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Investigations of a homologous series of chiral siloxane based

dimesogenic compounds

ANNETT KAEDING and PETER ZUGENMAIER*

Institute of Physical Chemistry, TU Clausthal, Arnold-Sommerfeld-Str. 4,
D-38678 Clausthal-Zellerfeld, Germany

(Received 23 September 1997; in ® nal form 5 March 1998; accepted 26 May 1998 )

A homologous series of siloxane based dimesogens was synthesized in racemic and enantio-
meric form. The ¯ exible part of the core is composed of a central hexamethyltrisiloxane
unit and two polymethylene chains of variable length. Increasing the number of methylene
units in the core promotes smectic phase behaviour whose polymorphism was studied by
polarization optical microscopy. Transitions into metastable phases were detected and
investigated by di� erential scanning calorimetry using di� erent heating rates. Information
about the crystallization tendency was obtained from annealing experiments by changing
annealing temperature and duration. In contrast to short dimesogenic homologues which
predominantly showed monomesogen-like behaviour, polymer-like behaviour was observed
for the longer homologues. Small angle X-ray di� raction provided data on the temperature
dependence of the smectic layer spacing of mesogens and their corresponding dimesogens
linked by the siloxane spacer. No signi® cant di� erences between the layer spacings of the two
classes of compounds were detected which suggests chain folding in the dimesogenic
compounds and a similar mesogenic orientation for the mesogens and dimesogens.

1. Introduction with their mesogenic precursors. The dimesogens investi-
gated contain two chiral mesogenic units linked by aTraditionally, most studies on liquid crystal materials

have been carried out on low molar mass compounds hexamethyltrisiloxane unit via polymethylene chains
of variable length, an unusual mesogenic geometry ofon the one hand, or on polymeric materials on the other.

Side chain polysiloxanes especially exhibit advantageous a dimesogenic molecule. All homologues were syn-
thesized in enantiomeric and racemic form to investigateproperties caused by the high ¯ exibility of the siloxane

backbone, e.g. reduced viscosities and low glass transitions the in¯ uence of chirality upon special liquid crystal
properties and structural parameters. The character-[1 ± 3]. Furthermore, liquid crystalline polymers (LCPs)

attract great interest for technical applications, for ization of the mesophases was carried out by di� erential
scanning calorimetry (DSC) and polarization opticalexample in the area of reversible information storage

and electro-optical devices [4]. Recently new optimized microscopy (POM). Information about the crystallization
tendency of the polymer-like dimesogens was derivedliquid crystal displays have been developed based on the

combination of the mechanical advantages of polymers from di� erent annealing experiments as a function of
time and temperature.with the electro-optical properties of low molar mass

materials. A new class of compounds, which incorporates Pursuing the goal of mesophase structure deter-
mination of liquid crystal compounds, our special interestthese ideas, is represented by oligomers. At present, funda-

mental research in this area is performed on derivatives in this paper is concerned with a study of the principles
of mesogenic alignment in siloxane based dimesogenssynthesized in both cyclic and linear molecular geo-

metries [5± 9]. Knowledge of the liquid crystal phase compared with their monomesogenic precursors. As a
® rst step in structure investigation, we have focused ourbehaviour, as well as of the structure of the oligomeric

materials, is of general importance, and ideas for interest on the evolution of the smectic layer spacings
as a function of increasing polymethylene chain lengthimproved materials may arise from a comparative study

of the monomer± oligomer± polymer sequence. Here, we in the dimesogens in comparison with those of the
corresponding monomesogens.present a study of the mesomorphic behaviour of a

homologous series of linear dimesogens in comparison
2. Experimental

A homologous series of dimesogenic compounds based
on 4-(2-methylbutyloxy)phenyl-4-alkenyloxybenzoates*Author for correspondence.

