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Abstract. Systematic physical chemistry studies are in progress concerning the occurrence of incommen-
surate low ordered smectic phases (Sic) in non-symmetric dimesogens varying molecular parameters from
the standard compound KI-5. In the present study, the selected molecules possess the same spacer length
and the same cholesteryl unit. By means of X-ray diffraction on orientated samples, commensurate phases,
incommensurate fluid smectics and two-dimensional ones are clearly evidenced depending both on temper-
ature and molecular parameters. So these dimesogenic compounds respond to the frustration connected
to the competition between two incommensurate lengths with the formation either of an incommensurate
phase Sic or of a two-dimensional modulated phase. A new topology in a phase diagram results from this
competition in a binary system composed of two homologous dimesogens.

PACS. 61.30.-v Liquid crystals — 61.30.Eb Experimental determinations of smectic, nematic, cholesteric,
and other structures — 64.70.Md Transitions in liquid crystals

1 Introduction

As part of polar mesogens study, the model of “frustrated
smectics” [1-6] was able to explain the great number of
low ordered smectic phases experimentally discovered [7]
and also predicted the existence of incommensurate smec-
tic phases. This mean-field theory is based on the compe-
tition of two incommensurate lengths, namely the length
of the polar molecule and the length of a pair formed by
dipolar association. The impossibility to satisfy simultane-
ously contradictory tendencies is solved in different ways:
lock-in of the two periods (bilayer Sa2), condensation of
one period with the coexistence a non condensed second
period giving incommensurate fluctuations [8,9], escape
from the incommensurability by forming two-dimensional
modulated phases in which the two density modulations
do not remain collinear (antiphase Sz [10] or ribbon phase
Sz [11]). Finally incommensurate smectic A phases, in
which the two competing periodicities coexist at long range
order along the same direction, are prognosticated. Ex-
perimentally speaking, the existence of incommensurate
Saic [12-14] or Sg [15,16] has been questioned in polar sys-
tems and only incommensurate crystal-B phase has been
clearly evidenced so far [17].

Note that the molecular origin of the two competing
lengths is not necessarily those of polar mesogens [18-20]:
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thus, the potentiality of two smectic modulations to exist
in other liquid crystalline systems is suggested. In par-
ticular in non-symmetric dimesogens, constituted of two
chemically different mesogenic groups linked together by
a flexible spacer, which belong to a new class of liquid
crystals extensively studied at this time [20—41], two smec-
tic modulations have been observed: one corresponds to a
layer spacing approximately half the molecular length re-
vealing a so called “intercalated structure” and the other
to a layer spacing close to (or greater than) the dimesogen
length [30]. By comparison to polar smectics, the smectic
layering associated to average monomer arrangement and
to the whole dimesogen length are respectively analogous
to a monolayer smectic Al and to a bilayer Sao. Note that
the driving forces which control a monomeric packing or
a dimeric one are at the present time not clear. Neverthe-
less, the condensation of one or the other of these smectic
modulations and their possible coexistence appear closely
related to the length of the flexible spacer linking the two
mesogenic moieties: in new dimesogenic molecules com-
posed of two very different mesogenic units — a cholesteryl
one and a classical two aromatic rings mesogen — con-
nected through a central paraffinic flexible spacer [20,32],
the smectic layering is connected to the “dimer” length for
short spacers while longer spacers homologues correspond
to a “monomer-like arrangement”. In these series, we re-
ported the existence of incommensurate low ordered smec-
tic phase S;. for specific intermediate spacer length [20].
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Starting from this first observation of S;. phase in
the following dimesogen (KI-5 for short): the question of

Cholesteryl — OCO (CHy)5 O -@- CH=N —@- C4Hg

the dependence of the formation of incommensurate fluid
smectic phases upon molecular parameters is raised and
the thermal and structural investigations on several ho-
mologues of KI-5 can solve partially this problem.

In this study, we keep the same cholesteryl part and the
same spacer length with five methylene groups as in KI-
5 and two molecular parameters connected to the other
mesogen are modified, namely the nature of the terminal
chain (“KII-5” compound) and the kind of linking group

Cholesteryl — OCO (CHa)5 O —@- CH= N—@‘- CH = CH COOC,Hg

between the two aromatic rings (“KI-5A” compound):

Cholesteryl —OCO (CHy)5 O — IN=N ._@_ C4Hg .

