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Ten new non-symmetric liquid crystal dimers belonging to the family of compounds «-(4-benzylidene-substituted-
aniline-4’-oxy)-w-(2-methylbutyl-4'-(4”-phenyl)benzoateoxy)-alkanes have been synthesised and their transitional
properties characterised. The dimers contain either a hexamethylene or octamethylene spacer, while the terminal
substituents on the 4-benzylideneaniline fragment are H, CH3, F, Cl and Br. The unsubstituted dimers are not liquid
crystalline, while the remaining compounds exhibit enantiotropic nematic behaviour. The trends in the clearing
temperatures, according to the chemical nature of the terminal substituent, are largely consistent with those
established for conventional low molar mass liquid crystals. Three of the dimers also exhibit an intercalated smectic
A phase, specifically the two bromo-substituted dimers and the chloro-substituted dimer containing a hexamethylene
spacer. The driving force for the formation of this phase is considered to be, at least in part, the specific anisotropic
interaction between the unlike mesogenic units. The absence of smectic behaviour for the isosteric methyl-substituted
dimers reveals that steric factors alone cannot stabilise the intercalated smectic A phase.

Keywords: non-symmetric dimers; hexamethylene or octamethylene spacer; enantiotropic nematic behaviour;

intercalated smectic A phase

1. Introduction

Liquid crystal oligomers consist of molecules com-
posed of semi-rigid mesogenic units connected via
flexible spacers and constitute a class of low molar
mass liquid crystals attracting considerable research
interest (/-5). The simplest oligomers are termed
dimers, in which just two mesogenic units are con-
nected by a single spacer and these can be divided
into two broad classes, namely, symmetric dimers in
which the two mesogenic units are identical and non-
symmetric in which they differ. Initial interest in liquid
crystal dimers was triggered by their ability to act as
model compounds for semi-flexible main chain liquid
crystal polymers (6), but it soon became apparent,
however, that these were fascinating materials in
their own right and exhibited quite different behaviour
to conventional low molar mass liquid crystals.
Examples of recent studies on liquid crystal dimers
include investigations of the role of the spacer in
determining liquid crystal behaviour (7-9), laterally
connected dimers (/0), dimers containing bent-core
mesogenic units (//, 12), hydrogen-bonded dimers
(13-15), phase behaviour in bent odd-membered
dimers (16) and cholesteryl-containing dimers
(17-24). In addition to their fundamental interest,
dimers also have potential technological applications

arising from their flexoelectric behaviour (25-27) and
light-emitting properties (28).

Part of the fascination with liquid crystal dimers
can be attributed to the unique smectic behaviour
shown by non-symmetric dimers and specifically the
discovery of the intercalated smectic phases (29-31).
An intercalated orthogonal smectic phase composed
of non-symmetric dimers may be thought of in terms
of two microphase separated domains. Specifically,
the differing mesogenic units are mixed to form one
domain while the spacers and, if present, the terminal
chains constitute another (see Figure 1). A conse-
quence of this molecular arrangement is that a char-
acteristic feature of an intercalated smectic A phase is
that the ratio of the smectic periodicity to the esti-
mated all-frans molecular length of the dimer is just
0.5. Intercalated smectic phases are generally observed
for non-symmetric dimers in which the two differing
mesogenic units are thought to exhibit a specific inter-
action between each other. In turn, such an interac-
tion, which is anisotropic in nature, is often considered
to be the driving force for the formation of the phase
(29, 32). Higher liquid crystal oligomers, such as tri-
mers, consisting of molecules containing three meso-
genic units and two spacers (33) and tetramers having
four mesogenic units and three spacers (34, 35), have
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Figure 1. A sketch of the local molecular organisation
within an intercalated smectic A phase composed of non-
symmetric dimers.

been prepared containing different mesogenic units
(36-39) and also show intercalated smectic phases.
The driving force for the formation of these phases
again is most often attributed to a specific interaction
between the unlike mesogenic groups.

