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The liquid crystal behaviour of a family of non-symmetric liquid crystalline dimers is
reported. These systems contain two bibenzoate rigid units that are linked to distinct terminal
groups at one end, and to a flexible interconnecting spacer at the other. Several systems
having different terminal and central chains are studied using calorimetric, microscopic and
diffraction techniques. All the samples form phases with variable degrees of order (from low
ordered smectic to crystalline phases) depending on the chemical constitution of the different
segments. The influence of the length, parity and lateral substitution of the spacers on the
transitional properties and the symmetry of the mesophases that are formed is analysed. It is
found that a decrease in the transition temperatures and enthalpies occurs when the length of
the flexible spacers increases, when lateral methyl substituents are introduced, or when the
parity of the central spacer changes from an even to odd number of carbon atoms or ether
groups. The arrangement of the mesogens and dissimilar flexible groups within the ordered
structure is discussed with respect to the observed L/d ratios. Different values were obtained
depending on the parity of the central spacer and on the degree of order. Interpenetrated
structures, in which the flexible groups of different lengths are mixed, seem to be compatible
with low ordered smectic phases, but sterically disfavoured when constructing crystalline
phases.

1. Introduction

Liquid crystalline symmetric dimers, or twin mole-

cules, are composed of two identical mesogenic groups

that have attached at one end a terminal chain of

variable length, and at the other an interconnecting

flexible spacer [1]. The length, parity, and symmetry of

the central spacer have been shown to have an

important influence on the thermal properties of the

system [2]. The most general manifestation of this

spacer effect is the alternation in the clearing tempera-

tures and in the enthalpy and entropy changes

associated with the phase transitions observed on

varying the number of carbon atoms in the spacer

[3]. Similar effects have also been observed in main

chain liquid crystal polymers (LCPs) and, therefore, LC

dimers have been used as model compounds for

understanding the properties of the more complex

macromolecular systems [4]. In some cases, even the

type of mesophase that is formed on cooling is affected

by the nature of the spacer. As an example, certain

dimers and main chain LCPs containing bibenzoate

units and methylenic or oxymethylenic central spacers

show either SmA or SmCalt mesophases when the alkyl

chain contains an even or odd number of atoms,

respectively [5, 6]. The introduction of a methyl

substituent in an assymmetric position in even spacers

leads to the formation of SmC mesophases [7, 8], or

SmC* phases if only one of the enantiomers is present.

These features can be understood by considering the

conformational constraint imposed by the spacer: the

differences between odd, even or laterally substituted
spacers are reflected in differences in the average

molecular shape [9].

In the description of the phase behaviour of dimers,

the nature of the terminal chains [10], and their ability

to be incorporated into the mesophase structure

without distorting the packing tendencies dictated by

the central spacer, must be also considered. Even more

complex are the cases where the terminal groups are

not identical, as in non-symmetric dimers. The competi-

tion between the differing length scales and dipolar
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interactions of the different flexible segments in such

systems provides an additional source for liquid cry-

stalline polymorphism [3]. In order to enhance our

understanding of these effects, this work describes the

mesophase behaviour of several non-symmetric dimers

containing the biphenyl moiety as the rigid group and a

polymerizable oxetane unit at just one end. The

chemical structure is,

where R1, R2 and R3 are methylenic or oxymethylenic

spacers. The names of the different systems are abbre-

viated as OxR3-R2-R1. R3 is represented by the subscript

1 or 2 depending on whether it is a 2-butyl or a

2-ethylpropionyl group, respectively. R2 and R1 are

abbreviated by the number of carbon atoms contained

in the spacer, Cn. The final structures and names of the

different oxetanes are shown in table 1 (see also the

table heading for the equivalences of the notation

employed).

Taking into account previous results known for

symmetric dimers and main chain LCPs [4, 7], a careful

choice of the lengths and nature of the spacers was

made. The R3 terminal group contains an asymmetric

centre in order to assist the development of the smectic

symmetry and to provide chirality to promote the

formation of a SmC* phase. The introduction of the

polymerizable oxetane unit at the end of the R1 group

opens the possibility of synthesizing a side chain LCP in

a subsequent step, in which the whole dimer structure is

attached to a flexible polymeric backbone [11].

