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Abstract The purpose of this review article is to give an account of the various types
of dendritic systems that form liquid-crystalline mesophases and to describe the way
they are organized within supramolecular organizations. It is shown that tuning of the
mesophase structure can be achieved by an appropriate molecular design depending
upon the chemical nature of the terminal mesogenic groups, dendritic core and den-
drimer generation. The division of the subject in this review is made by the nature
of the dendritic scaffold. After a general introduction on dendrimers, supramolecular
liquid-crystalline dendrimers are first discussed. Then, a large part of the review is de-
voted to side-chain liquid-crystalline dendrimers with different chemical skeletons. The
section concerning main-chain liquid-crystalline dendrimers is divided into two parts,
the willow-like and the octopus dendrimers. Liquid crystals based on other types of
dendritic matrices are finally discussed, including shape-persistent dendrimers, metallo-
dendrimers, fullerodendrimers, polypedes and rod-coil block co-dendrimers.
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Abbreviations

2D two-dimensional

3D three-dimensional

AFM atomic force microscopy

Cr crystalline phase

Colp, Coly, hexagonal columnar phase (p6mm symmetry)
Col; rectangular columnar phase (p2gg or c2mm symmetry)
Colsqu square columnar phase (p4mm or p4mg symmetry)
Colget tetragonal columnar phase

Col, unidentified columnar phase

Cub Cubic phases (Pm3n and Im3m lattice symmetries)
DMF N,N’-dimethylformamide

DOBOB 3,4,5-tris[(4-dodecyloxy)benzyloxy]benzene unit
DP degree of polymerization

DSC differential scanning calorimetry

Fc ferrocene

G glassy or amorphous solid phase

I isotropic liquid

LC liquid crystalline

LCD liquid crystalline dendrimer

MC-LCD main-chain liquid crystalline dendrimer

M, M1, M2 unidentified mesophases

Tet, Miet 3D body-centered tetragonal phase

MD molecular dynamics

N nematic phase

N* chiral nematic or cholesteric phase

OPV oligo(phenylenevinylene)

PAMAM polyamidoamine

Pc phthalocyanine

PE pentaerythritol

PEO polyethylene oxide

PPI polypropyleneimine

Ps spontaneous polarization

SC-LCD side-chain liquid crystalline dendrimer
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SmA smectic A phase

SmB smectic B phase

SmC smectic C phase

SmC* chiral smectic C phase
SmCPg, SmCP polar smectic phases
SmX unidentified smectic phase
THF tetrahydrofuran

uv ultraviolet

XRD X-ray diffraction

1

Introduction

Since their discovery in the late 1970s [1], dendrimers have led to the most im-
pressive developments and rapidly expanding areas of current science [2-11].
This extraordinary enthusiasm is caused by the intrinsic and unique molecu-
lar features of the dendrimers [2-11] and the possibility of generating numer-
ous and original chemical architectures, offering new synthetic concepts and
challenges for chemists [12, 13] as well as raising several interesting theoret-
ical questions [14, 15]. The word dendrimer comes from the Greek dendros
meaning tree and meros meaning part. This is a class of aesthetic, compart-
mentalized, practically monodisperse supermolecules possessing a regular
and controlled three-dimensional branched topology [2-11], with a geomet-
rical rate of growth as the generation number increases. Consequently, these
molecules can possibly carry a large number of functional groups per volume
unit [16]. These features are the result of sophisticated genealogically directed
syntheses consisting of controlled iterative methods involving successive and
specific elementary steps (convergent or divergent directed sequential con-
struction). Furthermore, such “supermolecules” are unique in that they lack
entanglements, leading to a good solubility in almost all organic solvents and
in principle to a lower intrinsic viscosity.

The combination of a precise functionality at the termini or in the cavities
with large and defined macromolecular structures also offers many oppor-
tunities in materials science and medicine, as well as many fundamental
aspects. Research in this area has been further boosted by the appreciation
of their uses as potentially interesting candidates in widespread applica-
tions [17,18]. They may be used, when suitably functionalized, in biology
as drug or gene delivery devices (encapsulation of guests in the cavities of
dendritic hosts) [19], because of their rough resemblance to some living com-
ponents (bio-mimetism) [20-24], or in chemistry (multiredox, chiroptical,
catalytic properties). Alternatively, as ideal functionalized oligomeric sub-
stances (incorporating active or reactive functions), they may be designed as
materials with precise functionalities in which molecular level information
is transferred from the initiator core to the periphery (or vice versa) with
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the expectation of complementary and synergic phenomena (i.e. induction of
new properties), and/or cooperative effects (i.e. amplification of the existing
properties) [25-31]. Several excellent comprehensive review articles have em-
phasized many of these interesting assets of dendrimers [2-11, 14-16, 32-45].

Molecular engineering of liquid crystals is also an important issue for con-
trolling the self-assembling ability [46,47] and the self-organizing process
of single moieties into controlled meso- and nanostructures [48-52]. It was
therefore logical to functionalize such supermolecules in order to obtain well-
defined giant-like liquid crystalline materials [53-58] with the possibility
of discovering new types of mesophases and original morphologies [59-
66]. The first liquid crystalline dendrimers (LCDs) to be reported were ob-
tained by simply incorporating mesogenic groups within a hyperbranched
dendritic scaffold either by random self-polymerization of an appropriate
difunctionalized mesogenic monomer [67-73] or by the grafting of mono-
functionalized mesogenic units at the terminal branches of a pre-formed
tree-like polymer [71]: such hyperbranched polymers [74], a denomination
presently preferred to dendrimers, are characterized by randomly branched
structures with a high degree of branching and broad molecular weight dis-
tributions [75-77]. Despite their great interest, these systems will not be
further discussed here as they are out of the scope of this review.

So far, most studies have focused on side-chain liquid crystalline den-
drimers (SC-LCDs; Fig. 13). Induction of liquid crystalline properties may
simply be achieved by grafting mesogenic promoters on the periphery of a den-
drimer, though a few LCDs with non-mesogenic end-groups have also been
reported [53-57]. Mesomorphism results essentially from both the enthalpic
gain provided by anisotropic interactions, and the strong tendency for mi-
crophase separation due to the chemical incompatibility between the flexible
dendritic core and the terminal groups as in AB-block copolymers [78]. The
structure of the mesogen as well as the topology of attachment to the core
(end-on and side-on; Fig. 13) determine the mesomorphism of the entire com-
pound. The control of the ultimate molecular architecture (size and shape)
can be modulated by the generation growth, the multiplicity of the branches
and the connectivity of the focal core. Other sub-classes of LCDs that will also
be considered in this review include supramolecular dendromesogens, shape-
persistent, main-chain, polypedic, metal- and fullerene-containing LCDs.

2
Supramolecular Liquid-Crystalline Dendrimers

Such mesogenic systems represent a class by themselves often referred to as
dendromesogens. The dendritic concept results from the self-organization of
these dendromesogens into various liquid crystalline morphologies. Cylindri-
cal supramolecular dendrimers are generally obtained by the self-assembly
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of first generation monodendrons [79-85] (and of their corresponding side-
group polymers [86-95]) that exhibit a tapered fan shape. The wide end of
these molecules is usually made up of three flexible aliphatic chains such
as in the DOBOB (3,4,5-tris[(4-dodecyloxy)benzyloxy]benzene unit; Fig. 1A)
and 3,4,5-trialkoxybenzene derivatives (Fig. 1B), whereas the summit is made
hydrophilic by using acid, ester or alcohol functions, or by grafting crown
ethers or ethylene oxide chains. Malthéte already successfully demonstrated
the great aptitude of systems containing the DOBOB unit (Fig. 1A, m = 12) to
self-organize into columnar mesophases. Indeed, unconventional mesogens
such as the conical-like, pyramidal-like and the so-called diabolo-like meso-
genic molecules [96-98] were produced by the connection of the DOBOB
units to various multivalent molecular sub-units.