0267± 8292/98 $12´00 Ñ 1998 Taylor & Francis Ltd.
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450 A. Kaeding and P. Zugenmaier

[10] and a hexamethyltrisiloxane unit has been syn- and (Õ )4Dim for which no liquid crystalline behaviour
is observed. For (Õ )4Dim, two crystalline modi® cationsthesized in both chiral and racemic forms using the well
are found, showing a strong supercooling tendency ofknown catalytic hydrosilylation route [11, 12]:
about 50 ß C. With increasing length of the polymethylene
chain, the liquid crystallinity is promoted which agrees
with a suppressed crystallization tendency. For the homo-
logues (Õ )5,6,10,11Dim, microscopic observations pro-
vided characteristic liquid crystalline textures suggesting
the formation of a smectic C* phase on cooling from

The enantiomeric form is denoted (Õ )mDim; the the isotropic melt. The compounds (Õ )6,10,11Dim
racemic form is denoted (Ô )mDim. Actually, the exhibit a second, more highly ordered mesophase as yet
racemic form of the dimesogens corresponds to a mixture unclassi® ed; for the compound (Õ )6Dim this may be a
of diastereomers arising from the non-stereoselective CrE*, J* or G* phase. Figure 1 depicts selected meso-
hydrosilylation of the racemic mixture of the monomeric phase textures of the liquid crystalline dimesogens.
precursor. An analogous scheme is used for the mono- Figures 1 (a) and 1 (b) show the di� erent LC phases of
mesogens with (Õ )mMon for the enantiomeric forms (Õ )6Dim prepared in the cells with 4 mm spacing and
and (+/ Õ )mMon for the racemic forms. The number m treated surfaces. On cooling from the isotropic melt the
of carbons of the alkenyl chain includes the double fan-shaped texture of the SmC* phase appears and
bonded carbon atoms. changes to the SmX* or Cr phase shown in ® gure 1 (a)

The compounds were puri® ed by chromatography at T =31´9 ß C. The interesting texture of (Õ )5Dim is
on silica gel with toluene as eluent. The completeness derived by shearing the sample between two glass
of the reaction was controlled by IR spectroscopy by slides, ® gure 1 (c) . For the compound (Õ )10Dim the
monitoring the disappearance of the Si± H signal at development of the fan-shaped texture of the smectic C*
2155 cm Õ

1 . Phase characterization by POM was carried phase is shown, ® gure 1 (d ) , growing from baÃ tonnets.
out with an Olympus BH2 microscope equipped with a Figure 1 (e) depicts the higher ordered smectic phase of
Mettler FP52 hot stage. For texture observations the (Õ )10Dim at lower temperatures. In ® gure 1 ( f ) the
samples were mounted on slides without surface treat- coexistence of fan-shaped and schlieren optical textures
ment, with the exception of the compound (Õ )6Dim of the SmC* phase is presented for (Õ )11Dim.
for which commercially available liquid crystal cells
(E.H.C. Co., Ltd, Tokyo) with cell gaps of 4 mm and

3.2. Phase transitionsparallel rubbed polyimide coated surfaces were used. All
A comparative study of the phase transitions is pre-calorimetric studies were performed with a Perkin Elmer

sented by the DSC cooling and heating traces obtainedDSC7 calorimeter at various heating rates. The temper-
with a Ô 5ß C min Õ

1 rate in ® gure 2. The elongation ofature dependence of the smectic layer spacing was
the ¯ exible core obviously leads to smectic mesophasestudied using a small angle KRATKY camera equipped
broadening with increasing clearing temperatures.with a NBRAUN OED-50 one-dimensional position-
An odd± even e� ect of the clearing temperatures issensitive detector. These experiments were carried out
detected for the ® rst members of the homologous seriesby a stepwise heating of the samples from room temper-
of dimesogens (table 1, ® gure 3). The same tendencyature to the clearing point and on cooling to room
is observed for the corresponding monomesogenictemperature again. The exposure time for each measure-
precursors. A comparison of the clearing temperaturesment amounted to 300 s. The single crystal analysis of
of monomesogens and dimesogens exhibits a di� erent(Ô )3Dim was performed with an ENRAF-NONIUS
behaviour: while lengthening of the alkylene chain leadsCAD4 di� ractometer (MoK a , l=0 7́1073 AÊ ) at room
to an overall increase of the clearing temperatures in thetemperature (20 ß C).
case of the dimesogens, the opposite is true for the
monomesogens.

3. Di� erential scanning calorimetry and polarization The homologue (Õ )5Dim and its racemate show a
optical microscopy metastable phase transition at T $23 ß C on heating.