It is important to note, however, that intercalated
smectic phases have also been observed for a small
number of symmetric dimers (7, 40-44). It is not
clear what drives the formation of the intercalated
arrangement in these cases, although it has been sug-
gested that specific dipolar interactions between the
mesogenic units may play an important role (/).

Although a large number of non-symmetric dimers
are now known to exhibit intercalated smectic phases
and the molecular organisation sketched in Figure 1 is
widely accepted, there remain a number of features
regarding these phases that are not well understood.
It is not clear, for example, how space can be filled
efficiently for dimers in which there is a significant
mismatch in the lengths of the spacer and terminal
chain (30) or why excluded volume or space filling
constraints do not drive the formation of intercalated
phases (31, 45). In order to understand better the
factors influencing the formation and stability of
intercalated smectic phases, we report here the transi-
tional properties of new non-symmetric liquid crystal
dimers, the structures of which are shown in Figure 2.
We refer to these compounds using the acronym
MB-n-X, in which MB denotes the 2-methyl butyl
terminal chain, n the number of methylene units in
the flexible alkyl spacer and X the chemical nature of

°> . . @ //N@X
Q Q OC"HZHO
{"
n=6, 8; X=H, CH3, F, CI, Br

Figure 2. Structures of the non-symmetric liquid crystal
dimers, MB-n-X.

the other terminal substituent. By systematically vary-
ing the spacer lengths and terminal substituents in
these dimers, our aim, in particular, is to probe the
relationships between the steric and electronic effects
and the formation of intercalated smectic phases. A
branched terminal chain has been selected because, to
our knowledge, the majority of dimers known to exhi-
bit intercalated smectic phases contain a linear term-
inal chain and this will allow us to investigate space
filling constraints on the stability of the phases. We
should also note that in this particular study we have
not included the nitrile group because this has been
widely studied in this context (/-5) and our focus here
is rather on more unusual groups in terms of the for-
mation of intercalated smectic phases.

2. [Experimental

The starting materials, including the 2-methyl-1-buta-
nol, were purchased from either Acros Organics
(Belgium) or Sigma Aldrich (USA), except for the 4-
(4-hydroxyphenyl)benzoic acid, which was obtained
from Tokyo Chemical Industry (Japan). All were
used as received.

2.1 Synthesis

The syntheses of the intermediate compounds 1, 2a—e
and 3a—j and the non-symmetric liquid crystal dimers,
MB-n-X, were undertaken using the synthetic routes
shown in Scheme 1. The codes used to refer to inter-
mediate compounds 2 and 3 are listed in Tables 1 and 2,
respectively. All of the intermediates and final products
were characterised using infrared (IR) and "H-nuclear
magnetic resonance (NMR) spectroscopy and their
spectra were found to be consistent with the proposed
structures. In addition, satisfactory elemental analyses
were obtained for all compounds. Representative char-
acterisation data are provided for one representative
member of each set of new materials.

2.1.1 Synthesis of compound 1

4-(4-hydroxyphenyl)benzoic acid (1.50 g, 7.0 mmole)
was added to 2-methyl-1-butanol (25 ml), which
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Scheme 1. Synthetic route for the preparation of the liquid crystal dimers MB-n-X.

Table 1. Codes used to refer to compounds
2a—e in Scheme 1.

Intermediate Terminal substituent, X

2a H
2b CH;
2¢ F
2d Cl
2e Br

served both as a reactant and the reaction solvent. As
the temperature was increased, a catalytic amount of
concentrated H,SO4 was added dropwise and the reac-
tion mixture heated at 90°C for 24 h. The mixture was
cooled to room temperature and extracted using an
aqueous solution of sodium bicarbonate. This aqu-
eous layer was subsequently washed three times with
ether. The combined ether solution was left to allow

Table 2. Codes used to refer to compounds 3a—j as shown
in Scheme 1.

