1) Compared with the diagram shown in figure 2,
the addition of 7-hexadecane to ANBC-14 gave
almost the same effect as that by "-tetradecane;
the Cub phase region is induced above around
n* =15, and concomitantly, the SmA phase region
disappeared above 7* = 16, being replaced by the
I, phase region. The difference in the carbon
number between 7-tetradecane and 7-hexadecane

n*=14+16[x/(1-X)],
S00——1 117 xis the mc[>|a(r fé)};tion
: I of hexadecane.

v I :

2 450_ ]

g I i

2 i
= |
g_ L

o 400} |

kG I i

350_ N Y Yy O Ay I ]

15 n* 20 25

Figure 7. Phase diagram of the ANBC-14-7-hexadecane
system as a function of temperature (on heating) and 7*:
phase transition temperatures (full circles) were deter-
mined by DSC and POM, and the space groups of the
Cub phase (open triangles, m3M; open squares, 13d)
were determined by XRD.

being two gave no difference in the binary phase
diagram. This fact implies that both 7-tetradecane
and ”-hexadecane simply act as an aliphatic com-
ponent (at least in the Cub region); in other words,
they act as a solvent as in the lyotropic Cub
phases in lipid—solvent systems, as already pointed
out by Saito and co-workers [13].

(2) The binary system of ANBC-14 with an aliphatic
component exhibits two types of Cub phase, one
with space group /m3m and the other with 1a3d,
which is very similar to the phase diagram for
pure one-component ANBC- (figure 1); the fa3d
type is seen for 15=7n*=17 and the Im3m type
for 18=n*=21, fairly in agreement with the
diagram for ANBC- with the fa3d type for
15=n=18 and the Im3m type for 19=n*= 2|
[15,16].

(3) The mixture of 7* = 22 exhibits two types of Cub
phase successively on heating, which is also similar
to the cases of ANBC-22 and -26 [19,20].

Points (2) and (3) give rise to an important conclusion
from the present study, namely that the effective carbon
number 7% instead of the alkoxy chain length 7 of
ANBC-", determines the type of Cub phase formed in
the binary system, and therefore, the complicated phase
diagram within the Cub region for ANBC-" is not a
special case, but is a general feature such as may also
be seen in some lyotropic Cub systems. In other words,
the formation of the Cub phases and the phase type
stabilized in ANBC-" can be understood by considering
the presence of two competing parts, the flexible and
hydrophobic aliphatic tails vs the rigid and partly hydro-
philic ANBC-" aromatic core (containing a hydrogen-
bonded COOH linkage). Regarding the reappearance
of the 1a3d Cub 1I phase at higher 7 or 7*, however,
it is probable that weakening of the hydrogen-bonded
COOH linkage in the core part plays an important role,
as is discussed in our preceding paper [16].

Figure 8 presents the plots of d-spacing versus tem-
perature for the ANBC-14-7-hexadecane systems with
n*=16.0, 20.0 and 22.0. Open symbols represent the
data on heating, and for 7* = 20.0 and 22.0, a few data
on cooling are included as filled symbols. Three points
are noted:

(1) For "*=16.0 in (¢), the variation of the SmC layer
spacing with T is roughly linear and seems con-
tinuous with the temperature variation of the a3d
Cub II (2 1 1) spacing across the phase boundary,
suggesting the existence of an epitaxial relation-
ship between the two phases. A similar result was
seen for ANBC-16 [16], and more generally for
lyotropic cubic systems at the lamellar to fa3d
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re8. Plots of d-spacing versus temperature ! for
the ANBC-14-7-hexadecane system with (@) 7* = 16.0,
(b) m*=20.0 and (¢) m*=22.0, during heating (open
symbols, black labelling) and cooling (filled symbols, grey
labelling).

Cub phase transition [23]. On the other hand,
for 7%= 20.0 in (b), there is a small discontinuity
between the SmC and the /m3m Cub I (321)
spacings on heating, and the SmC layer spacing

1465

rather seems to change continuously into the
Cub I (222) spacing, although we could not
detect the Cub I (22 2) reflection on heating. In
the /m3m Cub I phases in ANBC-, not the (22 2)
plane, but the (3 2 1) plane is the highest density
plane [16,18-20], and probably the same is
true for the binary system, although sometimes
other planes were most intensely observed as
seen in figure 6 (€). Related to this, in a mixture of
ANBC-18 with 3,5-didodecyloxybenzoic acid, the
Im3m Cyb 1 phase was induced at 35% of the
second component, where the (32 1) reflection
was most intensely observed [24]. For 7* = 22.0
in (¢), the SmC layer spacing changes to the /m3m
Cub I (32 1) spacing and then to the /43d Cub 11
(2 11) spacing with discontinuities at the phase
transitions on heating.