3.1. Phase characterization Only a monotropic liquid crystalline phase is formed on
The phase types and sequences of the chiral dimesogens, cooling, and a series of DSC experiments with variable

presented in tables 1 (a) and 1 (b) were realized by POM heating rates has been carried out to prove the meta-
and con® rmed by DSC (heating rate Ô 5ß C min Õ

1 ) . stability of the phase transition. A comparative study of
All the dimesogens investigated exhibit smectic poly- the stable phase transitions of compound (Õ )10Dim

and the metastable phase transitions of (Õ )5Dim as amorphism with the exception of the homologues (Õ )3Dim
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451Investigation of a dimesogenic series

Table 1 (a). Transition temperatures ( ß C) and enthalpies (kJ mol Õ
1 ) in parenthesis for the enantiomeric dimesogens on cooling

(DSC, 5 ß C min Õ
1 ).

Compound I± Cr1 Cr1 ± Cr2 I± SmC* SmC*± SmX* SmX*± Cr/g SmC*± Cr

(Õ )3Dim 38 6́ Ð Ð Ð Ð Ð
( 36 9́)

(Õ )4Dim 18 2́ 7 3́ Ð Ð Ð Ð
( 12 7́) (16 9́)

(Õ )5Dim Ð Ð 46 5́ Ð Ð 16 9́
(14 4́) (8 5́)

(Õ )6Dim Ð Ð 42 9́ 34 6́ Õ 0 6́ Ð
( 13 4́) (0 0́6) (7 6́)

(Õ )10Dim Ð Ð 71 3́ 11 3́ Õ 7 6́ Ð
( 15 6́) (4 4́) Ð

(Õ )11Dim Ð Ð 76 7́ 21 6́ Õ 0 3́ Ð
( 16 3́) (4 6́) Ð

Table 1 (b) . Transition temperatures ( ß C) and enthalpies (kJ mol Õ
1 ) in parenthesis for the racemic dimesogens on cooling

(DSC, 5 ß C min Õ
1 ).

Compound I± Cr1 Cr1 ± Cr2 I± SmC SmC± SmX SmX± Cr/g SmC± Cr

(+/ Õ )3Dim 35 4́ Ð Ð Ð Ð Ð
(35 9́)

(+/ Õ )4Dim 18 1́ 5 8́ Ð Ð Ð Ð
(12 8́) (15 2́)

(+/ Õ )5Dim Ð Ð 47 1́ Ð Ð 16 9́
(15 3́) 8 6́

(+/ Õ )6Dim Ð Ð 43 8́ 35 2́ Õ 0 9́ Ð
(13 2́) (0 0́7) (5 8́ )

(+/ Õ )10Dim Ð Ð 69 3́ 9 3́ Õ 8 6́ Ð
(14 6́) (4 0́) Ð

(+/ Õ )11Dim Ð Ð 77 7́ 22 4́ Õ 5 9́ Ð
(17 5́) (5 3́) Ð

function of the heating rate is presented in ® gure 4. In various temperatures and durations in time. Measurements
were performed in the temperature interval from Õ 20 ß Ccontrast to the insigni® cant in¯ uence of the heating

rate on stable phase transitions, a noticeable change to 30 ß C at a heating rate of 2 ß C min Õ
1 to determine the

most e� ective annealing temperature. A signi® cantof the metastable transition peak can be detected with
increasing heating rate. Such phenomena are usually change of the transition only became visible by annealing

at T =2 ß C, even after a comparatively short annealingcaused by kinetic e� ects and can easily be in¯ uenced by
di� erent sample treatments, e.g. annealing experiments. time. An annealing study at T =2 ß C is presented in

® gure 6 for the compounds (Ô )10Dim and (Ô )11Dim.Figure 5 demonstrates the in¯ uence of duration of
annealing for compound (Ô )5Dim at T =2 ß C. After After annealing for one hour, a peak shift of DT =10 ß C

to higher temperatures is observed for (Ô 11)Dim,annealing for 3 days, a clear distinction between two
stable crystalline modi® cations can be established. which is indicative of an increase in crystallite sizes. An

annealing time of 5 months leads to a high degree of
crystallinity which is con® rmed by the transition3.3. Crystallizat ion tendency