2 Synthesis

Synthesis of N-[4-(5-(cholesteryloxycarbonyl)pentyloxy)
benzylidene] (4-(ethoxy-carbonylvinylene)aniline: KlI-5

Ethyl 4-aminocinamate [42] (7.0 g; 3.36 x 1072 mol) and
4.5 g (3.68 x 1072 mol) of 4-hydroxybenzaldehyde were
dissolved in 200 mL of benzene. The mixture was refluxed
for 6 hours under a dry nitrogen atmosphere. And then
benzene was distilled out and the residue recrystallized
from methanol to produce 7.7 g (2.57; 1072 mol; 70%)
of N-(4-hydroxybenzylidene 4-(ethoxycarbonylvinylene)-
aniline.

The melting point of the product was 184 °C. The
structure was confirmed by elemental and IR~ and NMR-
spectroscopic analyses. N-(4-hydroxybenzylidene)4-(etho-
xycarbonylvinylene)aniline (2.5 g; 8.47 mmol) above pre-
pared was dissolved in 100 mL of DMF containing a small
amount of molecular sieve (4 A). To this solution were
added 0.45 g (4.24 mmol) of sodium carbonate and 4.6
g (8.2 mmol) of cholesteryl 6-bromohexanoate [20]. The
mixture was stirred at 100 °C for 12 hours under a dry ni-
trogen atmosphere. The whole reaction mixture was
cooled down and the insoluble portion was collected on
a filter followed by washing with DMF. The product was
extracted from the solid residue using dry methylene chlo-
ride. Methylene chloride was evaporated to obtain the
product, KII-5. Yield was 3.6 g (55%). The structure was
confirmed by elemental and IR~ and NMR-spectrocscopic
analyses.

Synthesis of cholesteryl 6-[4-(4-butylphenylazo) pheno-
xy] hexanoate: KI-5A

4-(4-butylphenylazo)phenol [43] (4.73 g; 1.86 x 10~2 mol)
was dissolved in 150 mL of N,N-dimethylformamide
(DMF), to which added were sodium carbonate (4.33 g;
4.09 x 1072 mol) and cholesteryl 6-bromohexanoate [15]
(7.0 g; 1.24 x 1072 mol). The mixture was stirred at 135 °C
for 12 hours under dry nitrogen atmosphere, after which
it was cooled down to room temperature. The precipitate
was collected on a filter and washed with distilled water,
methanol and acetone. Yield was 6.7 g (73%). The struc-
ture of the product was confirmed by elemental and IR-
and NMR-spectroscopic analyses.

3 Experiment

An initial identification of the liquid crystalline phases
was carried out using thermal optical microscopy (Leitz
microscope equipped with a Mettler FP52 hot stage). Ob-
servations were systematically made either without sur-
face treatment of the substrate or with rubbed polyimide
aligning agent resulting in a planar texture. The temper-
ature range of each phase was detected wvia differential
scanning calorimetry (Perkin Elmer DSC7). The identifi-
cations of the phase sequences were carried out using the
characteristic features of the X-ray patterns.

In order to study well aligned samples by X-ray analy-
sis, the following procedure was used: two thin glass plates
(< 50 pm, obtained by controlled attack of glass slide by
hydrofluoric acid) were coated with polyimide and unidi-
rectionnaly rubbed and adjusted in antiparallel configu-
ration with a spacer of 25 um to form a cell. The liquid
crystal was then introduced by capillarity at high temper-
ature and subjected to mechanical stress perpendicular
to the rubbing direction to improve the alignment. The
quality of the alignment is controlled under microscope.

The X-ray scattering experiments were carried on a
18 kW rotating anode X-ray source (Rigaku-200) with use
of Ge(111) crystal as monochromator to select the CuK 1
radiation and a three slit collimation scheme. The scat-
tered radiation was collected on a two-dimensional detec-
tor (Imaging Plate system from Mar Research, Hamburg).

We define ¢, as the component of the scattering wave-
vector parallel to the rubbing direction and g, as the com-
ponent perpendicular. The magnitude of the ¢ wave vector
is given by ¢ = 4n/Asin® = 27 /d, d is a layer parame-
ter. The scattered resolution in terms of half width at
half maximum (HWHM) was Ag. =4 x 10~* A~! in the
longitudinal direction and Ag, = 2 x 1073 A~! in the
transverse direction with a sample to detector distance of
830 mm. In some cases, measurements were also done in
a lower resolution configuration characterized by Aq, and
Ag, =1072 AL,

The samples were placed in an oven, providing a temper-
ature control of 0.1 K.
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4 Results and discussion
4.1 Occurrence of an Sy in the KII-5 compound

As shown in the formula, the KII-5 compound is an homo-
logue of KI-5 with a longer and more rigid extremity [32]
and its behavior is discussed in detail below. The comple-
mentary techniques allow to determine the following phase
sequence:

139°C 140°C 206°C 238°C
N* I

crystal St SHT

where Syt and Syt denote two smectic phases. Although
this weakly first order Spr—Spr transition (AH =
78 J mol_l) is seen by differential scanning calorimetry,
optical microscopy do not show any difference in textures
of the two smectic phases.