The aim of our work is to establish the extent to

which the relationships between the structure of the

central spacer and properties known for dimers and

main chain polymers may be transferred to non-

symmetric dimers and the corresponding side chain

polymers. In addition, and taking into account the

ability of the bibenzoate unit to form SmC* and SmCA

phases given appropriate flexible spacers, these poly-

merizable dimers open the possibility to obtain new

ferroelectric and antiferroelectric systems for applica-

tion in electro-optical devices [12].

2. Experimental

Differential scanning calorimetry measurements were

carried out using a Perkin Elmer DSC7 calorimeter

connected to a cooling system. Different scanning rates

(20, 10 or 5‡C min21) were used. The liquid crystalline

textures were observed with a Karl Zeiss polarizing

Table 1. Transition temperatures and enthalpies of the non-symmetric dimers obtained from DSC measurements performed at a
heating of 10‡C min21. Data correspond to reheat scans. The abbreviations Sm, 3D and I correspond to the low-ordered smectic
phase, to the phase with three-dimensional positional order, and to the isotropic phase respectively. Tg denotes the glass transition
temperature. DCp is given in kJ mol21 K21. In the names of the dimers: C5~(CH2)5; C6~(CH2)6; C4O~(CH2)2O(CH2)2;
C6Me~(CH2)2CH(CH3)(CH2)3; C6Me*~(R)-(CH2)2CH(CH3)(CH2)3; C3Me*~(R)-CH(CH3)(CH2)2.

Dimer Transition temperatures in ‡C (DH in kJ mol21) [DS/R]

OxR3-R2-R1 TIpSm TIp3D Tg (DCp) T3DpI TSmpI

Ox2-C5-C6 21.2 (2.4) [1.1] — 217 (0.27) — 11 (3.4) [1.4]
Ox2-C4O-C6 — 8 (12.2) [5.2] — 19 (11.8) [4.1] —
Ox2-C6-C6 — 47 (33) [12.5] — 58.7 (8.4) [3] 68.7 (30.6) [10.7] —
Ox2-C6Me*-C6 20.8 (3.3) [1.5] — 215 (0.45) — 5.3 (3.4) [1.5]
Ox1-C6Me*-C6Me 23.4 (6.2) [2.7] — 219 (0.40) 37a 5.6 (6.2) [2.7]
Ox1-C6Me-C6Me 23.1 (6.8) [3] — 215 (0.35) 46a 11.1 (6.8) [2.9]
Ox1-C6Me-C6 25 (6.2) [2.5] — 211 (0.46) — 32 (6.8) [2.7]
Ox1-C3Me*-C6 — 80 (21.8) [7.4] — 85 (22.6) [7.6] —

aData corresponding to the annealed sample.
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optical microscope, equipped with a Linkam TMS 92

hot stage and a LNP cooling system.
X-ray scattering experiments were performed using

synchrotron radiation (l~0.150 nm) in the beamline

A2 at HASYLAB (Hamburg, Germany). Two linear

position-sensitive detectors were used simultaneously,

one of them covering the 2h range from 10‡ to 30‡
approximately (WAXS region), and the other from 1.1‡
to 8.8‡ (MAXS region, spacings from 8 to 1 nm).

Heating and cooling rates of 2 or 4‡C min21 were

employed, acquiring data in time frames of 30 s.

Subambient experiments were performed using a cool-

ing device that allows cooling to about 216‡C.