The crystallization tendency decreases with elongation enthalpy DH ( ® gure 7). DH changes from 0 2́ kJ mol Õ
1

generally observed for LC± LC phase transitions, toof the methylene chain. The homologous compounds
(Õ )3,4,5,6Dim and their racemic mixtures show crystal- DH =22 kJ mol Õ

1 representing a Cr± LC phase transition.
This dramatic increase may be caused by a highly orderedlization on cooling (cooling rate: 5 ß C min Õ

1 ) as shown
in the DSC cooling traces in ® gure 2. Under the same crystal structure for which more energy is required for

transformation into the less ordered LC arrangement ofconditions, the compounds (Õ )10Dim and (Õ )11Dim do
not crystallize at all, and rather only a glass transition the molecules than for LC± LC transitions. In addition,

an increase in crystallization tendency reduces the meso-is observed. The crystallization behaviour was also investi-
gated by a series of di� erent annealing experiments at phase region. In the case of compound (Ô )10Dim, the
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452 A. Kaeding and P. Zugenmaier

Figure 1. Characteristic textures observed for selected dimesogens: (a) (Õ ) 6Dim, unclassi® ed SmX* or Cr phase (T =30 9́ß C,
magni® cation 300 Ö , possibly CrE*, CrJ* or CrG*); (b) (Õ )6Dim, SmC* phase (T =43 6́ß C, 470 Ö ); (c) (Õ )5Dim, interesting
texture of the SmC* phase (unusual schlieren or distorted parabolic?) (T =46 3́ß C, 230 Ö ); (d ) (Õ )10Dim, SmC* phase
(T =69 0́ß C, 230 Ö ) grown from baÃ tonnets (T =70 7́ß C, 230 Ö ); (e) (Õ ) 10Dim, SmX* phase (T =20 0́ß C, 230 Ö ); ( f ) (Õ )11Dim,
SmC* phase, coexistence of schlieren and fan-shaped texture (T =74 6́ß C, 230 Ö ).

higher ordered low temperature mesophase disappears crystallization behaviour under the same annealing con-
ditions and this behaviour is presented for annealing ofcompletely after 5 months of annealing [® gure 6 (b)].

Although in comparison with the racemic systems, (Õ )11Dim and (Ô )11Dim in ® gure 8. For the racemic
system a slower crystal growth is observed and veri® edthe pure enantiomers exhibit very similar phase and

transition behaviour, di� erences are observed for the by experiments carried out after a shorter annealing time.
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453Investigation of a dimesogenic series

Figure 2. DSC second heating (a) and cooling (b) traces of
unannealed enantiomeric dimesogens (heating rate
Ô 5ß C min Õ

1 ): (a) (Õ ) 3Dim, (b) (Õ )4Dim, (c) (Õ )5Dim,
(d ) (Õ )6Dim, (e) (Õ )10Dim, (f ) (Õ )11Dim.

Figure 4. The metastable Cr ± LC phase transition of (Õ ) 5Dim
(a) in comparison with the stable Cr± LC and LC± LC
phase transitions of (Õ ) 10Dim (b) as observed by DSC at
variable heating rates. All samples (weight 5 mg) were
heated to the isotropic phase before starting the
measurements.

Figure 3. Clearing temperature as a function of the (CH2 )m
chain length for the chiral dimesogens compared with
their corresponding monomesogenic precursors [10]. All
results were determined by DSC and were in agreement
with optical polarizing microscopic data.

This might be explained by the di� erent diastereomers
which have to ® nd each other to cancel dipolar packing
e� ects, as well as to form a non-enantiomeric space
arrangement. Two weeks of annealing lead to an equally
developed stage of crystallization for both (Õ )11Dim
and the racemic form.

4. Small angle X-ray (SAX ) investigation
Figure 5. In¯ uence of annealing at T =2 ß C upon the meta-

X-ray di� raction can be a helpful tool to complete stable phase transition of compound (+/ Õ )5Dim as
the identi® cation of liquid crystal phases in addition to detected by DSC (heating rate 5 ß C min Õ

1 ; sample
weight 5 mg).POM and DSC investigations. In the case of smectic
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454 A. Kaeding and P. Zugenmaier

Figure 7. Transition temperature (a) and enthalpies (b) of
compound (Õ )11Dim as a function of annealing time at
T =2 ß C.

