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Liquid crystalline dendrimer of the ® fth generation:

From lamellar to columnar structure in thermotropic mesophases
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and V. P. SHIBAEV² *

School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, UK
² Chemistry Department, Moscow State Univercity, Moscow, 119899 Russia

(Received 1 2 June 1 9 98 ; accepted 2 8 August 1 9 98 )

The structure of a liquid crystalline (LC) carbosilane dendrimer of the ® fth generation
bearing 128 terminal cyanobiphenyl mesogenic groups has been studied. This dendrimer was
synthesized by a hydrosilylation reaction and then the cyanobiphenyl mesogenic groups were
chemically linked to the dendritic matrix via a ± OOC± (CH2 )1 0 ± Si(CH3 )2 OSi(CH3 )2 ± spacer.
Structural studies carried out by polarizing optical microscopy, di� erential scanning calori-
metry and X-ray di� raction methods revealed unusual phase behaviour. At room temperature
the dendrimer forms a lamellar (smectic A) phase which develops in-plane ordering above
40 ß C. This is due to a tendency to form columns of molecules which are probably perpendicular
to the layers. Above 121 ß C the material transforms into another more disordered mesophase
which is probably a disordered hexagonal columnar phase. The proposed structures and
molecular packing in these di� erent types of mesophase are discussed.

1 . Introduction form thermotropic mesophases of the smectic type
(SmA or SmC) only. In addition it has been shown thatCurrently, there is growing interest in the synthesis

and investigation of systems with unusual molecular some monodendrons without mesogenic groups can self-
assemble into cylindrical [6 ] and spherical [7 ] supra-structure showing mesomorphic properties, such as

liquid crystalline (LC) dendrimers [1 ± 8 ], TGB* chiral molecular dendrimers which produce columnar and
cubic mesophases, respectively.phases [9 ] and di� erent sanidic systems [10 ]. Recently

LC dendrimers with highly branched structures and a This paper describes the ® rst example of an LC
dendrimer with terminal mesogenic groups forming aregular architecture have been attracting much attention.

Their molecules combine structural units capable of liquid columnar thermotropic mesophase. Using di� erential
scanning calorimetry (DSC), X-ray di� raction data andcrystal mesophase formation (mesogenic groups) [11]

with a dendritic (superbranched) or c̀ascade’ architecture polarizing optical microscopy we have revealed an unusual
phase behaviour of the dendrimer. The transition from[12 , 13 ].

Two di� erent types of LC dendrimer can be distin- a lamellar to a columnar structure proceeds in the same
LC dendrimer simply due to the temperature changingguished, depending on the location of structural units in

the molecule. They are LC dendrimers with mesogen- (thermotropic polymorphism).
containing branching units and LC dendrimers with
terminal mesogenic groups. The former contain meso- 2 . Results and discussion

This work deals with the ® fth generation (G-5 ) ofgenic units distributed throughout the whole volume of
the dendritic molecules. Recently it was shown that such carbosilane dendrimer bearing 128 terminal cyanobiphenyl

(CB) groups G-5 (Und-CB)1 2 8§ ( ® gure 1 ). Synthesis ofLC dendrimers form calamitic nematic and smectic
thermotropic LC mesophases [1 ]. The latter have meso- the dendrimer has been described in detail elsewhere

[8 ]. A carbosilane dendrimer with the same number ofgenic groups only on the s̀urface’ of the dendritic
molecules. Until now, only lower generations³ of this allyl terminal groups was used as the dendritic matrix.

Cyanobiphenyl mesogenic groups were linked to ittype have been investigated [2 ± 5 ]. These compounds
through ± OCC± (CH2 )1 0 ± Si(CH3 )2 OSi(CH3 )2 ± spacers

*Author for correspondence.
³ Generation number can be de® ned as the number of

branching layers in a spherically symmetrical molecule of §In the formula G Õ n (X )m , n is the generation number and
m is the number of terminal groups X shown in the parenthesis.dendrimer.
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102 R. M. Richardson et al.

Figure 1 . Structural formula of ® fth generation of carbosilane dendrimer with 128 terminal cyanobiphenyl groups G-5 (Und-CB)1 2 8 .

(using undecanoyl residue, Und) by a hydrosilylation
reaction. The structure of the new compound was proved
by 1 H NMR spectroscopy and GPC methods. The
polydispersity of the dendrimer was less then 1 .03 .

2 .1 . T hermal behaviour
The thermal behaviour and structure of this LC

dendrimer were investigated by means of polarizing
optical microscopy and DSC in combination with small
and wide angle X-ray scattering (SAXS and WAXS).