Intermediate Terminal substituent, X Spacer (-C,H»,-)
3a H CeHin
3b CH; CeHy»
3¢ F C(,H12
3d Cl CeHy»
3e Br CeHyn
3f H CgHyg
3g CH3 CgHy
3h F CgHyg
3i Cl CgHyg
3_] Br CSHIG

the solvent to evaporate and the crude product was
recrystallised from chloroform. Yield 70%. Elemental
analysis: found, C 76.04, H 7.11; calculated
(C1gH5003), C 76.03, H 7.09. IR (KBr) v cm™', 3409
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(OH), 2967-2878 (C—H alkyl), 1683 (C=O ester). 'H-
NMR (CDCl3) § ppm™, 0.99 (t, 3H, CHs), 1.06 (d, 3H,
CHs), 1.57 (m, 2H, CH,), 1.90 (m, 1H, CH), 4.16-4.28
(2dd, 2H, COOCH,), 6.98 (d, 2H, Ar), 7.54 (d, 2H,
Ar), 7.65 (d, 2H, Ar), 8.10 (d, 2H, Ar).

2.1.2  Synthesis of compounds 2a—2e

4-Hydroxybenzaldehyde (1.21 g, 9.9 mmole) was dis-
solved in absolute ethanol (40 ml). An ethanolic solu-
tion of the appropriately substituted aniline (9.9
mmole) was added dropwise and the mixture heated
at 70°C for 22 h. The resulting solution was left to
evaporate to dryness at room temperature to give a
brown precipitate. The crude product was recrystal-
lised twice using chloroform to yield the desired Schiff
base intermediate.

2a Yield 80%. Elemental analysis: found, C 79.18,
H 5.63, N 7.10; calculated (C13H;;NO), C 79.16, H
5.62, N 7.10. IR (KBr) v cm™', 3413 (OH), 1611-1603
(C=N). '"H-NMR (CDCls) § ppm™', 5.25 (s, 1H, OH),
6.94 (d, 2H, Ar), 7.22 (m, 3H, Ar), 7.41 (t, 2H, Ar),
7.82 (d, 2H, Ar), 8.40 (s, IH, CH=N).

2.1.3  Synthesis of 3a

2a (0.28 g, 1.4 mmole) was mixed with 1,6-dibromo-
hexane (2.05 g, 8.4 mmole) and dissolved in acetone
(50 ml). Potassium carbonate anhydrous (0.77 g, 5.6
mmole) was added to the stirred solution and the
mixture was refluxed for 18 h. The reaction mixture
was allowed to cool and left to allow the solvent to
evaporate at room temperature. Water (50 ml) was
added and the resulting precipitate filtered and dried.
The crude product was recrystallised from chloro-
form. Yield 67%. Elemental analysis: found, C 63.35,
H 6.17, N 3.89; calculated (C,9H,,BrNO), C 63.34, H
6.15,N 3.89. IR (KBr) v cm ™', 2938-2862 (C—H alkyl),
1620-1606 (C=N), 1252 (O—CH>). 'H-NMR (CDCl5)
Sppm ', 1.54-1.93 (m, 8H, CH.), 3.46 (t, 2H, CH,Br),
4.05 (t, 2H, OCH,), 7.00 (dd, 2H, Ar), 7.23 (m, 3H,
Ar), 7.41 (t, 2H, Ar), 7.87 (d, 2H, Ar), 8.40 (s, 1H,
CH=N).

2.1.4 Synthesis of MB-6-H

1(0.11 g, 0.4 mmole) and 3a (0.14 g, 0.4 mmole) were
dissolved in stirred acetone (40 ml). Anhydrous potas-
sium carbonate (0.17 g, 1.2 mmole) was added to the
solution, together with a catalytic amount of potas-
sium iodide as the temperature was increased. The
reaction mixture was heated at reflux for 12 h. The
mixture was allowed to cool and left to allow
the solvent to evaporate at room temperature. Water
(50 ml) was added and the resulting precipitate