As clearly seen from (@), (b) and (), the slopes of
the d versus T plots are all slightly negative on
heating in the Cub temperature region, as is
usually seen for thermotropic Cub phases. Assuming
that the Cub phases were regarded as crystals, the
apparent thermal volume expansion coeflicients «
were estimated by using the relation o= (1/2’)
(0a® JoT'), where @ is the cubic lattice constant. The

results were: = 1.0X10 K ', —14%X10 "K',

—10X10° K™, —13X10° K", —1.0X
107°K ™ and —11X10 K™ for n*=16.0,
17.1, 18.0, 19.1, 20.0 and 21.1, respectively; and for
n¥=7220, —4.1%10 > K ' in the low temperature
Cub I phase region, and —2X10 *K ' in the
high temperature Cub II phase region. Almost
the same values were obtained for pure one com-
ponent ANBC-" [16]. Note that the negative
value of o estimated in this way does not imply a
negative thermal expansion of the system, but that
the number of molecules contained in the Cub
unit lattice actually decreases with increasing
temperature.

Reversibility: For 7%= 20.0 in (b), both heating
and cooling runs showed the /m3M Cub I phase,
and the lattice parameters on heating and cool-
ing were almost identical, similarly to the case of
ANBC-20 [167. The situation is, however, different
for "*=22.0 shown in (). As mentioned in the
Introduction, in the corresponding one-component
system, ANBC-22, exhibits /73m Cub I and lazd
Cub II phases on heating, whereas only the
la3d Cub 11 phase is formed on cooling [16]. By
contrast, the 7*=22.0 binary mixture showed
Im3m Cub 1 and Za3d Cub II phases both on
heating and cooling; the Cub I-Cub II phase
transition is thermally reversible in the 7* = 22.0
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mixture. The transition temperature was around
390 K on heating and on cooling around 400 K,
at a slightly higher temperature. This result was
reproducible for duplicate measurements, although
we could not find any clear answer as to why
the transition occurs at a higher temperature on
cooling. The apparent thermal volume expansion
coeflicient o of the Cub I phase, as estimated in
(2) above, was — 14X 10 ° K ', negative with
temperature, but the o value of the Cub II region
was positive (1.6 X 10 ° K ). Furthermore, the
Cub I Ilattice parameter on cooling was signifi-
cantly (6%) smaller than the parameter on heating,
although the same lattice parameter was obtained
for the Cub II phase both on heating and cool-
ing. A probable reason for these differences for
n*=220 is a micro-segregation between ANBC-14
and ”-hexadecane, and this process may occur at
low temperatures when the amount of the second
component is relatively high.

Figure 9 shows the comparison between the #*
dependence of the Cub lattice parameter (9) in the
ANBC-14-7-hexadecane system (full circles) and the
corresponding ” dependence for ANBC- (open circles).
The data for ANBC-" are cited from [16], and all data
plotted are summarized in the table. For the la3d
Cub II phase in the ANBC-14-7-hexadecane system, the
@ value increases almost linearly with 7% with a relation
of a=8.28+ 0.147* (correlation coeflicient 7= 0.997),
whereas for ANBC-", the dependence of ¢ on 7 is
roughly given by 4= 7.801 0.18% (* = 0.86); the ’ value
for ANBC-" deviates considerably from 1, and so in the
preceding paper [ 16], the dependence of the ¢ value on

20 T T T T T ]
i Cubl -
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18- | 423K g .
£ e °

c | o _-= .
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Figure 9. Plots of the cubic lattice constant ¢ versus the
effective carbon number 7* for the ANBC-14-—7-hexadecane
system and versus the alkoxy chain length 7 for pure one-
component ANBC-”. Data plotted are summarized in
the table.

" was regarded as being divided into two straight lines,
a=57+0.32" for 15=n=18 and =731 0.197 for
22=n=26. On the other hand, for the {m3m Cub I
phase in the ANBC-14-7-hexadecane system, the ¢ values

Table. Lattice parameter ¢ of the Cub phases of ANBC-” and ANBC-14-7-hexadecane mixtures.