3. Synthesis

A detailed procedure for the synthesis of the oxetanes

has been published elsewhere [13]. Briefly, 4-hydroxy-4’-
biphenylcarboxylic acid was used as the mesogenic

precursor, and the flexible chains R2 and R3 at each end

were attached by reaction with the corresponding

alcohol under Mitsunobu conditions [14]. In the final

step, the oxetane ring is introduced in the structure by

a Williamson etherification of the phenolic group with

3-[(4-methyl-6-bromohexyloxy)methyl]-3-methyloxetane

or 3-(6-bromohexyloxy)methyl-3-methyloxetane in a

phase-transfer reaction [15]. Great efforts were made

during the purification of the final products (by

chromatography and succesive recrystallization pro-

cesses), since the presence of impurities is known

strongly to affect the phase behaviour of liquid

crystalline compounds. In addition, impurities would

also hinder the subsequent cationic ring-opening

polymerization of the oxetane ring. According to the

agreement between the experimental and theoretical

results of the elemental analysis, and to the absence of

unexpected signals in the 1H NMR spectra (200 MHz

Varian Spectrometer) [13], a high degree of purity was

obtained in all cases.

4. Results and discussion
The thermal behaviour of the oxetanes was studied

first by differential scanning calorimetry. The DSC

curves recorded at a scanning rate of 10‡C min21 for all

the compounds are shown in figure 1. The transition

temperatures and the molar transition enthalpies and

entropies calculated from the reheat scan are listed in

table 1. The systems with C6Me or C5 as the central

spacer are viscous oils at room temperature that

undergo phase transitions at temperatures below 10‡C
and become glassy below 210‡C. Ox2-C6-C6 and Ox1-

C3Me*-C6 are solids at ambient temperature and no

glass transition is detected in the DSC experiment. A

glass transition is also not seen in the sample with C4O

as the central spacer. The absence of a glass transition

in these last three samples is an indication of a high

degree of order in the phases that are involved.

The second heating curve shows the same profile as

the cooling curve but inverted, indicating that the same

but reversed phase sequence occurs before melting and,

therefore, all the phases are enantiotropic. Only Ox2-

C6-C6 shows an additional transformation in the

heating curve as a consequence of a cold crystallization

process.
The entropy and enthalpy values of the thermal

transitions obtained for the dimers with C6Me and C5

as the central R2 spacer (DS/Rv3 and DHv6 kJ mol21)

fall within the range seen for isotropicplow ordered

smectic (IpSm) or isotropicpnematic (IpN) transi-

tions for other non-symmetric dimers published in the

Figure 1. Normalized DSC cooling and reheating curves of
the non-symmetric dimers recorded at a scanning rate of
10‡C min21.
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literature (DS/Rv3, and DH<10 kJ mol21 for smectics

or DHv5 kJ mol21 for nematics) [16, 17]. However,

they are smaller than those found for IpSm transitions

of symmetric dimers derived from the bibenzoate

unit (4vDS/Rv6, 14vDHv23 kJ mol21) [3]. The

endotherms and exotherms shown by Ox1-C6Me-

C6Me, where R1~R2, are particularly sharp (width at

half-height, Dw1/2~1‡C) when compared with the other

systems with R2~C6Me but containing a R2|R1 (Dw1/2

<4‡C), although the corresponding values for DH and

DS of the transitions fall in the same range. This result

suggests that the similarity in the chemical structure of

the flexible spacers R1 and R2 facilitates the packing of

the dimers in the mesophase. In fact, Ox1-C6Me*-C6Me

shows intermediate behaviour (Dw1/2~1.9‡C), in accor-

dance with the similar chemical structure but different

stereochemistry of R1 and R2.

Ox2-C6-C6 and Ox1-C3Me*-C6 show thermal transi-

tions at higher temperatures and with enthalpy and

entropy changes that are of the same order of mag-

nitude as those found in asymmetric dimers which

exhibit a transition to a crystalline phase [18]. The

second endotherm detected on heating Ox2-C6-C6 is

very much dependent on both the cooling and the

heating rates, as well as on the final temperature of

the previous cooling experiment, as usually observed

for recrystallization processes, see figure 2. The melting

curves after crystallization at 10‡C min21 show different

shapes depending on the rate of the reheating experi-

ment. The higher the heating rate, the lower the recry-

stallization peak, due to the shorter time allowed to the

system for the rearrangement. The influence of final

temperature in the cooling process explains the dif-

ferences in the profile of the reheating curves at

10‡C min21 of Ox2-C6-C6 in figure 1 (final cooling

temperature was 210‡C) and figure 2 (final cooling

temperature was 30‡C). The nature of the phases

involved will be discussed later.