filtered, washed using acetone and recrystallised
from chloroform. Yield 34%. Elemental analysis:
found, C 78.85, H 7.36, N 2.49; calculated
(C37H41NOy), C 78.83, H 7.33, N 2.48. IR (KBr) v
em™', 2939-2874 (C-H alkyl), 1715 (C=0 ester),
1621-1606 (C=N), 1251 (O-CH,). 'H-NMR
(CDCl3) 6 ppm™', 0.99 (t, 3H, CH3), 1.06 (d, 3H,
CHs3), 1.34 (m, 1H, CH), 1.56-1.95 (m, 10H, CH,),
4.08 (m, 4H, OCH,), 4.15-4.26 (2dd, 2H, COOCH,),
6.99 (2d, 4H, Ar), 7.23 (m, 3H, Ar), 7.41 (t, 2H, Ar),
7.58 (d, 2H, Ar), 7.66 (d, 2H, Ar), 7.85 (d, 2H, Ar),
8.12 (d, 2H, Ar), 8.41 (s, IH, CH=N).

2.2  Characterisation

The Fourier transform infrared (FTIR) spectra for all
of the intermediate and target compounds were
obtained using a Perkin Elmer 2000 FTIR spectro-
photometer. The samples were mixed with KBr and
the spectra recorded in the range 4000400 cm™'. 'H-
NMR spectra were obtained using a Bruker 400 MHz
Ultrashield™ spectrometer. The samples were dis-
solved in CDCl; with tetramethylsilane (TMS) as the
internal standard. For the intermediates 2a-2e, the
spectra were collected at 50°C because the solubility
of these compounds in CDCl; at room temperature
was insufficient. CHN microanalyses were conducted
using a Perkin Elmer 2400 LS Series CHNS/O
Analyser. The optical textures of the phases shown
by the dimers were observed using a Carl Zeiss
Axioskop 40 polarising microscope equipped with a
Linkam TMS94 temperature controller and an
LTS350 hot-stage. The microphotographs of the
mesophase textures were taken for samples during
heating or cooling at 3°C min~'. The transition tem-
peratures and associated enthalpy changes were mea-
sured using a Seiko DSC120 Model 5500 differential
scanning calorimeter. All differential scanning calori-
metry (DSC) traces were recorded with heating and
cooling rates of 2°C min~". The powder X-ray diffrac-
tion measurements were performed using a wide-angle
Bruker D8 diffractometer (CuK, line) and powder
samples contained in the capillaries.

3. Results and discussion

The transition temperatures, associated enthalpy
changes and nematic-isotropic entropy changes of the
non-symmetric dimers MB-n-X are listed in Table 3.
The DSC heating—cooling traces for a representative
compound MB-6-F are given in Figure 3. All the
dimers, except those without a terminal substituent,
ie. MB-6-H and MB-8-H, exhibit enantiotropic
liquid-crystalline behaviour. The methyl-substituted
dimers, MB-6-CH3 and MB-8-CHj3, show exclusively
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Table 3. The transitional properties of the MB-n-X dimers.
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MB-n-X TCl-_/OC TSmACN/aC TNI/OC AHCl-_/kJ mol_l AHSmAN/kJ 1'1101_1 AHNI/kJ 1’1'101_1 ASN]/R
MB-6-H 121.1 - (118.5) 59.8 - = -
MB-6-CHj3 113.6 - 162.3 27.2 - 4.0 1.11
MB-6-F 119.2 - 150.0 36.2 - 3.4 0.98
MB-6-Cl 109.8 108.8 165.3 30.2 0P 3.7 1.01
MB-6-Br 109.0 116.0 165.9 30.8 0P 4.0 1.08
MB-8-H 101.6 - (99.8)* 59.2 - - -
MB-8-CHj; 98.4 - 139.7 36.3 - 4.8 1.38
MB-8-F 116.3 - 126.8 37.1 - 34 1.03
MB-8-C1 100.5 - 134.0 29.7 - 32 0.98
MB-8-Br 95.1 140.0 152.6 23.2 1.9 4.0 1.13