In the whole smectic range, the intensity profiles of the
X-ray pattern in the wide scattering angles region show
broad diffuse band (Fig. 1a). Thus, the two smectic phases
of KII-5 have to be referred as fluid smectic phases (liquid
like short range order within the layers). The liquid like
peaks are centered around g, = 1.25 A’D1 corresponding
to average intermolecular distance of 5 A in the smectic
planes. Figures 1b and 1lc show the low angle region X-
ray patterns of an orientated sample of KII-5 in the two
smectic phases.

The pattern of the high temperature smectic phase
Sut (Fig. 1b) is characterized by one resolution limited
peak at g3 = 0.302 A~ = 27/20.8 A. This phase is la-
belled S;,. We can note that the ratio of the layer spac-
ing to the estimated all-trans molecular length (50 A) is
unusually small (0.4) by comparison to the intercalated
structure of other non symmetric dimesogens [21,26,30].
Decreasing temperature in this Syt phase, a diffuse peak
centered at an incommensurate wavenumber g; with re-
gard to the scattering vector g3 is observed: q; = 27/L’
varying from 0.130 to 0.122 A~!. By reference to polar
smectics studies, this type of structure could be consid-
ered analogous to a “monolayer Sp; phase” in which an
Saq modulation coexists at short range order thus forming
something like incommensurate fluctuations [9].

At temperatures lower than 140 °C, the orientated pat-
tern of the low temperature smectic phase Spr (Fig. 1c)
clearly demonstrates the simultaneous existence of three
resolution limited peaks. The corresponding diffraction
vectors qi, g2 and g3 are collinear. As shown on the cor-
responding intensity profile (Fig. 2), the intensity of ¢ is
very weak. But although reduced in intensity by a factor
100 by comparison to ¢i, this peak is undoubtly detected.
The existence of these three collinear wave vectors reflect
the occurrence of a genuine incommensurate smectic Sajc
phase with two underlying incommensurate smectic mod-
ulations at ¢; and g3. The small peak at go corresponds
to a satellite which is the signature of a superlattice for
this incommensurate smectic phase. The ratio of the two
periods g3/¢1 is an irrational number clearly larger than
2. As shown in Figure 3, the wavevector q; evolves con-
tinuously from 0.130 to 0.119 A~! while the g3 wavevec-
tor remains located at constant value g3 = 0.302 A~L.
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Fig. 1. X-ray data of KII-5: (a) intensity profile at wide angles
at 135 °C; (b) and (c) X-ray patterns of an orientated sample:
(b) at T = 160 °C corresponding to the high temperature
smectic phase; (c) at T = 135 °C corresponding to the low
temperature smectic (the arrow points the g2 spot).

So this incommensurate structure is characterized by the
superposition of two periodicities, with a ratio of the peri-
ods not fixed and depending continuously of temperature:
2.32 < ¢3/q1 < 2.54. The incommensurability parame-
ter e1 = (g3 — 2¢1)/q3 measures the degree of mistmach
between 2¢; and g3 and this Sa;. of KII-5 corresponds
to large incommensurability (¢; = 0.21). This phase ex-
tends in a supercooled state down to 124 °C where crys-
tallization is observed (Fig. 3) with the occurrence of sev-
eral sharp reflections at wide angles and a commensurate
lamellar organization with ¢; = 0.105 A~! and several
harmonics 2¢;, 3¢q; ... Note that in the Saj., the three
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Fig. 3. Magnitudes of the q1, ¢2, g3 diffraction vectors as
a function of temperature. Filled symbols indicate resolution
limited peaks. The open circles correspond to diffuse maxima
centered at g1 (since g1 is not condensed in the Syt phase, see
text).
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wavevectors comply with the additivity condition initial-
ly set for biaxial lockins [2,3], g3 = q1 + g2: at 135 °C,
@1 = 0.120 A7 = 27/52.3 A, g2 = 0.182 A~! and ¢3 =
0.302 A=! = 27/20.8 A. So this condition seems also sat-
isfied in an incommensurate Sa;. phase in which the three
vectors are collinear.

We recall that in the Prost-Barois phenomenological
theory, two types of incommensurate smectic A phases are
predicted in polar systems depending on the strength of
the coupling between the two order parameters [6]: a weak-
ly coupled incommensurate phase where two penetrating
smectic modulations coexist independently of each other,
with periodicities of molecular length and of overlapping
dimer-like associations; and a strongly coupled incommen-
surate soliton phase where regions with two independent
wave vectors separate regions in which the two modu-
lations are phase locked (Fig. 4) due to the fact that
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Fig. 4. Real space representation of the incommensurate soli-
ton phase corresponding to a strong coupling regime.

the polar molecules form dimer-like arrangements with no
overlap or with partial overlap.