With regard to the structure of the non-symmetric

dimers and their thermal behaviour, the following

trends can be seen:

(a) Changing the 2-butyl chain R3 to a slightly longer

one, 2-ethylpropionyl, leads to a decrease in the

transition temperatures and enthalpies (compare,

for example, the thermal data listed in table 1 for

Ox2-C6Me*-C6 with a longer terminal chain, with

those of Ox1-C6Me-C6).

(b) The oxetanes with a central spacer with an even

number of carbon atoms or ether units show in

general higher values of the temperatures and

enthalpies than odd spacers (compare, for example,

Ox2-C6-C6 with Ox2-C5-C6 or Ox2-C4O-C6). This

odd–even alternation of the transition temperatures

and enthalpies depending on the parity of the

spacer between the mesogens, R2, has been found

Figure 2. DSC melting curves for Ox2-C6-C6 cooled from the
isotropic melt to 30‡C at 10‡C min21 and reheated at
three different rates. The curves have been multiplied by
the corresponding factors in order to get an apparent
normalization in the heat flow data.

Table 2. X-ray spacings given in nm of the dimers obtained in real-time synchrotron diffraction experiments. L represents the
calculated length of the structure in an all-trans-conformation. The abbreviations Sm and 3D correspond to the low-ordered
smectic phase and to the one with three-dimensional positional order respectively. C5~(CH2)5; C6~(CH2)6; C4O~
(CH2)2O(CH2)2; C6Me~(CH2)2CH(CH3)(CH2)3; C6Me*~(R)-(CH2)2CH(CH3)(CH2)3; C3Me*~(R)-CH(CH3)(CH2)2.

OxR3-R2-R1 L dMAXS
Sm L/dSm dMAXS

3D L/d3D dWAXS
3D

Ox2-C4O-C6 4.54 — — 2.9 1.5 0.450; 0.396; 0.320
Ox2-C6-C6 4.69 — — 4.06; 2.04; 1.34; 3.72a 1.1; 1.3a 0.457; 0.424; 0.372; 0,515a; 0.382a

Ox2-C6Me*-C6 4.69 2.02 2.3 — — —
Ox1-C6Me*-C6Me 4.45 2.16 2.1 3.86; 1.89; 1.27b 1.1 0.480; 0.446; 0.394b

Ox1-C6Me-C6Me 4.45 2.18 2 3.72; 1.91; 1.27b 1.2b 0.467; 0.435; 0.387b

Ox1-C3Me*-C6 4.08 — — 2.65 1.5 0.458; 0.406; 0.326

aData corresponding to the recrystallization process.
bData corresponding to the annealed sample.
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for all symmetric and non-symmetric dimers pub-

lished in the literature [3, 16–18].

(c) The presence of lateral methyl substituents in an

asymmetric position, either in the central or ter-

minal chains, reduces the symmetry of the systems

and consequently the transition temperatures and

enthalpies. See, for example, the values found in

the case of the linear spacer Ox2-C6-C6 compared

with the substituted Ox2-C6Me*-C6. The same

tendency is observed when comparing Ox1-C6Me-

C6Me and Ox1-C6Me-C6. This tendency has also

been observed in other dimers published in the

literature [16].

(d) In the case of Ox1-C3Me*-C6, the particularly short

central spacer may also lead to special packing

restrictions and therefore to phases of different

symmetry when compared with the rest of the

dimers synthesized.

It is worth mentioning at this point that the

relationships observed between the transitional proper-

ties and the nature of the central spacer in these systems

are similar to those found in symmetric dimers and

main chain liquid crystalline polymers containing simi-

lar units [3, 4, 7].
Further analysis of the symmetry of the mesophases

was performed with real time X-ray diffraction using

synchrotron radiation. The subambient transition tem-

peratures constitute a significant experimental diffi-

culty, so that only selected samples could be analysed.