“Crystallisation precluded measurement of the enthalpy change.
*Transition not detected by DSC.
()Indicates monotropic transitions.

nematic behaviour. The nematic phases of both dimers
were identified on the basis of the observation of char-
acteristic marble textures on heating, while on cooling
from the isotropic phase, the nematic phase of MB-8-
CHj; showed a thread-like texture. The fluoro-substi-
tuted dimers MB-6-F and MB-8-F are also solely nema-
togenic. The nematic phases were assigned from their
schlieren optical textures, containing both types of
point singularity, which flashed when subjected to
mechanical stress. The chloro-substituted dimer con-
taining an octamethylene spacer, MB-8-Cl, also shows
only a nematic phase, which was assigned on the basis
of the observation of a characteristic schlieren texture; a
representative texture is shown in Figure 4. By compar-
ison, on cooling the nematic phase of the corresponding
dimer containing a hexamethylene spacer, MB-6-Cl,
the schlieren texture changed to give a focal-conic fan
texture characteristic of a smectic A phase. This transi-
tion was not detected using DSC and the monotropic
nature of the phase precluded its study using X-ray

diffraction. Specifically, the smectic A phase
heat
Il @ Nt
=
§ Cr N J I
T
cool
T T T T T T
100 110 120 130 140 150 160
temperature (°C)

Figure 3. DSC trace for compound MB-6-F on heating and
cooling cycles at the rate of +2°C min™".

Figure 4. The schlieren texture for the nematic phase of
compound MB-8-Cl at 131.4°C.

crystallised on the time-scale of the X-ray diffraction
experiment. Both bromo-substituted dimers, MB-6-Br
and MB-8-Br, show enantiotropic smectic A and
nematic phases assigned from the characteristic schlie-
ren nematic texture, which changed on cooling to give
focal-conic fan textures in coexistence with homeotro-
pic domains; a representative focal conic fan texture
observed for MB-6-Br is shown in Figure 5. It is inter-
esting to note that the focal-conic fan texture of the
smectic phase also contains polygonal defects. The
smectic A—nematic transition for MB-6-Br was not
seen by DSC, whereas that shown by MB-8-Br was
detected and we will return to a discussion of this
later. The two unsubstituted dimers, MB-6-H and
MB-8-H, melted directly into the isotropic phase, but
on cooling the isotropic phase and prior to crystallisa-
tion, a schlieren texture was observed characteristic of a
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Figure 5. The focal-conic fan texture, containing polygonal
defects, for the smectic A phase of compound MB-6-Br at
114.5°C.

nematic phase. Rapid crystallisation of this monotropic
phase prevented the evaluation of the nematic—isotro-
pic enthalpy change using DSC.

If we first consider the melting points of these
dimers, then for the hexamethylene spacer, the melting
point decreases according to the terminal substituent
in the order:

H>F>CH;>Cl = Br,
while for the octamethylene spacer, the order is:
F>H>C1>CH; > Br.

Thus, there appears to be no regular trend across the
two series in how the terminal substituent affects the
melting point, but it should be noted that for every
corresponding pair of dimers the one containing the
hexamethylene spacer has the higher melting point.
This is characteristic behaviour for a homologous ser-
ies of liquid-crystal dimers for which the melting
points of the even members tend to decrease on
increasing the spacer length (/—4).

The efficiency of the terminal substituent in enhan-
cing the nematic—isotropic transition temperature for
dimers with a hexamethylene spacer is:

Br=~ Cl1>CH;>F>H,
while for the octamethylene spacer the order is:
Br>CH;>Cl>F>H.