Figure 2 . Second heating and ® rst cooling DSC traces of LCAside from the glass transition at Õ 21 ß C, the DSC
dendrimer G-5 (Und-CB)1 2 8 .heating curve shows two ® rst order phase transitions:

one peak at 121 ß C with an enthalpy of 2 .2 J gÕ 1 and
another peak at 130 ß C with an enthalpy of 0 .2 J gÕ 1 some supercooling. In order to ® nd the di� erence

between the phases observed, let us consider the results(® gure 2 ). It is worthy of note, that the enthalpy of the
® rst peak, corresponding to the transition from one type of the polarizing optical microscopy investigations.

Polarizing optical microscopy shows three di� erentof mesophase to the other one, is about ten times more
then the enthalpy of the second peak, corresponding textures depending on the temperature (® gure 3 ). In the

range 120 ± 135 ß C a dull grey-yellow mosaic texture isto the transition from the high temperature mesophase to
the isotropic melt. Moreover, the latter enthalpy value seen, ® gure 3 (a). However a bright coloured mosaic

texture is observed in the range 70 ± 119 ß C, ® gure 3 (b).is extremely low (0 .2 J gÕ 1 ). From the DSC cooling
curve it is seen that all transitions are reproduced with On cooling the sample below 70 ß C this mosaic texture
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103L amellar to columnar dendrimer superstructure

leads to the formation of a new anisotropic phase with
weak birefringenceÐ the larger scaled grey-yellow
mosaic texture, ® gure 3 (a)Ð which transforms into the
isotropic melt at 135 ß C. On cooling, this former phase
transition occurs as follows. On the weakly birefringent
mosaic of the high temperature anisotropic phase, bright
germs of spherulites of the lower temperature phase
appear and grow very fast, forming the bright coloured
mosaic texture, ® gure 3 (b). These results mean that
upper and lower phases corresponding to ® gures 3 (a)
and 3 (b), respectively, must have completely di� erent
structures.

It is well known from the literature, that a mosaic
texture is characteristic of ordered smectic, some cubic¶
and columnar mesophases [14 ]. If the phase is smectic,
it shows that not only are smectic layers present in the
phase, but also that some elements of ordering exist
within the layers. In other words, it means that a mosaic
texture is characteristic of probably a more ordered
structure than that of smectic A or smectic C meso-
phases. In order to understand the structural types of
the mesophases formed by this LC dendrimer let us
consider the SAXS results.

2 .2 . Structure of G-5 (Und-CB)128 mesophases
The small angle X-ray scattering (SAXS) from an

unaligned sample of G-5 (Und-CB)1 2 8 at di� erent temper-
atures is presented in ® gure 4 . As can be seen, up to four
di� erent Bragg peaks can be observed. At 30 ß C only
peaks 1 and 4 occur at Q = 0 .115 AÊ Õ 1 and Q = 0 .230 AÊ Õ 1

and their Q-values increase with temperature. They
correspond to the ® rst and second order re¯ ections from
a lamellar structure (smectic A mesophase with a layer
spacing of 54 AÊ at 30 ß C). Their intensities decrease with
increasing temperature and they disappear completely
at 121 ß C.

(a)

(b)

(c)

Figure 3. Optical polarizing photomicrographs of characteristic
textures of LC dendrimer G-5 (Und-CB)1 2 8 at di� erent
temperatures (magni® cation Ö 200 ): (a) grey-yellow mosaic
texture at T = 124 ß C; (b) coloured mosaic texture at
T = 113 ß C; (c) b̀roken’ mosaic texture at T = 20 ß C.

is gradually destroyed, ® gure 3 (c). It should be noted
that the transition from one phase to another one at Figure 4 . Small angle X-ray scattering from G-5 (Und-CB)1 2 8
119 ß C proceeds through the complete disruption of the at di� erent temperatures.
former. On heating the mosaic texture until 119 ß C it
becomes almost isotropic. Further heating or annealing ¶For instance, blue phases.
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104 R. M. Richardson et al.

Peaks 2 and 3 appear only above 40 ß C and they is present in all the phases, but is not a Bragg peak,
being rather broad and weak. Another broad peak isexist until the transition at 121 ß C. Peak 2 persists

above the transition although it becomes slightly broader observed in the mesophases at wide angles (Q = 1 .15 to
1 .20 AÊ Õ 1 ) which corresponds to a lateral spacing ofand weaker. No change in this peak was observed at

the temperature corresponding to the transition to the about 5 AÊ , typical of phases such as smectic A formed
by calamitic molecules.isotropic phase. The intensities of peaks 2 and 3 are

much weaker than the intensity of peak 1 and they These results for the temperature range 40 to 121 ß C
can be explained as following. Peaks 1 to 4 can behave di� erent temperature dependencies. The position of

peak 2 is shifted to lower Q with increasing temperature, indexed as a two-dimensional rectangular unit cell whose
dimensions (a , in-plane and c, the layer spacing) varywhile peak 3 is temperature independent. The ratio

(Q3 /Q2 ) is close to 1 .22 (# Ó 1 .5) which would suggest a with temperature as shown in ® gure 5 . The observed
and calculated reciprocal lattice vectors at 70 ß C arecubic or hexagonal phase. However the ratio is slightly

temperature dependent and is actually signi® cantly presented in the table; they correspond to a rectangular
cell with the dimensions of 39 .7 Ö 52 .0 AÊ . It should belarger then 1 .22 , so this possibility must be rejected.