In the case of KII-5, the third reflection gs is the signa-
ture of an incommensurate soliton smectic structure. At
a microscopic level, the schematic representation corre-
sponding to the predicted incommensurate soliton phase
for polar systems has to be adapted to dimesogenic com-
pounds and an interesting question is how these non-
symmetric dimesogens are arranged to form such unusual
structure. X-ray results give some indications on the mo-
lecular packing: first the smectic periodicity connected
to ¢ is larger than the estimated molecular length ob-
tained from molecular stereomodels, suggesting associated
dimesogens. In addition, preliminary molecular mechanics
calculations show an energetically favourable antiparallel
organization. Second, the small periodicity connected to
g3 appears quasi independent of the chemical formula of
cholesteryl dimesogens varying either the spacer length [32]
or the aromatic mesogen [32]. Thus this small periodicity
(=~ 21 A) seems to be imposed by the cholesteryl moiety
while the second mesogenic part adapt to this layering
size and this smectic order is presumably stabilized by
the mixed mesogenic group interactions. The formation
of this enforced periodicity is required to develop the in-
commensurate structure. Nevertheless, a complete micro-
scopic description of the arrangement of the dimesogens
remains an unresolved matter and theoretical computa-
tions (molecular mechanics and dynamics) are expected
to solve this challenge in a realistic way.

At last, referring again to the theory, we can remind
that the importance of the coupling between the two or-
der parameters depends on the ratio of the two corre-
sponding lengths [6]. As just seen, g3/q; is about 2.54 for
KII-5. In the case of KI-5, the two wave vectors are closer
(g3/q1 = 2.1) and thus the coupling is stronger. In this
sense it is interesting to study now the evolution of the in-
commensurability through the “KII-5/ KI-5” binary phase
diagram.

4.2 Evolution of the Sp;c through the KlI-5/KI-5
binary phase diagram

For a large part of the phase diagram (0 < z < 0.800,
where z is the molar fraction of KI-5 in a mixture) the
S¢; —Saic smectic sequence is observed as for the pure
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KII-5: the S,, phase exhibits two incommensurate lengths,
one is condensed into a long range layer structure (¢3) and
the other (g1) persists at short range order resulting in in-
commensurate fluctuations. The signature of the incom-
mensurate Su;. phase is always given by the existence of
three collinear wave vectors (Fig. 5) and as in the case of
KII-5, the law of conservation of vectors g3 = q1 + ¢o is
satisfied in the Sa;j. phase whatever the composition.

-

Fig. 5. X-ray pattern of an orientated mixture (z = 0.760) at
T = 100 °C in the Saic phase.

Table 1 summarizes the diffraction data for different
mixtures. One can first note the linear shift down of the
incommensurability parameter €; increasing the propor-
tion of KI-5 in the mixtures, traducing a greater coupling
between the two order parameters. Correlatively, the ¢
satellite becomes more intense (Fig. 5). As listed in Ta-
ble 1 the regular evolution of g3/q1 versus composition
in the incommensurate Saj. phase is correlated to the
modification of the wave vector ¢; since the magnitude
of the wavevetor ¢3 is quasi independent of the compo-
sition and of the nature (Sg, or Saic) of the phase. In-
deed, the smaller periodicity remains fixed (20.8 A for
KII-5 and 20.2 A for z = 0.76) while, at the opposite,
the larger periodicity takes an average value between the
lengths of the two dimesogens varying the composition of
the KII-5/KI-5 mixtures (52.3 A for KII-5 and 45.8 A for
x = 0.76). So the incommensurate structure changes and
adapts itself to the presence of two different mesogenic en-
tities. But approaching the pure KI-5, some unexpected
features are observed on the orientated patterns of the S,
phase: the incommensurate fluctuations at (¢;) evolve to-
wards off axis suggesting the vicinity at low temperature
of a two-dimensional modulated smectic phase near the
incommensurate Saj. phase. Thus we focus now on the
pure KI-5 then on mixtures with high proportions of KI-5
(z > 0.800).

Table 1. X-ray data for the KII-5-KI-5 binary system. For the
Saic phases, data are recorded 5 degrees below the Sg; —Saic
transition temperature.