(Õ )11Mon which is indicative of a small tilt of the
molecules in the smectic C* phase. The tilt angle Q of the
molecules can be approximated by: cos Q=dSmC*

/dSmA*
.

Both materials exhibit smectic C* phases with rather
small tilt angles of Q =10 5́ ß for (Õ )10Mon and Q =14 2́ ß
for (Õ )11Mon.

Figure 10 presents results of a comparative study of
the d spacing as a function of the methylene chain length
for dimesogenic racemates and enantiomers, and their
corresponding chiral mesogenic precursors at T =30 ß C.
For dimesogens as well as for monomesogens, the
increasing number m of carbons in the methylene chain
is re¯ ected in a linear increase of the d value.

The lengths of the molecules are almost exactly
Figure 6. DSC investigation (5 ß C min Õ

1 , 5 mg) of crystalliza- represented by the d values of the layers in the case oftion after di� erent annealing durations at T =2 ß C;
the monomeric mesogens, but signi® cant di� erences are(a) (+/ Õ ) 11Dim, (b) (+/ Õ )10Dim.
observed for the dimesogens, see tables 2(a), 2 (b) and 3.
In the last column of these tables, the ratios listed are
for the calculated fully extended conformation L usingmesophases, X-ray di� raction in the small angle region

leads to the smectic layer spacing d and conclusions the modelling procedure by Alchemy III and the layer
spacing d derived from the X-ray investigations. The dabout the inclination of the molecules within the smectic

layer. The smectic layer spacing of the monomesogens spacings for the dimesogenic enantiomers and racemates
agree within the limits of experimental errors. The ratio(Õ )10Mon and (Õ )11Mon is given as a function of

temperature in ® gure 9. The phase transition smectic L /d is about two for the dimesogens, dropping from
above two for 3Dim to below two for the 11Dim in aA* � smectic C* leads to a signi® cant change in d value,

with Dd =0 4́4 AÊ for (Õ )10Mon and Dd =0 8́9 AÊ for similar manner for the enantiomeric and the racemic
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455Investigation of a dimesogenic series

Figure 9. d Spacings as a function of temperature for the
monomesogenic compounds (Õ ) 10Mon and (Õ ) 11Mon.

Figure 8. Crystallization behaviour of (Õ ) 11Dim (a) and its
racemate (b). Annealing time at T =2 ß C; (a) 0 h, (b) 1 h,
(c) 1 5́ h, (d) 2 h, (e) 24 h, ( f ) 48 h, (g) 72 h, (h) 96 h,
( i ) 2 weeks, ( j ) 5 months.

compounds. This ratio is about one for the mono-
mesogenic compounds. It is noteworthy that the ratio

Figure 10. d Spacings as a function of the number m of
L /d is below one for the monomesogens, but larger than carbons in the polymethylene chain of dimesogens and
two for the dimesogens in the case of the shorter selected chiral monomesogens (SAX, T =30 ß C).
molecules.

A crystal structure determination was attempted, to
obtain some insight into the experimental data. The chain of this compound which amounts to L =45 AÊ . A

centre of symmetry within the molecule can be excludedlongest dimension of the unit cell of the compound
(Õ )11Mon [triclinic unit cell, P1 with a =5 7́37 (4 ) AÊ , which could explain the dimensions obtained. A pre-

liminary evaluation of the electron density reveals fourb =15 8́59 (20) AÊ , c =30 6́45 (34) AÊ , a =92 2́7 (7) ß , b =
90 8́1 (7) ß , c=99 8́5 (6) ß , V =2744 (5 ) AÊ 3, four molecules folded strands of chains within the unit cell. The ratio

of L /d of approximately two in the liquid crystallinewithin the unit cell ] agrees with the d spacing from
SAX. However, the triclinic unit cell for the (Ô )3Dim state has then to be interpreted in terms of each

dimesogen being folded, the larger ratio for the smallerwith a =13 5́49 (6) AÊ , b =18 0́69 (7) AÊ , c =23 1́34 (11) AÊ ,
a=74 4́5 (3) ß , b=74 4́5 (3) ß , c=73 4́9 (4) ß and V = molecules occurring because the folds cut o� relatively

more from the length of the strands for smaller molecules5127 5́ (39) AÊ 3 cannot accommodate a fully extended
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456 A. Kaeding and P. Zugenmaier

Table 2 (a). Comparison of calculated and experimental data
derived from SAX for enantiomeric dimers at T =30 ß C.