Self-assembly of such tapered dendritic molecules into infinite columns
can be seen as an arrangement of “parts of a cake” to form a flattened circular
slice followed by the stacking of these slices on top of another (Fig. 2), the cen-
tral core of the columns being filled by the polar parts (crown ether, ethylene
oxide segments) or the polymer backbone. This process is driven by micro-
segregation of the different parts constituting the molecules, steric con-
straints as well as in some cases H-bonding interactions. The self-assembly
ability of these systems into columnar organizations is strongly enhanced
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Fig.1 Various types of flat tapered molecules self-assembling into cylindrical columns
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Fig.2 Schematic representation of the self-assembling of flat tapered monodendrons into
cylindrical columns and their self-organization into the Col}, phase

by fluorination of the dodecyl side chains (Fig. 1, R = C,H3,CpFams1 with
n+m=12 and n,m =4, 6, 8) [99-101]. A rich mesomorphism was also pro-
moted in alkali metal salts of 3,4,5-trialkoxybenzoic acids (G1-CO;M, n = 12,
14, 16, 18) that were found to self-organize at low temperatures into Col;
(M* =Nat, m =12) or Col, (M =Li*, Na*, K*, Rb*, Cs*, m =12, 14, 16,
18) phases and at high temperature into both Pm3n and Im3m cubic phases
or only the cubic Im3m phase (M = Li*, m = 12; M = Li*, Na*, K*, m = 14;
M =Li*, Na*, K*, Rb*, m = 16; M = Li*, Na*, K*, Rb*, Cs*, m = 18), depend-
ing on chain-length and alkali metal [102].

Thus, essentially all the flat tapered molecules are found to lead to
columnar structures, but when laterally attached to a flexible polymer
backbone, the nature and symmetry of the phase was found to be deter-
mined by the degree of polymerization. And indeed, for some polystyrene,
poly(methacrylate) [90] and poly(ethyleneimine) [92] polymers containing
3,4,5-tri(dodecyloxy)benzoyl minidendritic side-groups, those with a DP
> 15-20 led to hexagonal columnar organizations, whereas those with lower
DP self-organize into “inverse micellar-like” thermotropic cubic mesophases
with Pm3n and Im3m space groups, respectively [90, 92]. About two macro-
molecules pair up to form inverse micellar-like objects with globular cores
containing polymer backbones and aromatic groups, the alkyl chains radiat-
ing out to ensure a continuous matrix.

It was anticipated that a change in dendritic shape to a nearly spherical
one should occur upon increasing the generation number [103]. And in-
deed, cone-shaped, hemisphere-like and even spherical monodendrons were
obtained by increasing the generation number, producing spherical supra-
molecular dendrimers that in turn self-assemble into micellar cubic phases
(Fig. 3). In addition, the rate of this dendritic deformation can be modulated
by the degree of branching (branching multiplicity) and the “surface”-chain
topology (position and number of terminal aliphatic chains).

This is first illustrated by the four generations of monodendrons based on
the AB3 building block unit shown in Fig. 4 [104, 105]. The substitution of
the terminal benzyl ethers by three alkoxy groups (in their 3,4,5 positions)
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Fig.3 Schematic representation of the self-assembling of conical-like monodendrons into
spherical supramolecular dendrimers and their self-organization into cubic phases (here
Pm3n symmetry)

allows only a restricted-cooperative rotation that requires the external ben-
zyl ethers to be approximately orthogonal to the internal one, thus favoring
the conical shape of the monodendron (Fig. 3). Starting from the second
generation, all the dendrons (benzoates, corresponding benzyl alcohols and
benzoic acids) exhibit in addition to the crystalline phase an isomorphous
cubic liquid-crystalline phase with the Pm3n space group (Table 1).

Studies of electron density profiles and histograms computed from the
X-ray diffraction data demonstrate that the cubic phase results from the
self-assembly of these supramolecular dendrimers; the aromatic regions are
centered around the corners, the center of the cubic lattice, and in the 1/4 and
3/4 positions along one of the bisectors of each face [106]. This model was fi-
nally confirmed by the analysis of the electron density profiles of the phase
exhibited by a G2-CO,H derivative with perfluorinated side-chains (Fig. 4,
G2-COyH, R = C4HgCgF;7) and doped with small amounts of the equivalent
rubidium salt to modify the contrast [107]. This model is quite similar to
that generally found in micellar lyotropic systems with the same symme-
try [108-111]. The aggregation of the monodendrons into a supramolecular
dendrimer is also favored by the H-bonding network generated by the api-
cal acid or alcohol functions of the monodendrons, the former leading to
the most stable cubic mesophase (Table 1). A convenient way to describe the
cubic phase formed by these supramolecular dendrimers is to consider mi-
celles with “polyhedral” shapes (vide infra). The fluorination of the terminal
chains of the G2-CO,Me monodendron (Fig. 4, R = C12Hj5 to R = C4HgCgF7)
led to the transformation of the “spherical” supramolecular dendrimer into
a pyramidal columnar supramolecular dendrimer. As a consequence, not only
the phase symmetry was changed (cubic-Pm3n vs. Col,-p6mm), but the sta-
bility considerably enhanced (Cr 22 Coly, 92 I) [112]. This unique result shows
an interesting alternative for the control of the molecular conformation and
its mechanism of self-assembly into pre-designed morphologies.

Continuing their investigations, Percec and coworkers also considered sev-
eral generations of benzyl ether monodendrons containing only one aliphatic
terminal chain on the outside benzyl groups (Fig. 5) [113]. Optical polarizing
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Fig.4 Monodendrons based on the AB3 building block unit (X = CO,Me, CO,H, CH,0H;
R =0C;H>s)

microscopy studies and X-ray diffraction data show unambiguously the ex-
istence of a columnar mesophase (p6mm lattice) for the low generation den-
drons and of a cubic mesophase (Pm3n lattice) for the third generation den-
dron (Table 2). Thus, the first two generations of monodendrons (G1-CO,H
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Table1 Mesomorphic behavior of the monodendrons based on the AB3 building block
methyl 3,4,5-trishydroxybenzoate (X = CO;Me, CO,H, CH,O0H; R = OC,H3s) ab

GnX X= C02CH3 CHon COzH

Gl Cr231 Cr471 Cr591

G2 Cr 58.5 (Cub 56) I Cr 58 Cub 881 Cr83 Cub 1171
G3 Cr-11Cub 941 Cr -12 Cub 106 I Cr-12 Cub 1391
G4 Cr-11G42 Cub 771 Cr-12Cub 851

2 Cubic phase with the Pm3n symmetry
b Phase in brackets: monotropic phase

and G2-CO,Me) self-assemble into cylindrical supramolecular dendrimers.
For an idealized model, it is convenient to view the columns as resulting from
the stacking of cylindrical strata (taken at about ca. 4.5-4.7 A thick), each
containing a precise number of dendrons. In this idealized view, the former
system is made up of four monodendrons, each having a shape equivalent
to a quarter of a disk, whereas the latter is formed by two monodendrons
with a half disk shape. The third generation monodendrons self-assemble
into a spherical supramolecular dendrimer containing six monodendrons;
those monodendrons undergo the most dramatic change in shape and be-
come cone-like. So, a continuous change in the shape of the monodendron is
induced by the generation number.