Phase| Sq, Saic
exi—s|g3s(A" ) |an(A™") (A7) gs(A7Y) gs/an &1
0 0.302 0.120 0.182 0.302 | 2.52 {0.205
0.157 | 0.303 0.123 0.180 0.303 | 2.46 |0.188
0.260 | 0.304 0.125 0.179 0.304 | 2.43 |0.178
0.408 | 0.307 0.129 0.178 0.307 | 2.38 |10.160
0.544 | 0.309 0.132 0.177 0.309 | 2.34 |0.146
0.662 | 0.310 0.134 0.176 0.310 | 2.31 |0.132
0.760 | 0.311 0.137 0.174 0.311 | 2.27 |0.119
—
| b |
e
—— —
(a) (b)

Fig. 6. X-ray pattern of an orientated KI-5 sample: (a) at
T =110 °C, g3 = 0.313 A~* and (q) = 0.144 A~'. Note that
the incommensurate fluctuations (gqi1) correspond to a rather
large correlation length &, = 200 A; (b) at T =95 °C, g3 =
0.313A7!, ¢ =0.142 A~', and g2 = 0.178 A~*. In the limit of
our experimental accuracy, the three wave vectors satisfy the
relation g3 = q1. + g2

4.3 Competition between incommensurate and
two-dimensional smectic phases

4.3.1 Occurrence of a two-dimensional smectic in the pure
KI-5

A well orientated pattern of the S,, phase of KI-5 (Fig. 6a)
is characterized by a resolution limited peak centered on
the z axis at g3 and by strong incommensurate fluctuations
at ¢1 (and weaker ones at gz) with a clear lateral exten-
sion along ¢,. This tendency to a two-dimensional phase
is confirmed at lower temperature since a phase transi-
tion is observed at 97 °C corresponding to an extremely
weak enthalpy change (AH = 15 J mol~!). The pattern
of this low temperature smectic phase (Fig. 6b) shows
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(a) (b)

Fig. 7. (a) Real space representation of the ribbon phase Sz
for polar systems. (b) Possible matching of the wave vectors in
a two-dimensional vector space.

resolution limited peaks at g1, g2 and g3 which are no
longer collinear. The fluid local order is kept in this tem-
perature range [20]. The simplest way to index this phase
is a ribbon phase Sz ([11], Fig. 7) even if the pattern ap-
pears unusually symmetric: in the limit of our experimen-
tal accuracy, g3 remains centered on the z axis while the
sets of reflections connected to ¢; and g2 are symmetri-
cally disposed out of the z axis with comparable angular
shift (12°). Thus the z axis is a symmetry axis of the re-
ciprocal lattice and this could be explained in an S; if the
conditions of preparation of the sample fix the orientation
of the normal to the planes and not of the long axes of
the molecules. One can also note that the intensities of
the reflections corresponding to ¢; and g3 are of the same
order of magnitude while the g2 spot is 10 times less in-
tense: usually, in a “classical Sz” the intensities of the 01
(g2) and 11 (g3) peaks are comparable while the intensity
of the 10 reflex (q1) is very low [11,44,45]. In addition, as
later mentioned, this phase indexed Sz appears very near
to a real incommensurate Sa;. and can exhibit the same
local order.

So referring to these new data, the following phase assign-
ment is given for KI-5:

85°C 97°C 141°C 146°C 152°C
crystal Se Sqs Sic Sc+rT

164°C 168°C 192°C
Serur —— TGB N* 1.

Note that this complex sequence includes a small incom-
mensurate S;.! phase characterized by three collinear res-
olution limited peaks ¢; = 0.149 A~!, ¢o = 0.164 A~!
and g3 = 0.313 A~!. It corresponds to a small incom-
mensurability parameter €1 = 0.04, e.g. to a strong cou-
pling. So the competition between incommensurate and

! Note that the distinction between A or C phases is not
obvious since the smectic C phases correspond to small tilt
angles. So we focus on the incommensurablity aspect rather
than on the A or C nature of the phases.

Fig. 8. X-ray pattern for KII-5-0.85 KI-5 mixture at 90 °C.

two-dimensional phases is peculiarly obvious in the pure
KI-5 since both phases exist in its mesomorphic sequence.
Nevertheless, Sic and Sz phases remain separated by a
large S;, domain. At this step, let us focus again on the
KII-5/KI-5 diagram in the region of high concentration
for KI-5.