Lengtha SAX
Compound L /AÊ d/AÊ L /d

(Õ )3Dim 45 0́ 19 6́2b 2 2́9
(Õ )4Dim 47 4́ 21 5́7b 2 1́9
(Õ )5Dim 50 0́ 23 4́0b 2 1́4
(Õ )6Dim 52 7́ 25 9́7b 2 0́3
(Õ )10Dim 62 0́ 30 5́5c 2 0́0
(Õ )11Dim 64 6́ 33 1́9c 1 9́5

a Calculated length of the fully extended conformation.
b Crystalline.
c Liquid crystalline (SmC*).

Table 2 (b) . Comparison of calculated and experimental data
derived from SAX for racemic dimers at T =30 ß C.

Lengtha SAX
Compound L /AÊ d/AÊ L /d

(+/ Õ )3Dim 45 0́ 19 6́2b 2 2́9
(+/ Õ )4Dim 47 4́ 21 5́4b 2 2́0
(+/ Õ )5Dim 50 0́ 23 6́5b 2 1́1
(+/ Õ )6Dim 52 7́ 25 7́1b 2 0́5
(+/ Õ )10Dim 62 0́ 30 8́0c 2 0́1
(+/ Õ )11Dim 64 6́ 32 7́7c 1 9́7

a Calculated length of the fully extended conformation. Figure 11. Temperature dependence of the d spacing derivedb Crystalline. from SAX by stepwise heating (exposure time 300 s). Allc Liquid crystalline (SmC*). samples were prepared in Mark capillaries (B 0 7́ mm);
(a) chiral dimesogens, (b) racemic dimesogens.

Table 3. Comparison of calculated and experimental data
derived from SAX for enantiomeric monomers at T =30 ß C.

for (Õ )3Dim and (Ô )3Dim. The two crystalline modi® -
Length SAX cations of compound (Õ )4Dim and its racemate detected

Compound L /AÊ d/AÊ L /d by DSC cannot be identi® ed by SAX by a di� erence in
the d values, in contrast to the compounds (Ô )5Dim(Õ )3Mon 20 6́a 22 4́0b 0 9́2
and (Õ )5Dim where a clear distinction is possible(Õ )4Mon 21 9́a 23 1́0b 0 9́5

(Õ )5Mon 23 2́a 23 8́5b 0 9́7 between the two crystalline modi® cations appearing at
(Õ )6Mon 24 4́a 25 7́1b 0 9́5 room temperature. Annealing leads to the second modi-
(Õ )10Mon 29 7́5d 29 2́5c 1 0́1 ® cation. The di� erence between the d values for the two(Õ )11Mon 31 2́5d 30 3́0c 1 0́3

modi® cations amounts to 1 4́ AÊ for the pure enantiomer
and 1 3́ AÊ for the racemic system. Cooling from thea Calculated length of the fully extended conformation.

b Crystalline, experimental data. isotropic melt leads directly into the liquid crystalline
c Liquid crystalline (SmC*), experimental data. phase with d =23 1́ AÊ . Because of supercooling, the phased Liquid cruystalline (SmA*), experimental data. transition LC � Cr was not detected with our equipment

which cannot be cooled below 20 ß C. A signi® cant
increase of the smectic layer spacing on cooling wascompared with longer ones. In addition, some tilt of the

molecules towards the smectic layer normal may be observed for the compounds (Ô )6Dim and (Õ )6Dim for
the monotropic SmC � SmX phase transition. The dpresent. A microphase separation of siloxane units, meso-

genic moieties and ¯ exible alkyl chains [13] is not a spacing changes from d =24 AÊ for the smectic C phase
to d =25 2́ AÊ for the lower temperature phase. A similarnecessity to explain the results.

The temperature dependence of the smectic layer tendency was observed for the homologues 10Dim and
11Dim at lower temperatures. Di� erences of the layerspacing of all dimesogens investigated is illustrated

in ® gure 11. With only one crystalline modi® cation spacings are depicted in the graphs of ® gures 11 (a)
and 11 (b).present, temperature independent d values were found
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