The results are shown in table 2. The X-ray experiments

were performed with heating and cooling ramps at

a predefined rate. A clear change in the diffraction

pattern of the analysed samples could be observed at

the same temperatures at which the endotherms and

exotherms were detected in the calorimetric experi-

ments. All these phases showed at least one sharp

MAXS reflection, characteristic of structures with a

layer periodicity, as in smectic mesophases or crystal-

line phases. Therefore, the formation of nematic phases

can be rejected. Different patterns were observed in the

WAXS region and these will be described in the

following paragraphs.

The diffraction patterns of the oxetanes Ox2-C4O-C6,

Ox2-C6-C6 and Ox1-C3Me*-C6 recorded at room tem-

perature contained at least one sharp MAXS and three

sharp WAXS diffraction peaks, corresponding to the

formation of crystalline phases with long range three-

dimensional positional order. These results are con-

sistent with the calorimetric analysis. As an example,

figure 3 shows the diffraction pattern of Ox2-C6-C6

taken at different temperatures during a heating cycle

after controlled crystallization at 4‡C min21. At 30‡C
the crystalline phase can be seen, characterized by

several WAXS spacings and MAXS first, second and

third order reflections. When the temperature approa-

ches 62‡C, these reflections disappear, and new but less

well defined reflections are formed, indicating the

development of a different crystalline phase (in accor-

dance with the recrystallization process observed in the

calorimetric results). The presence of different WAXS

reflections and the rather high values of the enthalpies

involved in the process are consistent with a Cr–Cr

transition and not with the formation of a Sm phase

prior to isotropization. Finally, these reflections dis-

appear when heated above 74‡C, leaving the amor-

phous halo in the WAXS region and no sharp peaks in

the MAXS region that corresponds to the isotropic

melt. Attempts to obtain mechanically aligned samples

were made in order to obtain X-ray data from oriented

samples for a detailed analysis of the crystalline lattice.

Unfortunately all attempts failed and, in consequence,

no unambiguous assignment of the type of crystal is

possible.

The X-ray pattern of the dimer Ox2-C4O-C6 per-

formed after cooling from the melt shows the formation

of only one crystalline phase, according to the several

sharp diffractions detected in the WAXS region. This

result is rather surprising, since the shapes of the

endotherm and exotherm detected in the DSC experi-

ments suggest the presence of more than one transition.

To clarify this point, an analysis of the location of the

diffraction peaks and the evolution of the total area

with temperature was performed, since these para-

meters could be more sensitive than the overall profile

of the X-ray spectrum to the coexistence of two or

more phases. The results of this analysis are shown in

Figure 3. Variable temperature diffraction patterns of Ox2-
C6-C6 in the middle and wide angle regions during a
heating cycle after crystallization from the melt. The
diffractograms in bold lines correspond to those taken at
temperatures of 30, 62, and 74‡C starting from the one at
the top. Heating rate is 4‡C min21.
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figure 4. The location of the MAXS peak, as well as its

total area, does show important changes during the

transition (see lower part of figure 4) in such a way that

two different regions are observed (in agreement with

the DSC results, see upper part of figure 4) yielding

different temperature coefficients and area changes.

Smectic systems are known to show a high degree of

polymorphism, and small molecular rearrangements

involving small enthalpy and symmetry changes are

often found in their cooling and heating cycles. In

the case of molecules with a bent shape, such as Ox2-

C4O-C6 due to the presence of an odd central spacer,

this polymorphism is even more frequent and may be

more complex due to the appearance of polar phases

[19, 20]. These phases are often detected and identified

by means of the texture changes at the phase transi-

tion when observed under the microscope, or by their

optical response to electrical fields. Unfortunately, the

birefringent textures obtained could not be identified

and the preliminary experiments in surface-stabilized

cells were also unsuccessful (no aligned monodomains

could be obtained and no electro-optic response could

be measured). Additional experimental evidence is

needed to clarify the origin of the complex DSC profile.

The compounds where R2 is C6Me or C6Me* show

the formation of a low ordered mesophase in the cool-

ing and reheating experiments performed at 4‡C min21.