Therefore, for identical arborescence (here ABs-type for both families of
dendrons; Figs. 4 and 5), the number of terminal alkoxy chains can be greatly
modified, simply by changing the nature of the terminal group. This straight-
forward modification affects significantly the mesophase behavior, as well as
the self-assembling process. Indeed, the apparition of the cubic phase is de-
layed, and the increase in the number of alkyl tails (from 27 to 81) increases
the size of the monodendrons from a sixth of a sphere (Fig. 5, G3-CO,Me) to
a hemisphere (Fig. 4, G4X).

In order to assess the criteria that govern the control of the shape and
size of their supramolecular assemblies, Percec also investigated libraries of
monodendrons that differ in their architecture on the periphery (number of
peripheral aliphatic chains), in the internal repeat unit architecture (type of
arborescence, i.e. branching multiplicity), in the generation number or core
functionality and connectivity. For example, they studied the evolution of the
mesomorphism in a series of dendrimers related to that shown in Fig. 5, but
instead of grafting three 4-dodecyloxybenzyloxy groups at the periphery of
the monomeric AB3 building units, only two of them were attached to the AB,
unit (the terminal chain number was changed from 3, 9, 27 in the former to 2,
6 to 18 for the latter from G1 to G3, respectively) [114]. The cubic phase ap-
pears from the second generation onwards (Pm3n lattice), whereas the first
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G1X G2X

Fig.5 Monodendrons based on the 3,4,5-AB3 arborescence and with DOBOB as terminal
group (X =CO,;Me, COH; R = OC12H25)
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Table2 Mesomorphic behavior of the monodendrons based on the 3,4,5-AB3 arbores-
cence and with DOBOB as terminal group (X = CO;Me, CO,H; R = OC;,Hys) 2

GnX X= C02CH3 COzH

Gl Cr661 Cr 43 Col,, 1451
G2 Cr -18 Coly; 98 Coly, 1171 Cr 182 Cub 1951
G3 Cr -17 G 47 Cubl 179 Cub2 197 1

2 Cubic phase with the Pm3n symmetry

generation forms a Coly, phase. Comparing these two series showed that the
use of the AB; unit versus the AB3 unit at the periphery led to an increase of
the diameter of the supramolecular dendrimer, consequent to a decrease of
the solid angle of the dendron. Upon increasing the generation number, all
the dendrimers increase their solid angle until they become a single sphere.
This trend was generally confirmed for this class of materials.

In another example, they considered the attachment of the first generation
3,4-bis(n-dodecan-1-yloxy)benzoyl ether monodendron to the periphery of
Fréchet-type dendritic units (3,5-disubstituted benzyl ethers) leading to an-
other class of mixed monodendrons (Fig. 6) [115]. Interestingly the second,
third and fourth generation monodendrons (4, 8 and 16 terminal chains)
self-assemble into supramolecular cylinders which in turn self-organize into
a hexagonal columnar p6mm liquid-crystalline lattice. The fourth generation
dendron is shown to be the first monodendron with a disk-like shape. The
fifth generation dendron (32 chains) self-assemble into a cubic phase of Pm3n
symmetry, where each monodendron is equivalent to a fifth of the supramo-
lecular pseudo-spherical micelle.

Monodendrons based on the AB3 arborescence (as those shown in Figs. 4
and 5) but with two terminal chains per peripheral phenyl group (as those
shown in Fig. 6) were also synthesized up to the fifth generation (6, 18, 54,
162 dodecyloxy chains for G2 to G5, respectively) [116]. A cubic phase only
with the same Pm3n 3D lattice was detected right from the second gener-
ation. All the above examples of cubic phases were found to result from the
self-organization of dendrons which are conical or hemispherical in shape.
However, the fifth generation monodendron is the first quasi-spherical func-
tional monodendron that self-organizes into a cubic lattice (Pm3n) to be
reported (Fig. 12). The oblate spherical shape was confirmed by scanning
force microscopy (the average diameter and average height of the molecule
were found to be 6 and 5 nm, respectively, in a disordered monolayer of den-
drons on a mica surface).

Two other isomeric libraries of self-assembling AB, monodendrons
based on 3,4- and 3,5-disubstituted benzyl ether internal repeat units con-
taining four first generation monodendrons, i.e., 3,4,5-tris(n-dodecan-1-
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G4x

G5X

Fig.6 Monodendrons based on the 3,5-AB, arborescence with 3,4-bis(n-dodecan-1-
yloxy)benzoyl ether terminal groups (X = CO;Me, CO,H, CH,OH; R = OC;,2H;s)
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yloxy)benzoyl ether, 3,4-bis(n-dodecan-1-yloxy)benzoyl ether, 3,4,5-tris(n-
dodecan-1-yloxy)benzyloxy ether, 3,4-bis(n-dodecan-1-yloxy)benzyloxy et-
her, on their periphery were also considered (Fig.7) [117]. It was shown
that the supramolecular dendrimers derived from 3,4-dibenzyl ether mon-
odendrons are spherical while the supramolecular dendrimers derived from
3,5-dibenzyl ether monodendrons are cylindrical. As a consequence, the
monodendritic building blocks of the 3,4-disubstituted series have a cone-like
shape while those of the 3,5-disubstituted series have a shape which corres-
ponds to fragment of a disk or a disk-like shape (Fig. 12). In all the previous

Q
Savass Ty ey

G= A B c D E

g v ok
Q
Q

Fig.7 Library of dendromesogens built up from a 3,4-AB,, 3,5-AB;, and mixed 3,4-3,5-
type of arborescence (R = OC;3Hys, X = CO;Me, CH,0H, CO,H)



58 B. Donnio - D. Guillon

libraries, the structure of the internal repeat unit determines the shape of the
monodendron and of the supramolecular dendrimer. However, for the same
internal repeat unit, the size of the monodendron and of the supramolecu-
lar dendrimer is determined by the structure of the unit on its periphery. On
increasing the generation number, the shape of the monodendron changes
from a fragment of a disk to a disk, to a cone, to half a sphere, and ultimately
to a sphere. Please note that within all these libraries the library based on
3,5-disubstituted benzyl ethers provides the first example of supramolecu-
lar dendrimers able to change their shape in a reversible way as a function
of temperature and also the first example of a spherical supramolecular den-
drimer that self-organizes into a cubic phase of Im3m symmetry (Fig. 12).

Further studies by electron microscopy on some of the samples exhibiting
the Pm3n cubic phase show the existence of grain boundaries and stacking
faults [118]. These are all consistent with the presence of quasi-spherical as-
semblies or more precisely to polyhedral-like micelles, and moreover suggest
that the supramolecular spheres are deformable, interacting with one another
through a relatively soft pair potential [119]. The majority of such quasi-
spherical assemblies are thus distorted into an oblate shape.