4.3.2 A new Spic—S¢—Sq, topology in the KlI-5/KI-5 binary
diagram

As expected, the competition between an incommensurate
phase Sa;c and a two-dimensional Sz is directly observable
as a region of the KII-5/KI-5 diagram near KI-5. Varying
the composition, from pure KI-5 in the S; phase, the off
axis spots ¢; and g2 (Fig. 6b for KI-5) go towards the
z axis (Fig. 8 for x = 0.85) and become collinear with
gs when x < 0.800 (see Fig. 5). Figure 9 shows the corre-
sponding X-ray intensity profiles as a function of ¢, at con-
stant g1.. In the real space, the corresponding wave length
27/q, which gives the magnitude of the lateral modula-
tion strongly increases from 180 A for KI-5 to 1050 A
for x = 0.85 and diverges approaching z = 0.800 giving
rises to the incommensurate Sai.. In the same way, in-
creasing temperature at constant composition (z = 0.85),
the Sz phase changes into a continuous process into the
Saic- Clearly, high resolution X-ray studies are required
for a better understanding of the incommensurate - two-
dimensional phase change.

So this domain near the KI-5 of the KII-5/KI-5 dia-
gram (Fig. 10) is characterized by three phase lines con-
verging in a Sajc—Sz—Sq, singular point. The transitions
S¢; —Saic and Sy, —Sz are weakly first order, while the
Sz—Saic phase change appears second order. We can note
that the competition between Sa;c and Sz occurs when
the coupling between the two order parameters is rather
strong (¢1 =~ 0.08). The topology of this part of the ex-
perimental phase diagram reminds the theoretical dia-
gram proposed by Prost et al. [2] in the case of polar
mesogens where Sa2, Saic, and Sz were brought together.
Depending on the theoretical parameters, the calculated



F. Hardouin et al.: Incommensurate and two-dimensional low ordered smectics 53

Intensity (a.u)
700 T T

a
600 | & J
-
500 [ . . 1
' s
.
400 | A . B
A .
300 [ PN N ]
. . a .
200 F . ‘ o 1
. te, ¢ .
s .
100 [hss stpnnatt™s “‘M-‘w attad]
0 . . .
-0,] 0,08 0 0,0 0,1
1
q, A™)
Intensity (a.u)
2500 T T T
- b
2000 A
.
. .
.
1500 - b
- - . .
1000 . 3
“A .
.
s00 | N ‘o b
lhastans, , aabssttyens austaastionny 1
o . . .
-0,1 0,08 0 0,08 0,1
-1
q (A"
Intensity (a.u.)
1,2 10° T T
» c
4
110* L R }
8000 [ . 4
.
6000 R E
.
.
4000 [ LI ]
. .
. s
2000 [ o o, 1
[paastasasrtay baashoasssstist "Saasstasirsssiasanstint]
o ! L .
0,1 -0,0 0 0,05 0,1
-1
q, (A

Fig. 9. X-ray intensity as a function of ¢, at constant gi.;
(a) Sz for pure KI-5 (g1, = 0.142 A~1); (b) Sz for KII-5-0.85
KI-5 mixture (g1 = 0.134 A™'); (c) Saic for KII-5-0.76 KI-
5 mixture (q1. = 0.137 Afl) Note that similar evolution is
observed for g2 spots.

phase diagram shows a commensurate Sas phase, an in-
commensurate phase Saj. and an antiphase Sz with ¢, # 0
which appears as a two-dimensional escape to incommen-
surate phases. Using the same model, Wang and Luben-
sky predict that the competition between incommensu-
rate phase and antiphase may be directly observable as
a region of coexisting incommensurate and Sz fluctua-
tions [46]. Experimentally, high resolution X-ray analysis
underlines the complicated behavior of the polar systems
in the vicinity of Sa1—Sz [44] and Sa1—Sj [9,47] transi-
tions. For example near the Sa1—Sj3 transition, Safinya et
al. showed an intermediate region of coexisting incommen-
surate fluctuations with large incommensurablity and Sz
fluctuations [47] which strongly supports the Prost-Barois
hypothesis. Lobko et al. [45] confirm the theoretical de-
scription of Sz phase as a two-dimensional escape from

T (°C)
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100

50 PSSO S NN SRR SUNOY SR SN SR SO SR IS R R

KI5 X

Fig. 10. (a) Isobaric temperature-concentration phase dia-
gram between the two homologous dimesogenic compounds:
KII-5 (left) and KI-5 (right). Note that the high temperature
smectic phases of KI-5 (TGB, Sc+ut, Sc+vT, and Sic) disappear
on adding KII-5. In addition note that in a part of the diagram,
the Saic is monotropic: this phase exists in a supercooled state
15—20° below the melting point, before crystallization. (b)
Schematic representation of the new Saic—Sz — Sy, topology.

incommensurability in the case of strong coupling between
the two incommensurate density modulations and in this
way, our experimental results closely agree with the phe-
nomenological models initially introduced to describe the
polar systems.