The X-ray pattern contains a MAXS diffraction peak,

and a broad halo in the WAXS region corresponding

to the average lateral distance between the molecules.

Figure 5 shows the X-ray analysis during the melting

process of Ox1-C6Me-C6Me. The WAXS halo is

centred at 0.45 nm in the mesophase and presents a

full width at a half-maximum height of approximately

0.53 nm21, whereas in the isotropic melt this value

increases to 0.77 nm21. When the sample is left at room

temperature for some time, the diffraction pattern of

the dimer dramatically changes. Different diffraction

peaks appear in the WAXS region (instead of the broad

halo) and a new MAXS diffraction peak located at a

different spacing is detected, together with its second

and third order peaks. These features indicate that the

molecules of Ox1-C6Me-C6Me undergo important rear-

rangements if they are left for some time above their

glass transition, leading to the development of a

crystalline phase. In the DSC heating cycle of this

new phase only one melting endotherm appears, at

46‡C, which means a shift of almost 40‡C with respect

to the isotropization temperature of the low ordered

phase. The calorimetric and diffraction profiles during

the heating cycle after annealing are shown in the lower

part of figure 5. No trace of the low ordered phase

appears in the heating experiment once the more ordered

one is completely formed. When the melting tempera-

ture is approached, the multiple diffraction peaks

gradually loose intensity and disappear to leave the

Figure 5. Variable temperature diffraction spectra in the
middle and wide angle regions, and the corresponding
DSC diagrams, for the heating cycle of Ox1-C6Me-C6Me
after crystallization from the melt at 20‡C min21 (top),
and after annealing at room temperature for several days
(bottom).

Figure 4. Results of the DSC and real-time diffraction
analysis (positions and areas of the MAXS peak) of
Ox2-C4O-C6 in a cooling (c) and subsequent heating (h)
cycles. The DSC measurements were performed at
10‡C min21. The heating and cooling rates during the
X-ray experiment were 4‡C min21. Diffraction diagrams
were recorded every 2‡C.
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characteristic pattern of the isotropic melt. A similar

annealing behaviour was found for Ox1-C6Me*-C6Me.

Ox2-C6Me*-C6, shows some similarities but also

differences in its behaviour with respect to that of the

dimers with a comparable central spacer (Ox1-C6Me*-

C6Me and Ox1-C6Me-C6Me). A low ordered smectic

phase is also formed in the cooling experiments at

temperatures below 0‡C, but no highly ordered struc-

ture is obtained when leaving the sample at room tem-

perature, even after several months of annealing.

There are several kinds of low ordered smectic

mesophases that are compatible with the X-ray pattern

described (orthogonal SmA, tilted SmC or SmCalt). For

differentiation between these phases, either character-

istic optical textures or X-ray diffraction experiments

with aligned samples are necessary. None of these could

be obtained. However, the fact that no considerable

change in the MAXS peak position with temperature

has been observed experimentally (see upper part of

figure 5) seems to be an indication of the formation of

orthogonal phases (unless there is an exceptional com-

pensation between a change in the tilt angle and the

degree of interpenetration with temperature). This result

seems surprising, since symmetric dimers derived from

the hydroxybibenzoate unit and methylenic central and

terminal chains (see last row in table 3) are known to

form intercalated SmA mesophases when n is even,

SmCalt phases when n is odd, and SmC phases if the

central spacer has an even number of carbon atoms and

contains a lateral methyl group [21, 22]. Furthermore,

main chain liquid crystal polyesters containing analo-

gous structures behave in a similar way [4]. However,

changing carboxylic and ether linking groups in these

seems to favour the stability range of the orthogonal

SmA phase at the expense of the tilted SmC phase [23].