Wedge-shaped dendrons such as those described above form mainly
columnar and cubic phases. However, a liquid-crystalline phase with a tetrag-
onal three-dimensional unit cell (Tet phase) containing 30 globular supramo-
lecular dendrimers has been reported recently. Each of these supramolecu-
lar dendrimers is the result of the self-assembly of 12 dendrons, as is shown
in Fig. 8 [120,121]. Interestingly, the complex tetragonal phase of symme-
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Fig.8 Structure of the monodendrons with a 3,5-AB; arborescence showing the tetragonal
phase
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try P4,/mmm is shown to be the equivalent of tetrahedral closely packed
Frank-Kasper structures [122] found in metals and metal alloys. The authors
suggest that the analogy between dendrimers and metals lies in the role
played by the “soft” d orbitals in the metals and the soft globular supramo-
lecular dendrimers. In addition, with dendrons of the same family, quasiperi-
odic structures analogous to those found with some metal alloys, have been
found. Whereas the characteristic length of the self-assembled quasicrystal
is of a few A in metal alloys, it is nearly 10 nm in the case of self-assembled
dendrons.

Note that this geometrical model—that can be compared to the spherical
micelle model used for cubic phases—which visualizes these 3D structures as
an arrangement of space-filling polyhedra [123], as in the case of foams [124],
appears more convenient for the description of the cubic structures than the
3D packing of spheres. In this view, the mean distances between the micel-
lar nuclei can be represented by polyhedral hollow solids, the nature and
type of which obviously are related to the symmetry of the cubic phase.
Thus, for the Im3m phase, the symmetry is generated by the use of a sin-
gle semi-regular Archimedean polyhedron, namely the truncated octahedron
(a regular tetrakaidecahedron with 8 hexagonal and 6 square faces of iden-
tical edge) and located at the nodes of the cubic lattice (N=8x1/8 + 1 x
1 =2). Concerning the Pm3n space group, two polyhedra must be consid-
ered, namely the regular Platonic dodecahedron (12 pentagonal faces of same
edge) located at the center and corners of the cubic cell (8 x1/8 +1x1=2)
and a semi-regular 14-faced polyhedron (tetrakaidecahedron with two hex-
agonal faces and 12 pentagonal faces of same edge), occupying two of the four
tetrahedral sites of each face of the cubic lattice (6 x 2 x 1/2 = 6).

In view of obtaining functional dendrons, crown ethers have been incorpo-
rated at the focal point of some of these dendromesogens (as in Fig. 1). The
dendritic building blocks thus prepared self-assemble either spontaneously
or after complexation with NaOTf in two-dimensional smectic B, smectic A,
and p6mm hexagonal columnar and three-dimensional Pm3n cubic lattices
with increasing generation [125]. A very delicate dependence is described
between the shape of the dendritic crown ether and the stability of its supra-
molecular lattice obtained by complexation with NaOT{. Nevertheless, these
supramolecular dendrimers represent interesting materials for selective ion
transport.

In all the examples reported above concerning the self-assembly of den-
drons based on AB3, AB;, and combinations of AB; and AB; building blocks,
the shape and the diameter of the resulting supramolecular dendrimers were
limited to less than 8 nm, mainly because of the solid angle of the dendron. In
fact, because of the shape change of the self-assembling dendron as a function
of generation, the increase in generation is generally not accompanied by an
exaggerated increase of the supramolecular dimensions, despite the fact that
the molecular weight increases exponentially. In order to produce supramo-
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lecular dendrimers of larger dimensions, new libraries of compounds based
on various combinations of AB, AB, and AB; building blocks have been de-
signed and synthesized. This led to a very broad and original study (34 new
compounds were reported) where the length of the branches, the number
of terminal chains, the degree of branching and the multiplicity were sys-
tematically varied. Thus, two new families of dendritic mesogens such as
the (AB),-AB; and (AB),-AB; series (Fig. 9; y: number of AB blocks; for the
(AB)y-AB3 system, y=3n+3+m=3-11, and for the (AB),-AB; system
y=2n+3+4m=2-7) were first prepared [126].

Most of the first generation supramolecular dendrimers thus synthesized
from the AB; building block (Fig.9) self-organize into lamellar (n =1, 2;
m = 0), columnar hexagonal and rectangular (n =0, 1, 2; m =0, 1) and Pm3n
cubic phases (n=0; m =1, 2, 3), whereas those derived from the AB, unit
(Fig. 9) form lamellar (n =1, 2; m =0, 3) and columnar (n=0, 1, 2; m=1,
2, 3) phases only. The dimensions of the mesostructures are much larger (up
to three times) than those of the phases of same symmetry exhibited by the
highest generations of the supramolecular dendrimers obtained through the
self-assembling of dendrons based on AB3, AB;, and combinations of AB3 and
AB; building blocks.

The corresponding families of the second generation of the AB3 hybrid
dendrons of the type (AB)},-(AB3)2 (Fig. 10, y =0, 9, 18, 27) and (AB),-
(AB;)(AB3) (Fig. 10, y =0, 6, 12) were also prepared by varying the total
number of benzyl AB groups n and m. A hexagonal columnar phase was ob-
tained for the first series (AB)},—(AB3)2 (Fig. 10, n =1, 2), except for n =0
which shows a Pm3n cubic phase and n = 3, which is crystalline. As for the
mixed hybrid series (AB),-(AB;)(AB3), a Pm3n cubic phase was obtained for
all n (Fig. 10, n =0, 1, 2), with an additional Col}, phase for n = 2. Unlike the
previous series of the first generation, no smectic phases were detected.

C12H250 C12H250
C2Ho50 ;o C12H250 ;fo
0 n o) n
lo] o]
S0, T Fo o

Ci2Hp50 (AB)y-AB3 (AB)y-AB;

Fig.9 Structure of the (AB),-AB; and (AB),-AB, dendrons of the first generation
(y: number of AB blocks, see text)
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C12H250,

(AB)y~-(AB3)? (AB)y~(AB2)(AB3)

Fig.10 Structure of the (AB)/V-(AB3)2 and (AB),-(AB2)(AB3) hybrid dendrons of the
second generation (y: number of AB blocks, see text)

Continuing in this direction, because of the large structural possibili-
ties offered by this synthetic approach, other compounds with mixed hybrid
structures could be prepared. A few isomeric dendrimers based on the (AB;)
unit with the 3,4 and 3,5 arborescence were also synthesized. The AB; hybrid
dendrons (AB)y-(3,4-AB;)-AB),-(3,4-AB;) (Fig. 11,y +2=4,6,12,2=0, 2, 4)
yielded 3D cubic structures with an additional Coly, phase for the compound
with m =1 and n = 0. In contrast, the isomeric series (AB),-(3,4-AB;)-(AB).-
(3,5-AB;) yielded mainly 2D columnar phases, namely a Coly,, then both
Col; and Coly, and finally a single Col; phase for the three compounds with
m=n=0,m=1and n=0,and m =2 and n = 1, respectively.

All the above examples show that supramolecular dendromesogens of var-
ious shape and dimensions (in the nanometer scale) can be obtained through
a large variety of AB building blocks connected together according to var-
ious topologies, and through an efficient three-dimensional self-assembling
process (Fig. 12). There is no doubt that such supramolecular nanostructures
are of particular interest in complex soft matter in general, but represent also
promising materials for optoelectronics, electronics and surface nanopat-
terning. Surface alignment and control of self-assembled columnar dendritic
liquid crystals in thin films [127-129] as well as formation of Langmuir
monolayers were also reported [130, 131].
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Fig.11 Structure of the isomeric (AB),-(3,4-AB2)-(AB).-(3,4-AB;) and (AB),-(3,4-AB;)-
(AB);-(3,5-AB;) hybrid dendrons of the second generation (y and z: number of AB
blocks, see text)
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Fig.12 Schematic representation of the self-assembly of dendromesogens into various
type of mesophases (smectic, hexagonal and rectangular columnar, micellar cubic, and
tetragonal phases) by the control of the molecular shape conformation (from flat tapered
to cylindrical to conical and to spherical shape). From [126]
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3
Side-Chain Liquid-Crystalline Dendrimers

The overall structure of such side-group LCDs (this terminology is used by
analogy to side-chain liquid crystal polymers) consists of a flexible branched
network with a branching multiplicity N, emanating from a single multiva-
lent initiator core with a connectivity N¢, and mesogenic or pro-mesogenic
units attached laterally (end-on) or terminally (side-on) at the termini of the
branches (Fig. 13). The number of peripheral groups, Z, depends on these
two structural parameters (Nc and Np) as well as the generation number, G,
according to the geometrical law: Z = NcN§. The control of the molecular
conformation in such side-chain LC dendrimers will be considered thor-
oughly hereafter.