Incidentally peaks 1 and 4 tend to align partially parallel noted that only low order peaks are observed which
indicate a very disordered structure. No Bragg peaksto a 9 T magnetic ® eld applied to the sample during slow

cooling from the isotropic phase. The other peaks tend involving a third crystallographic axis (b) were observed.
There are two possible explanations of this.to align at intermediate angles. Peak 5 (at Q = 0 .4 AÊ Õ 1 )

Figure 5 . Temperature dependence of lattice parameters derived from the positions of the Bragg peaks 1 to 4 assuming either a
two-dimensional rectangular lattice or a three-dimensional hexagonal lattice. The parameter corresponding to the position of
peak 2 in the upper mesophase is also shown.

Table. Q values measured from the material at 70 ß C and calculated for a rectangular unit cell with a (rect)= 39 .7 AÊ and
c = 52 .0 AÊ . Note that peak 5 is only a di� use maximum, but it appears at twice the Q of peak 3 .

Peak label Q-measured/AÊ Õ 1
d spacing/AÊ h l Q-calculated/AÊ Õ 1 Deviation/AÊ Õ 1

1 0 .122 51 .5 0 1 0 .121 Õ 0.001
2 0 .158 39 .7 1 0 0 .158 0 .000
3 0 .199 31 .6 1 1 0 .199 0 .000
4 0 .241 26 .1 0 2 0 .242 0 .000
5 0 .405 15 .5 2 2 0 .398 Õ 0.007
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105L amellar to columnar dendrimer superstructure

(1 ) The dendrimer units lie in columns perpendicular The most likely structure for close-packed spheres
is hexagonal and we suggest that the h = 1 , l= 0to the ac plane but with no long range correlation
peak (i.e. peak 2 ) is actually the h k l = 1 0 0 peakalong columns. The in-plane structure has a one
from a three dimensional hexagonal lattice suchdimensional periodicity (along a ) and is essentially
as that of the normal smectic-like crystal B phaseuniform in the b direction. The lattice parameter
as illustrated in ® gure 6 (c) (Colx mesophase). Theis simply related to the position of peak 2 .
next peaks in such a lattice (i.e. h k l = 1 1 0 ) would
be at a Ó 3 greater value of Q and are too weaka (rect)=

2p

Q2 to be seen. This interpretation implies that the
lattice parameter a for such a hexagonal lattice isIt seems unlikely that the inter-layer corrections
related to the position of peak 2 as follows.are strong enough to give the rectangular ordering

without inducing some periodic ordering along the
a (hex)=

4p

Q2 Ó 3columns. This possibility is illustrated in ® gure 6 (b)
(Colrec mesophase).

which is a factor of 2/ Ó 3 greater than for pro-(2 ) The in-plane structure has a two-dimensional
posal (1 ).periodicity with a high symmetry (e.g. a hexagonal

or square net). The higher order peaks from such There are several reasons for preferring proposal
(2 ) above.a structure would be too weak to be observable.

Figure 6 . Schematic diagrams of the possible structures of G-5 (Und-CB)1 2 8 consistent with the scattering observed at di� erent
temperatures: (a) columnar structure with hexagonal ordering of rounded columns (Colhd mesophase); (b) columnar structure
with rectangular ordering of ellipsoidal columns at 70 ß C (Colr mesophase); (c) structure with hexagonal lattice of ellipsoidal
molecules of LC dendrimer at 70 ß C (Colx mesophase); (d ) lamellar structure (SmA mesophase).
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106 R. M. Richardson et al.

likely that in this phase the dendrimer molecules are(a) It predicts a reasonable density (1 .46 to
signi® cantly elongated along the layer normal direction1 .37 g cmÕ 3 as the temperature increases) from the
to maximise the mesogen± mesogen interactions.molecular mass divided by the unit cell volume.