This could be the reason for the absence of SmC phases

in the liquid crystalline oxetanes containing a C6Me

central spacer.
Additional information about the specific arrange-

ment of the dimers within the smectic phase is given by

the ratio between the calculated length of the molecule

in its all-trans-conformation and the layer spacing, L/d

[1]. This ratio reflects the degree of interpenetration or

segregation of the different flexible groups of the

molecule in the LC phase. In general, the formation of

smectic phases may be envisioned as a microphase

separation in which the mesogenic cores form one

region, while the alkyl chains constitute another. There

are two major forces responsible for such a separation:

energetically, the mean of the core–core and chain–

chain interactions is usually more favourable than the

mixed core–chain interactions; and entropically, the

interaction between a core and a chain acts to order

the chain and hence is unfavourable. However, these

lateral interactions are not the only factors influencing

the microphase separation. Specific electrostatic inter-

actions between polar groups (charge-transfer, quad-

rupolar interactions) either in the mesogens or in the

Table 3. Structures of different symmetric and non-symmetric dimers and the phases they exhibit.

Dimer Structure

Monolayer Sm and N [2]

Monolayer Sm [5]

Monolayer Sm and N [18]

Intercalated Sm and N [5]

Intercalated Sm [21]
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chains [2, 24], as well as packing or excluded volume

factors derived from the differences in length of dis-

similar spacers in non-symmetric structures [3, 25, 26]

also need to be taken into account. A complex balance

of these factors can lead to a segregated bilayer,

monolayer or intercalated arrangement of the molecules

within the smectic phase, or even to intermediate states

between them (interdigitated or interpenetrated phases)

[27]. Several examples of dimers from the literature that

exhibit the complexity of this interplay are shown in

table 3. The formation of one or other structure can be

inferred from the L/d ratio.

The L/d ratios for the oxetane dimers are given in

table 2. In all cases the value of the d-spacing does not

exceed that of the length of the molecule in its all-trans-

conformation, L, indicating that there is no tendency to

form fully segregated bilayer structures, see figure 6 (a).

This kind of arrangement is usually found in systems

where strong repulsive effects between both ends of the

molecule are present. Given the chemical structure of

the dimers, the experimental result seems reasonable

because no significant unfavourable dipolar interactions

between both terminal groups are expected. By con-

trast, the dependence of the L/d ratio on the nature of

the central spacer is remarkable, suggesting different

arrangements of the mesogens in dimers with even and

odd spacers. Thus, L/d has values close to 1 or 2 for

even dimers, but approximately 1.5 in dimers with odd

spacers. These results will be discussed in the following

paragraphs for each particular case, with reference to

the nature of the central spacer and the degree of order

present.

The oxetane with a linear even central spacer, Ox2-

C6-C6, has values of L/d~1.1 or 1.3 for its two cry-

stalline phases. A value of L/d close to unity indicates

the formation of monolayers. It is assumed that con-

nected mesogens are coparallel, as is known to occur

when they are interconnected through an even spacer

[9]. A representative picture of the packing of the

mesogens is given in figure 6 (c). Deviations of the

molecule from its all-trans-conformation or a low

degree of interdigitation of the terminal chains may

be responsible for L/d having values slightly higher than

unity, figure 6 (d ). A monolayer arrangement of the

dimer molecules implies that the central and terminal

spacers are not mixed within the smectic layers. It is

worth mentioning that symmetric dimers with a similar

structure reported by Watanabe et al. (see last row in

table 3) [21] form intercalated SmA and crystalline

phases in which the central and terminal chains are

Figure 6. Examples of possible arrangements and the corresponding L/d ratio of non-symmetric dimers containing an even
central spacer. The degree of interpenetration increases from left to right. (a) Bilayer, (b) interdigitated bilayer, (c) monolayer,
(d ) interdigitated monolayer, (e) intercalated structure.

116 A. del Campo et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



randomly mixed; see figure 10 (c) of [25]. Since in the

monolayer and intercalated arrangements, the meso-

gen–mesogen interactions are the same, this result

suggests that the interaction between the terminal chain

and the central spacer in the non-symmetric oxetane

dimers is unfavourable and destabilizes the intercalated

structure. Comparing their chemical structure with the

structure of the symmetric dimers of Watanabe [25],

the presence of the 3-methyl-oxetane ring seems to be

the driving factor for the segregation. The accommoda-

tion of the bulky four member ring into an intercalated

structure may cost too much energy, with the system

preferring to segregate it with in a separated region.