O Multivalent core
Nc: connectivity

@ Branching point
Ng: multiplicity

@ Mesogenic groups

a ~~ -l b

Fig.13 Schematic 2D representation of an end-group dendrimer of second generation
with a 4-fold core connectivity (Nc = 4), and a ternary branch multiplicity (Ng = 3). The
mesogen can be attached terminally or laterally to yield a end-on or b side-on LCDs

3.1
Silicon-Containing Dendrimers

Silicon-containing dendrimers were the first heteroatom-based dendrimers
synthesized, and three types of linkage were used at the branching points:
carbosilane (Si— C), siloxane (Si— O) and carbosilazane (Si—N) bonds [41-
45]. The carbosilane type represents the most important class of silicon-
containing dendrimers mainly because of their excellent chemical and ther-
mal stability, and the versatility of Si — C chemistry allowing access to macro-
molecules of high generation (up to the seventh) [43,44]. Liquid crystalline
dendrimers based on polycarbosilane and polysiloxane branched backbones
have been reported by several groups.
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3.1.1
Carbosilane Dendrimers

Frey and coworkers have prepared dendrimers-based on the carbosilane
backbone with 4 (G0), 12 (G1), 36 (G2), and 108 (G3) cholesteryl end-groups
via esterification of dendritic carbosilane polyols with cholesteryl chlorofor-
mate (Fig. 14) [132-134]. The fast increase in the number of terminal groups

o
2 A

I Sy

R e Y il e
IR s SO
R

Fig. 14 Carbosilane dendrimers (N¢ = 4, Ng = 3) from the zeroth to the second generation
and the various groups attached at the periphery (R = A, B, C, D)
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was because of the combination of a high core connectivity (Nc = 4) and the
ternary degree of branching (Np = 3), and despite the synthetic challenge, the
polydispersity indices were in all cases close to unity. The mesomorphism of
these dendrimers is nevertheless not totally clear. Indeed, the authors first
reported that the G1 and G2 dendrimers (Fig. 14, R = A) were crystalline
powders at ambient temperature and formed smectic mesophases between
80-90 °C and 130 °C, whereas that of the third generation was not mesomor-
phic. However, in a subsequent paper, and on the basis of X-ray diffraction
experiments, they reported a lamellar structure for G1, but a 3D Col}, phase
for G3, whereas it was not definite that G2 was mesomorphic [135]. These
dendrimers were also found to be capable of self-assembly into ultrathin
monolayers and multi-layer films.

In further studies, the same group investigated the effect of the nature of
the mesogenic end groups and of the spacer length between the dendritic
scaffold and the mesogen on the liquid crystalline properties. Thus, den-
drimers of the first and second generation were prepared by esterification of
the hydroxyl groups of the carbosilane arborols by derivatized cyanobiphenyl
units (Fig. 14, R = B and C) [136, 137]. The four dendrimers possess a smec-
tic mesomorphism identified by X-ray diffraction as SmA (R =B, GI: G 17
SmA 98 I and G2: G 17 SmA 130 I) and SmE and SmA phases (R =C, G1: G
14 SmE 67 SmA 106 I, G2: G 7 SmE 61 SmA 130 I). The clearing temperature
was independent of the spacer length, but increased from G1 to G2.

Interestingly, besides the use of such classical calamitic mesogens, at-
tachment of the non-mesomorphic perfluorinated alkyl chains to the same
carbosilane polyols also yielded original mesomorphic systems. Thus, perflu-
orinated dendrimers of the zeroth to the third generation having 4, 12, 36, and
108 perfluoalkyl chains were prepared (Fig. 14, R = D) [138, 139]. Whereas GO
was obtained as a crystalline material devoid of mesomorphism (Cr 23 I), G1
and G2 exhibited a smectic phase (G1: G -30 SmA -15 I; G2: G -39 SmX) and
G3 a Coly, phase (G -41 Coly) [140, 141]; no transition to the isotropic liquid
was detected for G2 and G3. In this series, mesomorphism clearly results from
microphase segregation between the fluorophilic shell and the lipophilic in-
terior of the dendrimer, since no mesogenic promoter is present [142]. The
crossover behavior may be due to the increasingly dense packing of the per-
fluorinated chains at the periphery forcing the dendrimer core to deform and
to adopt a more constrained conformation as the generation increased.

Terunuma and coworkers reported the properties of a different type of car-
bosilane dendrimer (N = 3, Np = 3) bearing either cyanobiphenyl species
or an optically active unit derived from 2-phenylpyrimidine at the periph-
ery (Fig. 15). Only three branches emanated from the central silicon atom, the
fourth valency being blocked by a phenyl group leading to 3 (G0), 9 (G1), and
27 (G2) terminal functional units.

All the dendrimers with cyanobiphenyl units (Fig. 15, R=A, m =5) ex-
hibited a single enantiotropic SmA phase, for which the stability was found
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Fig. 15 Carbosilane dendrimers (N¢ = 3, Np = 3) functionalized by various R groups

to increase with generation number (Table 3) [143], whereas it was not af-
fected to a great extent by the spacer length at a fixed generation (Fig. 15,
R = A, m=4-7) [144]. The dendrimers containing the chiral moieties (Fig. 15,
R = B) exhibited a broad SmA phase only from room temperature up to
around 80, 100, and 110 °C respectively [145]. However, the blends containing
10 wt % of the dendrimer with a non-chiral, liquid crystal material (also de-
rived from 2-phenylpyrimidine), exhibited a broad ferroelectric SmC* phase
from room temperature up to ca. 60 °C with additional SmA and N* phases
before isotropization at 83-85°C. No influence of the generation could be
felt here, but the mixtures exhibited ferroelectric behavior, with an electro-
optical switching time increasing with the generation number as in ferroelec-
tric liquid crystalline polymers.

Table3 Mesomorphic behavior of the compounds shown in Fig. 15

Gn Mesogen A (m =5) Mesogen B Blend
GO G7SmA 44 1 SmA 80 I Cr 5.5 SmC* 62 SmA 71 N* 83 I
Gl G14SmA 721 SmA 1051 Cr 7 SmC* 59 SmA 72 N* 85 1

G2 G 15SmA 1151 SmA 1101 Cr 7 SmC* 56 SmA 72 N* 83 I
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Let us also mention the only example of a bent-core molecule [146] fixed
to the zeroth generation of a carbosilane core (Fig. 16) [147]. Truly speak-
ing, this molecule, abusively referred to as a dendrimer, should be seen as
a branched tetramer, since there is no branching, but the concept may be
successfully applied for the supermolecules of higher generations (vide infra
the case of PPI dendrimers bearing bent core mesogens). This compound ex-
hibits a new type of polar smectic mesophase between the glassy state and the
isotropic liquid (G 47 SmCPg 139 I), this organization resulting from a com-
promise between both the constraints imposed by the bent molecule and by
the carbosilane moiety. By X-ray diffraction and optical microscopy, it was
proposed that the molecules are tilted and adapt a polar order within the
layers, but both the polar and tilt directions change randomly (no long-range
orientational correlation between layers) in such a way that the polarization is
cancelled, leading to an optically uniaxial phase. Switching into the ferroelec-
tric organization (SmCPg) can be achieved upon the application of a strong
electric field due to the alignment of the polar directors of the layers parallel
to the electric field. Once formed, the ferroelectric state remains stable, and
spontaneous polarization as high as Ps = 1400 nC cm~2 could be measured.