These trends are broadly consistent with those
observed for conventional low molar mass liquid

crystals possessing just a single mesogenic unit (46)
and most commonly rationalised in terms of the size
of the substituent and its ability to interact with the
mesogenic unit. Figure 6 shows the dependence of the
nematic-isotropic transition temperature on the van
der Waals radius of the terminal substituent, X, for the
two sets of dimers. For each spacer length, the transi-
tion temperatures, at least to a first approximation,
are more or less linearly dependent on the size of the
terminal substituent with the marked exception of the
MB-n-H homologues for which the 7\ are consider-
ably lower than would be expected. It is surprising,
however, that the addition of a single and relatively
small substituent should have such a large relative
effect on the nematic—isotropic transition tempera-
ture, Ty, when compared to the Ty of the unsubsti-
tuted dimers MB-6-H and MB-8-H. The percentage
increase in the molecular length on exchanging a term-
inal H atom for any one of these substituents is con-
siderably smaller than the associated percentage
increase in the clearing temperature and would appear
far too small to account for the change in Tyy.
Similar observations have been made for other
dimer series and it has been suggested that the dra-
matic increase in 7xy may result from a change in
shape on substituting the mesogenic unit rather than
from any significant enhancement of the shape aniso-
tropy (30). Similar to the case of the melting points, for
each pair of corresponding dimers the members with a
hexamethylene spacer show the higher Tyy. Indeed,
the commonly observed trend within a homologous
series of dimers is that the clearing temperature of the
even members decreases on increasing spacer length
(I-4). A difference in shape on changing the terminal
substituent may also be inferred from the spread in
Tn1, which is smaller for the dimers containing the
hexamethylene spacer. Thus, the terminal substituent
has a larger relative effect on 7Ty for the dimers

180

MB-6-Br

170 MB-6-cH, MB-0-CI
°

160

1504 MB-8-Cl

140{" A
A

130

g
=
A
120 "." MB-8-F
""" MB-6-H
110
100 A
MB-8-H
90
80
1.0 12 14 1.6 1.8 2.0 2.2

/A

Figure 6. Dependence of the nematic—isotropic transition
temperature on the van der Waals radius of substituent X
for the MB-r-X dimers.
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containing an octamethylene spacer because the two
mesogenic units are less well orientationally coupled
and, hence, the substituent has a greater relative effect
on the shape anisotropy of the unit to which it is
attached.

The entropy changes associated with the nematic—i-
sotropic transition of these dimers expressed as the
dimensionless quantity, ASni/R, fall in the range
0.98-1.38, which is somewhat lower than normally
observed for liquid-crystal dimers containing terminal
linear alkyl chains or small terminal substituents
(47-51). The ASNI/R values of the dimers with an
octamethylene spacer are generally higher as compared
to the hexamethylene counterparts with the same sub-
stituents except for MB-8-Cl (see Table 3) and this is
archetypal behaviour for a series of dimers for which
the nematic—isotropic entropy change increases for
even members on increasing the spacer length. The
values of AS\i/R for MB-6-Cl and MB-8-Cl are the
same within experimental error. The low values of
ASN1/R exhibited by the MB-n-X dimers may be attrib-
uted to the branched chain, which increases molecular
biaxiality resulting from the decreased Ilength-to-
breadth ratio relative to unbranched analogues.
Similar reductions have been observed for other dimers
containing branched terminal chains (52) and also for
dimers in which the biaxiality of the mesogenic groups
has been increased (53-55). We now turn our attention
to the smectic behaviour of these dimers. As we have
seen, three of the ten dimers exhibit a smectic A phase,
namely, those possessing a hexamethylene spacer and
either a chlorine atom, MB-6-Cl, or bromine atom,
MB-6-Br, and that with an octamethylene spacer and
a bromine atom, MB-8-Br. In order to confirm the
smectic A phase assignments and to determine the
molecular arrangement within the phase, X-ray diffrac-
tion studies were performed. Figure 7 shows the inten-
sity profile of the X-ray diffraction powder pattern of
the smectic A phase shown by MB-6-Br. A weak, sharp
reflection is evident in the low-angle region arising from
the layered structure of the smectic A phase, while in the
wide-angle region a broad peak centred at 4.5 A is
present, characteristic of the liquid-like arrangement
of the molecules within the layers. The layer spacing
in the smectic phase is 18.3 A, which is approximately
half the estimated all-rrans molecular length of 37.0 A
for MB-6-Br. This indicates that the phase may be
assigned as an intercalated smectic A phase, SmA,, in
which the molecules form an interleaved structure with
differing parts of the molecules overlapping (see
Figure 8). It is important to note that the molecular
arrangement shown in Figure 8 is ferroelectric, but
these molecular groupings will be randomly arranged
at the macroscopic level such that ferroelectric proper-
ties are not expected to be observed. The relatively weak