ANBC-" homologues"

ANBC-14-"-hexadecane mixtures

n Temp/K Space group a/nm n Temp/K Space group a/nm
15 465.8 lazd 10.13
16 459.2 lazd 10.76 16.0 4232 lazd 10.56
17 4533 lazd 10.94 17.1 4233 lazd 10.78
18 450.5 lazd 11.39
18 458.4 Im3m® 16.88 18.0 4233 Im3m 16.61
19 429.8 Im3m 17.03 19.1 4232 Im3m 16.94
20 433.6 Im3m 17.59 20.0 4184 Im3m 17.24
21 423.3 Im3m 17.71

21.1 4232 lazd 11.31
2 428.5 Im3m 18.26 22.0 383.8 Im3m 17.33
2 456.7 lazd 11.55 220 423.6 lazd 11.46
26 419.2 Im3m 19.74
26 449.0 lazd 12.31

* Cited from ref. [16].
® Metastable phase [16].
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of the first three are on a straight line, satisfactorily
fitted by the equation @=10.93 1 0.327* ("= 0.9995),
but the plot for 7* = 22.0 deviates substantially from the
dependence of the first three points. For ANBC-7, the
a values of the /m3m Cub 1 phase are well described by
the relation @= 9.85+ 0.387 (* = 0.98). Compared with
the case for ANBC-", the linearity of the 4 versus 7*
dependence is fairly good for both types of Cub phase
(except the Im3m Cub 1 phase of 7*=220) in the
ANBC-14-7-hexadecane system. This directly reflects
the continuum nature in the aliphatic subspace of the
Cub phases in the ANBC-14-"-hexadecane system.

As mentioned in the discussion about figure 7, the
presence of two competing molecular parts (aliphatic
tail vs aromatic core) is important for the formation of
Cub phases, and on increasing the volume fraction of
one component, the interfaces that are planar in lamellar
structures such as SmA and SmC phases around the
fraction 0.5, tend to be deformed with a curvature to
result in the bicontinuous Cub phases. In the ANBC-14—
N-alkane binary mixture in the present study, an
increased amount of 7-alkane or increased temperature
leads to an increase in the effective volume occupied by
the aliphatic component. As for lyotropic 143d Cub
phases, the la3d Cub 11 structure in ANBC-, and also
that in ANBC-14-7-alkane binary systems, is well
described by Luzzati’s skeletal graph where the skeletons
joined 3-by-3 at both ends form two pairs of networks
with cubic symmetry, as shown in figure 10(?) [7, 15-20].
If one connects the mid points between the nearest
skeletons that are not joined, a curved surface, which
partitions the Cub space into two equivalent volumes,
is obtained and called the G infinite periodic minimal
surface (IPMS), an alternative description for the /a3d-
type Cub phases. The question arises as to whether the
aromatic component lies on the skeletons or on the
surface [12], and in figure 10 (0) the former possibility
is chosen without any definite evidence. Analysis of the
lattice parameters in [16] reveals that /W0 dimerized
ANBC cores are on a face diagonal line in the unit cell.

On the other hand, bicontinuous /723" Cub phases
are described by two pairs of networks with the skeletons
joined 6-by-6 at both ends in Luzzati’s graph or by
the P-type surface in the IPMS description—for the
latter description, see figure 10 (@). From the two plots
for ANBC-14-71-hexadecane binary systems shown in
figure 9, the ratio of the increment with respect to 7* for
the Im3m Cub phase to that for the f43d Cub phase
is 2.3, and the corresponding ratio is 2.1 for ANBC-"
homologues. These values around 2 suggest, as shown
in figure 10 (9), that there would be four dimerized ANBC
cores along the face diagonal line in a unit cell, and
thus, if we use the P surface, it should be doubled [257".
Further examination will be reported in a separate paper.

(a) Im3m-Cub | phase

Figure 10. Possible model structure of (@) Im3m Cub I and
(b) 1a3d Cub 11 phases. In (@), the P surface is doubled,
and in (0), the dotted curves represent the G surface
(see the text).

4. Conclusions

The present studies have established unequivocally the
phase diagram in the Cub region for the binary systems
ANBC-14 and "-alkane ("-tetradecane or ”-hexadecane),
where ANBC-14 has an alkoxy chain one carbon atom
shorter than the chain length required for the formation
of Cub phase(s) in ANBC-" homologues and exhibits
no Cub phase. The addition of ”-alkane to ANBC-14
induces Cub phases, and it was found that the &P¢ of
Cub phases formed is a function of the effective carbon
number 7% instead of the alkoxy chain length 7 of
ANBC-"; the binary system completely reproduces the
recently established [16] complicated phase diagram
within the Cub region of ANBC-. This indicates that
the formation of the Cub phases and the Phase type in
the one-component ANBC-” can be understood in terms
of the presence of two competing parts, hydrophobic
and flexible aliphatic tails vs the partly hydrophilic and
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rigid ANBC-" aromatic core (containing a hydrogen-
bonded COOH linkage), and that the top part of the
alkoxy tail really acts as a continuum, as first revealed
experimentally by Saito and co-workers by their calori-
metric studies [ 13]. Furthermore, the continuum nature
in both the Im3m Cub 1 and a3d Cub 1I phases has
enabled us to depict a possible structure of the Im3m
Cub I phase.
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Note added in proof

"After submitting the manuscript, we learned of this
report, which reveals the properties of the ‘double’
structure of type P.
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