Probably the most complete study on silicon-containing LCDs was that car-
ried out by the group of Shibaev. The dendritic motif is based on a tetravalent
core (N¢ = 4), and a binary branching point (N = 2) leading to 4, 8, 16, 32,
64 and 128 terminal mesogens from GO up to G5 (Fig. 17). The link with the
mesogenic group is achieved by the hydrosilylation reaction between the pe-
ripheral double bonds of the dendrimer and the monosilylated mesogen. The
effect of the nature of the mesogen and the generation of the dendrimer has
been systematically analyzed.

These mesomorphic carbosilane dendrimers are characterized by a “sur-
face” layer of mesogenic groups on the dendritic macromolecules of regular
structures, responsible for the liquid-crystalline states of these compounds.
The possibility of the creation of a liquid-crystalline shell around a central
nucleus core formed by the soft dendritic matrix opens perspectives for the
applications of such compounds. In a first paper [148], only the smallest
generation (G1) of carbosilane dendrimer was synthesized and studied, the
basic reaction used being hydrosilylation between the mesogen-containing
fragments and the allyl groups of the dendritic matrix [149]. The liquid-
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Fig. 16 Molecular structure of the zeroth generation dendrimer bearing a bent mesogen
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crystalline properties of the dendrimers were determined by optical polariz-
ing microscopy in combination with differential scanning calorimetry (DSC)
measurements and X-ray diffraction.

The phase behavior of the G1 compounds depends on the chemical na-
ture of the terminal mesogenic groups. In the case of cholesteryl-containing
dendrimers, a single smectic A phase was observed above a glassy phase, the
glass transition temperature being below room temperature (Fig. 18, R =C:
G -15 SmA 100 I). The layer spacing is in the range of 43-45 A with an
intermolecular distance of about 6 A between the cholesteryl moieties. In the
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Fig.18 Various R groups used for carbosilane-siloxy dendrimers shown in Fig. 17
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other cases of cyanobiphenyl- (Fig. 18, R = A, Table 4) and methoxy phenyl
benzoate-containing dendrimers (Fig. 18, R = B, Table 5), lamellar smectic
A and C mesophases were identified with a layer spacing of about 42 A; in
these cases, two additional diffuse bands in the wide angle region of the X-ray
diffraction patterns are related first to the intermolecular distance between
the mesogenic groups (~ 5 A) and to the dendritic matrix itself (~ 7 A). In-
vestigations of electro-optical properties of these dendrimers show that the
dielectric polarization is proportional to the second power of the electric
field in accordance with the Kerr law and that the Kerr constants are close
to those of the low molar mass analogues of the corresponding mesogenic
groups [150]. This suggests that the freedom in the orientation of the meso-
genic groups is one of the most important factors influencing the capability
of these compounds to form mesomorphic phases.

The synthesis of higher generations, up to the fifth one, was later de-
scribed by the authors (Tables 4 and 5) [151, 152]. Following a divergent
scheme, the strategy used for preparing the carbosilane dendrimers with ter-
minal mesogenic groups (Fig. 18, R = A and B) involved three main steps:
first the synthesis of carbosilane dendrimers with terminal allylic groups,
then the modification of mesogens by the introduction of reactive terminal

Table4 Mesomorphic behavior of the carbosilane dendrimers bearing cyanobiphenyl
mesogens*®

Gn R=A

Gl G -22.5 SmC 50 SmA 91.51

G2 G -21 SmC 55 SmA 89.51

G3 G -22.5 SmC 57 SmA 92 1

G4 G -21 SmA 109 I

G5 G -20 SmA Tx Col; 121 Coly, 130 I

? Tx: transition temperature was not determined

Table5 Mesomorphic behavior of the isomeric carbosilane dendrimers bearing
methoxyphenyl benzoate (B) and anisic acid derivative (D) mesogens

Gn R=B R=D

Gl G30SmC 771 G 30 SmC 52 SmA 58 1
G2 G 27 SmC 60 SmA 78 1 G 25 SmC 64 SmA 70 I
G3 G 15 SmC 67 SmA 811 G 10 SmC 65 SmA 79.5 1
G4 G 15.5 SmC 80 SmA 86 1 G 8 SmC 69 SmA 77.5 1

G5 G 12.8 Col; 80.2 SmA Tx Coly, 96 1 GOM150M2951
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groups such as Si — H and finally the attachment of these modified mesogenic
groups onto the surface of the carbosilane dendrimers. Structural studies
on both series of dendrimers, containing either terminal cyanobiphenyl or
methoxyphenyl benzoate groups, show the existence of disordered smectic
phases (smectic A and C) up to the fourth generation despite the assumed
globular shape of the dendritic core [153], with layers of mesogenic groups al-
ternating with layers formed by the carbosilane dendritic cores and aliphatic
spacers. This model is supported by viscosity measurements in toluene and
chloroform solutions of dendrimers which indicate that an increase in the
generation number entails an increase in the crown size due to uncoiling of
the terminal chains in the direction normal to the core surface [154, 155]. It
is interesting to note that the layer spacing is almost constant with the low
generation materials, and varies slightly for the high generation compounds,
always in the range between 40 and 50 A.

The phase diagram for the system G3 dendrimer (Fig. 18, R = A) and CCly,
in the temperature range 0-90 °C, and concentration range 1-55wt % was
realized experimentally [156]. It showed two domains of phase co-existence:
between 1 and 36.5 wt % of dendrimer, two phases coexist without varying
their composition with temperature, and in the concentration range 36.5-
55 wt %, the system separates into two phases, one being liquid-crystalline.

Molecular dynamics simulation studies of a third generation carbosilane
dendrimer bearing cyanobiphenyl groups (Fig. 18, R = A) in solution have
been carried out [157]. An hybrid model was used where the heavy atoms of
the dendritic core are represented by Lennard-Jones sites and the mesogenic
peripheral units by Gay-Berne potentials. It is shown that in the isotropic
phase, the dendrimer adopts a spherical shape, with the alkyl chains (link-
ing the mesogenic groups to the dendritic core) wrapping around the core
and the terminal mesogenic units arranged randomly near the surface of the
dendrimer. In the nematic and smectic solvents, the dendrimer core adopts
a similar structure to the isotropic phase, but the terminal mesogenic units
align to lie close to the solvent director. This occurs through a rearrange-
ment of the alkyl chain conformations resulting in the dendrimer forming
a rod shape. Such fluctuations in the conformations of the alkyl chains al-
low the dendrimer as a whole to become elongated along the nematic director
and the peripheral mesogenic groups to align with an order parameter ap-
proaching that of the solvent. Such an elongation of dendrimers to form
rod-shaped structures is consistent with the induction of lamellar phases
in the bulk.