These results on KII-5 and KI-5 show that the systems
hesitate between commensurate, incommensurate and
two-dimensional fluid smectics depending both on tem-
perature and molecular composition. At the molecular
level, we have already mentioned the fundamental role
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Fig. 11. X-ray patterns of orientated sample of KI-5A: (a)
in the high temperature smectic phase Syt at 150 °C; (b) in
the low temperature smectic phase at 135 °C. Note that the
diffracted intensity is reduced by a factor 20 in this S phase.

of the spacer length [32] and here we stress that the change
of the terminal extremity strongly influences the polymor-
phism and the structural characteristics in these choleste-
ryl dimesogens. We will now focus our interest on another
molecular parameter, the nature of the linking group be-
tween the two aromatic rings. In order to explore this way,
we select the KI-5A, homologous compound of KI-5, which
possesses an azo group instead of the imino one.

4.4 Occurrence of another two-dimensional smectic in
the KI-5A homologous: a smectic antiphase S;

The complementary techniques of characterization allow
to determine a simplest phase sequence for KI-5A than for
the reference compound KI-5:

137°C 160°C 163°C 194°C

jL187C TGB N* I

crystal

SuT

where Syt and Syt indicate two low ordered smectic pha-
ses.

The high temperature smectic Syt exhibits a reso-
lution limited peak corresponding to a large periodicity
@ = 0.156 A=! = 27/40.2 A, with another intense spot
of the first harmonic at 2¢; = 0.312 A~! (Fig. 11a). As
shown in Figure 12, ¢; is no temperature dependent in the
SuT phase.

The Sgr—Syr transition is characterized by a signif-
icant enthalpy change (AH = 206 J mol™!) and by the
appearance of a weakly birefringent texture on homeotrop-
ically aligned samples. From a structural point of view,
the lower ¢ spot loses its unidimensional form and splits
into two spots located off the z axis at ¢; = 0.163 A~!
(Fig. 11b). The second Bragg spot is no more the har-
monic but it remains along the z axis with the same

St

-1
(A
0,350 T T T TT T
i KISA ]
i e . . 1
0,300 ! 2q1 4
[ I
: |
r i
0,250 - s, ! S, 4
'
i
0,200 + ! B
[ 1
: * * 400 2 0 0 0 0 - 000000000! 4
0’150 __ i.' v v q; v 'V'V_
;
[ i ]
0,100 PR S | L M n PR U T [ S |
100 110 120 130 140 150 160
T (°C)

Fig. 12. Thermal evolution of the wave vectors for the KI-5A
compound.

SmaGe— 7 e —

(a) (b)

Fig. 13. (a) Schematic representation of a S; antiphase for
polar systems. (b) Commensurate lockin of the wave vectors n
a two-dimensional vector space.

location at g3 = 0.312 A=!. In the limit of our accu-
racy, g3 and the projection of ¢; along the z axis are com-
mensurate: 2q;, = g3. This pattern is the signature of a
two-dimensional rectangular centered antiphase Sz ([10],
Fig. 13). In the real space, the lateral modulation in the
layers exhibits a large wavelength 27/q1, = 145 A which
decreases as temperature decreases (110 A at 105 °C).
Even if its chemical formula is closely related to KI-
5, KI-5A does not exhibit incommensurate phase and es-
capes from the incommensurability by producing a two-
dimensional antiphase. It is quite surprising that these
chemically similar compounds significantly differ in their
mesomorphic low temperature phase sequence: S;c—S,, —Sz
for KI-5 and Sx for KI-5A. As shown in Figure 14, by mix-
ing KI-5 and KI-5A, the Sy, and Sz phases are observed
in a large domain of concentration. The S,, phase is char-
acterized by a resolution limited peak centered on the z
axis at constant g3 = 0.313 A~! and by two-dimensional
fluctuations either Sg-like or Sz-like depending both on
composition and temperature: a change between these two
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Fig. 14. Isobaric temperature-concentration phase diagram
between the two homologous dimesogenic compounds: KI-5
(left) and KI-5A (right). As in the first diagram, the S;. of KI-5
promptly disappears on adding KI-5A. Note that no enthalpy
change corresponding to the Sy, —Sj; transition has been de-
tected so far and the S;; —Sj; line only suggests the transition.

3=0313A1 @3=0313A!

3=0302 A1 B=03134"

q2=0.182 A"l .
q2=0.164 A"l 42=0.178 A° q1=0.163 A-1
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=135°C T=143°C T=95°C =

Fig. 15. Incommensurates smectic phases Sic or two-
dimensional Sz or S; phases in the KII-5, KI-5 and KI-5A
dimesogenic compounds. Note the small angular shift in (12°)
and in Sz (16°) by comparison with results of references
[35,39,41].

regimes is detected in the 0.5—0.8 concentration range.
In the Sz phase, the magnitudes of the wave vectors are
weakly affected by the composition and the wavelength
27/ q1 relative to the in-layer modulation remains quasi
constant (= 150 A) varying the proportion of KI-5A. So,
contrary to the KII-5-KI-5 system, the two-dimensional
Sz phase of KI-5 has no tendency to transform into an in-
commensurate phase on adding the azo derivative KI-5A.