The dimers Ox1-C6Me-C6Me, Ox1-C6Me*-C6Me and

Ox2-C6Me*-C6 form a low ordered smectic structure

with a value of L/d~2–2.3 on cooling at 4‡C min21.

This value is consistent with an intercalated structure,

see figure 6 (e), with a random mixing of the different

flexible parts of the dimer in the space between the

smectic layers formed by the mesogens. Comparing

this result with that obtained for Ox2-C6-C6, two

explanations seem reasonable for the occurrence of

intercalation. On one hand, the introduction of a

methyl group in the central spacer hinders the close

packing of the chains and may leave enough space for

the oxetane ring to be accommodated in an intercalated

structure [7]. On the other hand, the packing of the

molecules in a low ordered smectic is much more fluid

than in a crystalline phase and may be compatible with

the intercalation of the central spacer and terminal

oxetane ring. Space filling constraints may force the

flexible chains to arrange separately when the molecules

build up a three-dimensional structure. The annealing

of Ox1-C6Me-C6Me and Ox1-C6Me*-C6Me leads to the

development of a crystalline phase which is now char-

acterized by L/d~1.1–1.2, i.e. approaching a monolayer

arrangement. The microphase separation in the rapid

cooling process seems to be dominated by the

unfavourable interaction between aromatic cores and

alkyl chains, and therefore intercalated structures are

formed in spite of the unfavourable mixing of the

terminal group containing the bulky oxetane ring with

the linear ones. However, when the sample is allowed to

crystallize over a longer time-scale, the system tends to

form a more stable crystalline structure in which the

terminal oxetane groups are segregated from the central

spacers.

The oxetanes containing a central spacer with an odd

number of carbon atoms, Ox2-C4O-C6 and Ox1-C3Me*-

C6, show a value of L/d~1.5. This type of molecule is

usually bent (as a consequence of the conformational

constraints imposed by the central spacer), meaning

that connected mesogens arrange in an alternating way

in successive layers. The number of possibilities for the

arrangement of these banana-shaped molecules in the

layered structure is rather large and, in the case of

asymmetric dimers, more complicated structures are

also plausible [19, 20]. Therefore, the proposal of an

arrangement of the mesogens consistent with L/d~1.5

is not straightforward. Moreover, this evaluation of L/d

assumes that the MAXS diffraction detected experi-

mentally corresponds to the (0 0 1) plane, which is not

necessarily correct for odd dimers. In alternating phases

this diffraction peak may be absent due to symmetry

rules. For these reasons, the assignment of an unam-

biguous structure to the experimental results is not

always possible and requires the observation of other

experimental data such as an electro-optic response if

antiferroelectric phases are formed [28]. Experiments

performed in surface-stabilized ferroelectric liquid crys-

tal cells (SSFLCC) showed no response of these systems

to an electric field over the whole temperature range.

Consequently, an unambiguous description of the posi-

tion and orientation of the dimers in the smectic struc-

ture is not possible at the moment.

5. Conclusions

A family of non-symmetric dimers containing biben-

zoate units and different central spacers and terminal

chains has been characterized. The transitional proper-

ties depend on the length and substitution of the flexi-

ble spacers in a similar way to symmetric dimers and

main chain LCPs. A decrease in the transition temper-

atures and enthalpies is observed when the length of the

flexible spacers increases, when lateral substituents are

introduced or when the parity of the central spacer

changes from an even to odd number of carbon atoms.

Although attractive or repulsive effects due to dipolar

interactions between both ends of the molecule are

not to be expected, the differences in the length and

bulkiness of the spacers seem to introduce some steric

incompatibility in the arrangement, disfavouring in

some cases the full intercalation of segments and

leading to the formation of more stable segregated

smectic phases. The results shown here highlight the

complex interplay of the different segments in the

mesophase formation of liquid crystalline dimers and

the need for the synthesis of new compounds in order

to be able to establish generalized structure–properties

relationships.
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