Heating of the sample leads to formation of aProposal (1 ) cannot be used to predict a density
columnar structure as the dendrimer molecules frombecause it does not give a dimension in the second
adjacent layers form columns so that the mesogenic unitsin-plane direction.
can interact more closely. This leads to the realization(b) The in-plane dimension given by (2 ) is more
of the hexagonal or rectangular lattice with the cellsconsistent with the dimension in the upper phase.
described above, ® gure 6 (b, c). Since it is formed by aIn the upper mesophase (121 to 135 ß C) there is
lateral ordering of the dendrimer units, the orientationonly one slightly broadened peak which remains
of the peaks 0 0 1 and 0 0 2 remains parallel in ain the region occupied by peaks 1 to 4 . It is at a
magnetic ® eld, but the planes 1 0 0 and 1 0 1 appearQ value which extrapolates from 1 0 0 peak in the
at intermediate orientations. It can be seen fromhexagonal lattice discussed in (2 ) above and so it
® gure 7 (a, b, c) how the dendrimer molecules may changeis reasonable to suppose that the upper mesophase
in elongation. The repeat distance along the planes ofhas a columnar structure with disordered columns
columns c becomes equal to the inter-columnar distanceand a hexagonal net of columns (Colhd mesophase,
within the layers, a (hex), as 120 ß C is approached. This® gure 6 (a)). The columns can move freely parallel
means that the dendrimer molecules become moreto one another and the lamellar characteristics
spherical as the temperature increases, ® gure 7 (a). Thishave entirely disappeared. If we accepted proposal
tendency to spherical geometry with increasing temper-(1 ) above, it would be more di� cult to construct
ature is probably responsible for the initial break up ofa simple model to describe the structural change
the uniform lamellae at room temperature, because theat 121 ß C. If the transition were from a two dimen-
attractive interactions between mesogens in the samesional rectangular lattice to a hexagonal columnar
layer are reduced as they become more disordered. Thephase, one would expect to see a discontinuity in
column formation may be driven by the tendency tothe Q value at the transition. Very little change
maximise mesogen± mesogen interactions in adjacentis observed which reinforces our preferences for
layers as the molecules become less elongated.proposal (2 ).

Further heating of the sample leads to a loss of the(c) The molecules are elongated in the c direction
layers as the columns become more mobile and only aand so they will have an ellipsoidal shape with the
rather disordered hexagonal network of columns persistslong axis parallel to the layer normal (on average).
in the upper mesophase, ® gure 6 (a).It therefore seems unlikely that di� erent inter-

Turning to the internal structure of the columns, thisactions will develop in the two in-plane directions
seems to be as follows. Each column consists of ¯ attenedas in proposal (1 ) above. We therefore have a
spherical molecules of LC dendrimers, and all mesogenicstrong preference for proposal (2 ) for the lower
groups are located on the surface of the columns only.mesophase, although (1 ) cannot be ruled out with
The inner part of a column consists of the soft dendriticthe data currently available.
cores of the molecules, ® gure 7 . In the case of the upper

Taking into account all the X-ray di� raction data and mesophase, there are no strong interactions between meso-
the phase transitions, the structure of the mesophases of genic groups and, therefore, they have all orientations in
the LC dendrimer may be explained as following. First space within the limits of the column’s surface, ® gure 7 (a).
of all let us consider what happens to the molecules This leads to the rounded shape of the columns. In the
when the sample is heated from 30 ß C. In order to discuss case of the lower mesophase, there are strong interactions
the SAXS results we will consider a single local domain between mesogenic groups as evidenced by the rather
of the structure. At 30 ß C the smectic A (lamellar) large enthalpy of the phase transition (2 .1 J gÕ 1 ). This
structure exists showing oriented peaks 1 and 4 in the leads to some orientation of the mesogenic groups
X-ray pattern, ® gure 6 (d ). Such a structure assumes the and is the reason for the elongation of the molecules,
alternation of the layers consisting of mesogenic groups ® gure 7 (b, c). Further cooling leads to strengthening of
with layers consisting of the carbosilane dendritic cores, inter-mesogenic interactions and, as a result, to a more
® gure 7 (d ). In this case, there is no order within the elongated shape. Finally, this gives rise to a transformation
latter layer. It is uniform because of the softness of the of the columns into lamellae, ® gure 7 (d ).
dendritic part of molecules. Short range order within In conclusion, it should be noted that this carbosilane
the layers of mesogenic group is seen in the wide angle LC dendrimer of the ® fth generation with terminal cyano-
X-ray scattering (inter-mesogenic distance, about 5 AÊ ), biphenyl mesogenic groups is the largest LC dendrimer

presently known to show mesomorphic properties. It iswhich is consistent with a smectic A mesophase. It is
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107L amellar to columnar dendrimer superstructure

Figure 7 . Illustrating the distortion of G-5 (Und-CB)1 2 8 dendrimer molecules in di� erent mesophases: (a) rounded shape in Colhd

mesophase; (b) ellipsoidal shape in Colr mesophase; (c) ellipsoidal shape in Colx mesophase; (d ) elongated shape in SmA
mesophase.
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