In addition, no connection is observed in the KI-5/KI-5A
phase diagram between the Sz and Sz domains.

5 Concluding remarks

In conclusion, this work shows that the occurrence of in-
commensurate fluid smectic phases is bound by strict
molecular conditions and at the present time remains an
exception. Indeed, even if two-dimensional smectics have
been already reported in dimesogenic compounds (modu-
lated hexatic Sz in symmetric dimers [35], or Sz respec-
tively in chiral [39] and polar [41] non symmetric dimeso-
gens), incommensurate fluid smectics have never been de-
tected. So, despite the great number of liquid crystalline
materials, polar or non polar mesogens or more recently
dimesogens, KI-5 and KII-5 are the only two examples
exhibiting such incommensurate fluid S;. phases. In ad-
dition, these dimesogens respond to the frustration con-
nected to the competition in the low ordered smectic states
between two different layer spacings with the formation ei-
ther of incommensurate structures or, as in polar systems,
of two-dimensional lattices. In this sense, the KII-5/ KI-5
diagram allows for the first time to bring together incom-
mensurate smectic phase and two-dimensional one.

By comparison with other families of dimesogens, the
prime novelty of the KI-5 and KII-5 compounds origi-
nates from the unusual mesogenic moiety constituted by
the cholesteryl part. It is obvious that this group plays
a specific role: its non aromatic nature connected to its
planar shape and its strong ability to interact favourably
with the aliphatic chains as well as with the aromatic rings
allow a peculiar local arrangement which dictates one pe-
riodicity. Indeed, the condensed wave vector g3 keeps a
quasi constant value for the three dimesogenic compounds
under study: g5 = 27/21 A. From molecular models, this
length corresponds to the cholesteryl moiety including the
COO group of the spacer. In addition, note that this pe-
riodicity 27/gs exists in the whole temperature range: g3
corresponds to the harmonic of the ¢; wave vector in com-
mensurate phases, as fundamental wavevector in the S,
domain or as one of the coexisting wavevectors in incom-
mensurate or in two-dimensional phases. Thus the three
dimesogenic compounds essentially differ by the other pe-
riodicity, 27 /g1 which, depending on the phase, exists as
long range smectic modulations or only as fluctuations.
More specifically, the major difference originates from the
value of ¢; by comparison to ¢s: for KII-5 and KI-5, g3/q1
is larger than two, while for KI-5A, as in polar systems,
this ratio is lower than two.

In the “frustrated smectics” model, Prost and Barois
incorporate two types of relevant terms: firstly the elas-
tic terms which describe modulations with preferences to
order at incommensurate wavevector modulus 27/¢; and
secondly the coupling terms which favor the lockin, e.g.
the commensurability. The smectic antiphases compro-
mise between elastic and commensurability energies and
in this sense will be often preferred to incommensurate
phases since they minimize the commensurability energy
and preserve the modulus 27/¢; favoured by elastic terms.



56

The schematic representation of Figure 15 illustrates these
different possibilities:

For KII-5, the coupling term is low (g1 = 0.20) and the
elasticity of the system at 135 °C allows the occurrence of
an incommensurate smectic phase.

KI-5 underlines the competition between the elastic
and coupling terms varying temperature. At high temper-
ature, the coupling term is rather strong (¢; = 0.05) but
the elasticity of the system favours an incommensurate
smectic. Unfortunately, a quantitative comparison with
the model cannot be done since the temperature depen-
dence of the different parameters have not been specified.
At lower temperature, the compromise between elasticity
and coupling gives rise to a two-dimensional Sz phase.

At last, the KI-5A suggests that a ratio ¢3/q1 lower
than two cannot generate an incommensurate fluid smec-
tic phase since a commensurate lockin readily takes place
through a Sj antiphase.

Finally, with the strong chirality induced by the choles-
teryl group, the helical structures, cholesteric, TGB and
different kinds of S} phases could be expected in these
dimesogens. In contrast, the formation of incommensurate
or modulated smectics is probably independent of molec-
ular chirality but strongly depends on the presence of the
cholesteryl group which dictates and fix one of the two
layering periods. The variation of the molecular and ther-
mal parameters leads to a modification of the other length
giving rise to several exotic polymorphisms.

This collaborative research was cosponsored by the CNRS of
France and the Korea Science & Engineering Foundation of
Korea.
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