Liquid Crystals 1437

5 5 ' T=100C

lfa.u
w

corresponds to 18.3A

corresponds to 4.5A

5 10 15 20 25 30 35 0 45
28

T=110C

Figure 7. The intensity versus 20 profile for the X-ray
diffraction powder pattern of compound MB-6-Br in the
intercalated SmA. phase at 110°C. The inset shows the
intensity versus 20 profile in the Cr phase at 100°C.

intensity of the signal in the X-ray pattern shown in
Figure 7 at low angles indicates that the electron density
modulation depth along the layer normal in this system
is low, which arises from the intercalation of the mole-
cules. The observation of only the first-order layer
reflection in the intensity profile indicates that the den-
sity profile along the layer normal is close to sinusoidal.
The asymmetry at 20 = 20° in the X-ray diffraction
profile is presumably due to overlapping of the signals
arising from the sample and from the amorphous glass
capillary holding the sample. The inset in Figure 7
shows the intensity profile of the X-ray diffraction
powder pattern of the crystal phase and a number of
reflections can be observed in both the low- and wide-
angle regions, indicative of a three-dimensional
arrangement. A similar X-ray diffraction pattern was
obtained for the smectic A phase exhibited by MB-8-Br
and the layer periodicity was measured as 18.8 A. Again
this indicates an intercalated arrangement of the mole-
cules within the smectic A phase. The monotropic nat-
ure of the smectic A phase exhibited by MB-6-Cl
precluded its characterisation using X-ray diffraction.
As we have noted already, the driving force for the
formation of the intercalated smectic A phase is most
often attributed, at least in part, to a specific, favour-
able interaction, which is anisotropic, between the
unlike mesogenic groups. This interaction was sug-
gested to be an electrostatic quadrupolar interaction
between groups having quadrupole moments of oppo-
site signs (56). In addition, the mixing of the unlike
mesogenic units required to maximise the extent of this
interaction is entropically more favourable than
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allowing the dimers to microphase separate into
domains consisting of like mesogenic units, spacers
and terminal chains. What is often overlooked, how-
ever, is that this interaction alone cannot explain the
formation of the phase, because these enthalpic and
entropic contributions would be identical in a conven-
tional monolayer phase. It would appear, therefore,
that the entropic gain in mixing the terminal chain and
spacer must also be important and in designing these
dimers we chose a terminal chain that could be accom-
modated in the space between the layers which, in an
intercalated arrangement, is determined largely by the
length of the spacer (see Figure 8).

For the dimers containing the hexamethylene
spacer, the bromo-substituted dimer, MB-6-Br, has a
higher smectic A-nematic transition temperature,
Tsman, than for the chloro-substituted dimer, MB-6-
Cl. This may indicate an enhancement in the strength
of the interaction between the unlike cores on repla-
cing the chlorine atom by a bromine. It is also tempt-
ing to suggest that the larger bromine substituent fills
space more effectively in the intercalated structure. If
the trend in Ts,an Was to continue to the fluoro-
substituted dimer, MB-6-F, then the smectic phase
would be strongly monotropic and experimentally
crystallisation precluded the possibility of observing
smectic behaviour. Indeed, rapid cooling of the
nematic phase shown by MB-6-F did not lower the
crystallisation temperature significantly.