Unexpectedly, the fifth generation of the carbosilane LC dendrimers con-
taining 128 terminal cyano groups not only form a lamellar but also supra-
molecular columnar mesostructures [158]. A smectic A phase exists at low
temperature, for which the molecular organization is the same as that of the
previous generations with a layer spacing of 53 A despite the presence of
the large number of peripheral mesogenic groups. At higher temperature,
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this lamellar mesophase transforms firstly into a rectangular columnar phase,
and on further heating into a hexagonal columnar phase. The explanation
of this behavior given by the authors is based on a change of the molecular
shape. With the increase of the temperature, the carbosilane LC dendrimers
become less elongated and their shape more circular, favoring the formation
of ellipsoidal columns. Each column consists of the stacking of ellipsoidal
molecules, elongated in a direction perpendicular to the columnar axis. Fur-
ther increase of the temperature leads to a more symmetrical shape of the LC
dendrimers which become circular. The columns would then result from the
stacking of these quasi-discoid molecules, and the arrangement of the latter
into a hexagonal packing (Fig. 19). In both rectangular and hexagonal phases,
the surface of the columns is covered by the mesogenic groups while their
inner part consists of soft dendritic cores. A similar trend in the mesomor-
phic properties was observed with carbosilane dendrimers terminated with
methoxyphenyl benzoate groups and with the mesogens based on anisic acid
derivatives, isomeric system to B, (Fig. 18, R =B and D, Table 5) with little
differences in the transition temperatures [159, 160].

The dielectric properties of fourth-generation mesogenic carbosilane den-
drimers with alkyloxycyanobiphenyl terminal groups were studied. Permit-
tivity and dielectric loss measurements were performed in the mesophase
and isotropic phase in the range of electric field frequencies 1 kHz-100 MHz.
A dispersion of permittivities was observed in this frequency range. It was
shown that dispersion in the isotropic phase could be caused by two Debye-
type relaxation processes. The activation energy of the low-frequency relax-
ation process decreased as the length of the alkyl chain of terminal dendrimer
mesogen groups increased [161].

The analysis of these systems was completed by AFM studies [162, 163].
In particular AFM pictures of a monolayer of the fifth generation of the
cyanobiphenyl-containing dendrimer shows patches with a thickness of
~ 3 nm on silicon substrate. These patches consist of individual particles. The
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Fig.19 Schematic diagrams of model structures formed by carbosilane LC dendrimers of
the fifth generation (G5)



74 B. Donnio - D. Guillon

distance between the particles is close to the estimated size of one individ-
ual dendrimer which equals 5.5 nm according to X-ray diffraction data. Using
a mica substrate, one can distinguish a rectangular two-dimensional pack-
ing. The structural ordering of some of these carbosilane LCDs within surface
monolayers was studied, and found to strongly depend on the nature of the
substrates (hydrophilic or hydrophobic) [164].

The influence of generation number on the phase behavior shows firstly
that the glass transition temperature remains more or less constant and sec-
ondly that both the temperature and the enthalpy of the SmC-SmA transition
increase whereas the enthalpy of the SmA-I transition temperature decreases
with increasing the generation number. The increase of the transition tem-
peratures is explained by a strengthening of the cooperative interactions of
the increasing number of terminal mesogenic groups, and the decrease of the
enthalpy by the more and more symmetrical shape of the LC dendrimers. Ac-
cording to the authors, these two opposite tendencies compete and result in
the appearance of new supramolecular structures with a columnar morph-
ology for the highest generation dendrimer [165].

In order to introduce electro-optical properties such as ferroelectric prop-
erties, Shibaev and coworkers first prepared carbosilane dendrimers of gen-
eration 1 to 3 with 8, 16 and 32 terminal ethyl-L-lactate-containing mesogenic
groups (Fig. 18, R = H, I and ], Table 6) [166-169]. All the dendrimers exhibit
a chiral smectic C mesophase above the glass transition in a broad tempera-
ture range, leading to ferroelectric properties (Table 6). For these dendrimers,
the glass transition temperature does not depend on the generation number
and is about -5 °C (Fig. 18, R=H and I) or -17 °C (Fig. 18, R =]). However,
the decrease of the anisotropy of the mesogen leads to a strong diminution of
the clearing temperature near to room temperature. The spontaneous polar-
ization measurements were only possible at relatively high temperature, i.e.
80 °C, mainly because of the high viscosity of the materials at lower tempera-
ture. The highest values of Ps have been found to be around 140 nC cm™. The
increase in generation number leads to a decrease in the value of Ps and to an
increase in the switching time.

Table6 Mesomorphic behavior of the carbosilane dendrimers bearing chiral mesogens
(H,Tand )

Gn R=I1 R=H R=]J
Gl G-5SmC* 176 SmA 1821 G -5 SmC* 175 1 G -17 SmC* 47 1
G2 G -5SmC* 159 SmA 166 I G -4 SmC* 167 I G -17 SmC* 46 1
G3 G -5SmC* 156 SmA 1831 G -4 SmC* 158 I G -17 SmC* 44 1
G4 G-4Col 1731 G -4Col; 160 I

G5 G-6Col; 1781 G -6 Col; 162 1
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The analogous dendrimers of higher generation (fourth and fifth, Table 6)
exhibit only a rectangular columnar mesophase above the glass transition
temperature, always about -5 °C [170]. According to the authors, each col-
umn consists of ellipsoidal disks of dendrimers as before, flattened towards
the columnar axis in one direction and elongated perpendicular to that direc-
tion. The mesogenic groups are located entirely on the surface of the columns,
while the inner part of the columns consists of the dendritic cores.

More recently, they also considered photosensitive dendrimers. The inter-
est in such compounds is because of new opportunities provided by such
systems in the production of various optical devices and the preparation
of materials suitable for optical data storage. Moreover, the development of
photoactive dendrimers capable of forming liquid-crystalline phases is par-
ticularly interesting, because a low viscosity of dendrimers is expected to
induce a fast response of the so-called dendrimers to the action of an exter-
nal field such as for example light irradiation (photosensitive materials). The
first example concerns a liquid crystalline carbosilane dendrimer of first gen-
eration with azobenzene terminal groups (Fig. 18, R = E), exhibiting a smectic
A mesophase (G -15 SmX 9 SmA 51 I) as for the dendrimers described above
with various terminal mesogenic groups [171]. In this case, the azobenzene
terminal moiety serves a dual function; on one hand, its rigid anisometric
shape ensures the development of a mesomorphic state, and on the other
hand, the presence of azo-chromophores ensures that the LC dendrimer is
sensitive to light irradiation. It was shown that the E - Z photopolymeriza-
tion of the azobenzene groups proceeds both in solution and in film under
UV irradiation. This process is reversible photochemically and thermally. In
addition, it was shown that UV irradiation destroys the smectic ordering
and gives rise to a transition to the isotropic liquid, because of the fact that
the Z-isomer of an azobenzene moiety possesses a low anisometry. A very
similar photochemical behavior is observed for the related non-mesomorphic
azobenzene-containing dendrimers of higher generations (Fig. 18, R =F, G1,
G3, and G5) [172].