For the octamethylene-spacer homologues only
the bromo-substituted dimer, MB-8-Br, showed smec-
tic behaviour revealing that the increase in Tgp,an ON
passing from a chloro, MB-8-Cl, to a bromo group,
MB-8-Br, is very much larger than that observed for
the corresponding hexamethylene-spacer dimers. It is
far from clear why this should be the case, although it
is interesting to note that there is also a much larger
difference in Ty between MB-8-Cl and MB-8-Br than
for MB-6-Cl and MB-6-Br. The absence of smectic A
behaviour for the fluoro-substituted dimer, MB-8-F,
may again be attributed to the higher melting point of
the compound. We should note that our attempts to
supercool the nematic phases shown by MB-8-F and
MB-8-Cl in order to reveal smectic behaviour did not,
in fact, significantly reduce the crystallisation
temperature.

The entropy change associated with the smectic
A-nematic transition, ASs,an/R, 18 essentially zero
for MB-6-Cl and MB-6-Br but equal to 0.56 for MB-8-
Br. This may be rationalised in terms of the McMillan
theory (57), which predicts that ASsy,an/R increases
as the nematic temperature range decreases (4). This
can be measured in terms of the McMillan parameter,
Tsman/ Tni, which for MB-6-Clis 0.871 and for MB-6-
Br is 0.886, while for MB-8-Br is 0.970. Thus, as the
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McMillan parameter increases, so does ASgnan/R.
Similar behaviour has been observed for other
dimers (41).

The question does arise, however, whether those
dimers that do not exhibit smectic behaviour have a
localised intercalated arrangement of the molecules in
the nematic phase. The small-angle peak in the X-ray
diffraction pattern of the nematic phase exhibited by
MB-6-F is extremely weak, indicating that the electron
density is highly uniform along the molecular long
axis, and corresponds to a repeat distance of 16.5 A
among molecules. This is approximately half the mole-
cular length of 35.8 A, implying a localised interca-
lated arrangement of molecules. An essentially
identical X-ray pattern was obtained for the nematic
phase of MB-8-F, for which the repeat distance was
18.4 A. Again this is approximately half the actual
molecular length implying an intercalation occurred,
at the local level, among the nematogenic dimers.

We turn our attention now to the methyl-substi-
tuted homologues, MB-6-CH; and MB-8-CHj. The
effective molecular length in the nematic phase of
MB-6-CHj3 measured using X-ray diffraction is 33.5
A, which is similar to the estimated molecular length
of 35.1 A. The X-ray diffraction pattern obtained for
the nematic phase of MB-8-CHj3 contained two reflec-
tions in the small-angle region, corresponding to repeat
distances of 38 and 19 A. The estimated molecular
length of MB-8-CHj is 38.1 A. One interpretation of
the X-ray pattern involves a frustrated localised
arrangement of the molecules giving rise to two com-
peting periodicities approximately equal to the molecu-
lar length and half the molecular length. A more
plausible explanation, however, involves smectic fluc-
tuations or cybotactic clusters within the nematic phase
and the small-angle reflections correspond to the first
and second order reflections from these.

We have seen, therefore, that the halogen substi-
tuted dimers have a tendency to adopt intercalated
arrangements, whereas the methyl-substituted dimers
do not. This strongly reinforces the view that the
specific interaction between the unlike cores is central
to the formation of the intercalated arrangement.
Instead, if steric considerations provided the driving
force, then it would be expected that the essentially
isosteric bromo- and methyl-substituted compounds
would behave in a more similar fashion, which indeed
they do in terms of the clearing temperature.

4. Conclusions

This systematic study of structure—property relation-
ships in liquid crystal dimers, with a particular focus
on understanding the links between molecular struc-
tures and the observation of intercalated smectic
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phases, provides further evidence that space-filling
constraints do not play a major role in driving the
formation of these phases. Indeed, a prerequisite for
the observation of an intercalated smectic phase in
non-symmetric dimers appears to be the existence of
a specific interaction between the unlike mesogenic
units.
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