The irradiation of the same dendrimer with a linearly polarized light
(365 nm) results in an angular dependent E/Z photoisomerization, but the
photo-orientation process was not observed practically. A quite different be-
havior is observed when the film of the dendrimer is irradiated with a linearly
polarized green light (488 nm), where a well-pronounced linear dichroism is
observed. However, the degree of photo-orientation of the azobenzene groups
is rather low, the photo-induced parameter being much lower than the order
parameter of the aligned smectic A phase [173]. In contrast, a strong effect is
observed in different generations of carbosilane dendrimers where the termi-
nal azobenzene moiety has a very slightly different chemical structure [172].
Under irradiation of the amorphous films by polarized light, a process of
photo-orientation of azobenzene groups in the direction perpendicular to the
direction of vector E of incident light is observed with three mean features.
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First with UV radiation, the values of linear dichroism and of the order pa-
rameter do not depend on the generation number of the dendrimers. This
indicates that a local surrounding of azobenzene groups in these films is simi-
lar independently of the molecular weight of the dendrimers. The second
feature is the unusual behavior of the order parameter of the azobenzene
groups under irradiation. After an increase at the beginning of the irradi-
ation, the order parameter levels off and decreases down to zero, leading to
a full degeneration of the orientational order of the system under prolonged
light exposure. The third feature is the absence of photo-orientation processes
under irradiation of the films by polarized light from an Ar-laser (488 nm).

Another carbosilane dendrimer of first generation containing terminal
cinnamoyl groups (Fig. 18, R=G: G -28 SmA 58 I) which undergo E/Z
photoisomerization was prepared according to a new synthetic approach,
consisting of the synthesis of the dendrimer with terminal hydroxyl groups,
followed by the coupling of 4-methoxycinnamoyl chloride [174]. In the liquid-
crystalline phase under UV radiation, the dendrimer undergoes E/Z isomer-
ization of the cinnamoyl groups, but also photo-cycloaddition leading to the
formation of a three-dimensional network. These processes lead to a dis-
ordering effect and to an isothermal photo-induced smectic A to isotropic
liquid phase transition.

As for the silane-containing dendrimers discussed above, some zeroth gen-
eration siloxysilanes were reported (Fig. 20). Again, these branched oligomers
cannot be called dendrimers, but the interest of this study was the relation-
ships between the core connectivity (N¢ = 2, 3, and 4) and the mesomorphic
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Fig.20 Effect of the connectivity number of the core of some zeroth generation den-
drimers



Liquid Crystalline Dendrimers and Polypedes 77

properties, able to bring useful information once extended to dendrimers.
Thus, the linear dimer and the branched trimer and tetramer (Fig. 20) con-
taining several cyanobiphenyl groups were prepared [175, 176]. As the num-
ber of mesogenic groups increases, the temperature range and the stability
of the SmA phase increases quite steadily, but as expected the nature of the
phase was not changed. Likely as the molecule becomes larger, the meso-
genic arms have less freedom, and thus certain molecular conformations are
more favored than others. As above, the smectic structures consist of a central
silicon-containing layer, sandwiched between mesogenic groups, overlapping
between layers. The related tetrakis(dimethylsilyl)silane functionalized by
pro-mesogenic groups also gives rise to smectic phases [177].

3.1.2
Siloxane Dendrimers

There have been very few families of dendrimers built up around a pure silox-
ane core. One such dendrimer consisted of a dendritic methylsesquioxane
matrix (N¢ = 3, Np =2, Fig. 21) to which six terminal cholesteryl groups were
attached via undecylene spacers [178]. This G1 compound exhibited a very
broad temperature SmA phase (G -1.5 SmA 120 I). The molecules arrange in
a single layer smectic phase with complete overlap of the cholesteryl meso-
gens separated by siloxane layers.

Cyanobiphenyl groups have been attached to tetrakis(dimethyloxy)siloxane
to form a branched tetramer or tetrapede (Fig. 22, R = A, G0), which is simi-
lar to the siloxysilane derivative just discussed above (Fig. 20). Here again,
whatever the spacer length, a smectic mesomorphism was detected, and
a substantial increase of the mesophase stability and temperature range were
observed as the aliphatic connector length increases; an additional unidenti-
fied phase was observed for n =9, SmX (likely SmC) [179]. Lateral attachment
of mesogenic groups onto such a tetravalent core led to the formation of
a nematic phase above the SmC phase (Fig. 22, R = B, G0) [180].

In contrast to siloxanes, silsesquioxanes exist as ladder- or cage-type
nanostructures, and are formed by complete hydrolytic condensation of their
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trifunctional monomers SizOg. Such 3D organosilicon cages are promis-
ing in the area of nanocomposites, as when suitably functionalized in the
corners, they can be incorporated into organic systems to form hybrid
inorganic-organic copolymers with novel properties [181]. The use of these
silsesquioxane polyhedral frameworks as initiator cores for liquid crystal
dendrimers has only been recently the focus of attention in accordance
with the development of efficient syntheses as well as the improvement
of the techniques of separation [182]. Such cage-like cores provide a use-
ful central core because they possess several radial primary branches for
derivatization, allowing the dense packing limit [183] to be reached at
early generations. To start, several polyhedral liquid crystals have been pre-
pared containing cubic cores such as the octa(hydrido)silsesquioxane and
octa(dimethylsiloxy)octasilsesquioxane [184-187], and to a lesser extent the
hexa(dimethylsiloxy)silsesquioxane [184] with a trigonal prismatic core and
the deca(dimethylsiloxy)silsesquioxane [185] with a pentagonal prismatic
core functionalized by eight, six, and ten mesogenic side groups (end-on),
respectively (Fig. 23). These first generation polyhedral cage-like materials es-
sentially display SmA and SmC phases often directly at the ambient and over
broad temperature ranges; the exception are those cuboid materials giving
rise to a nematic phase either after partial substitution of the cube [188-190],
or by lateral attachment (side-on) of the mesogens [191].

As for the tetramers and dendrimers previously described, the meso-
genic arms of the octasilsesquioxane-based materials can arrange parallel to
one another; thus these supermolecules can pack together in layers to form
a lamellar phase. Molecular simulations in the gas phase at absolute zero
confirm this point of view and show that the minimized structure of the
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cyanobiphenyl-substituted octasilsesquioxane is made by the cyanobiphenyl
mesogenic arms packed together in a parallel arrangement thereby produc-
ing a supermolecular system that has a rod-like shape which is favorable
to the formation of smectic A phases. Changing the chemical nature of the
cyanobiphenyl groups by other mesogenic groups led to the induction of
other smectic phases (eg., SmC) or to chiral phases (when chiral mesogens
are attached).

Some dendrimers were eventually obtained by doubling the number of
mesogenic groups fixed at each summit of the octa(dimethylsiloxy)octasil-
sesquioxane cage (Fig. 24). Branching was achieved by using either biforked
carbosilane or malonate groups allowing for the preparation of materials
containing 16 mesogenic units R (Fig. 24, R =B [192], D [175], F [57,193]
and G [175]). Substituted with cyanobiphenyl groups attached end-on, all
first [186] and second generation [175,192] systems yield to solely smectic
phases, with in one case a decrease of the mesophase stability and tem-
perature range on increasing the generation (Fig. 24, R = A — B), whereas
the opposite was observed in the other case (Fig.24, R=C — D). A more
drastic change was, however, observed when the mesogens were laterally
attached. Indeed, whereas the first generation system strongly promoted chi-
ral nematic phases over broad temperature ranges, starting directly at the
ambient [175,194], the compound of the next generation appears to favor
a columnar mesomorphism with both Col,; and Col}, phases being detected;
the N* phase existed over a 6 °C temperature range only (Fig. 24, R =E — F).
Moreover, in this study, the topology of mesogen attachment was found to
strongly influence the mesomorphism (compare the isomeric compounds
with R = F and G, Fig. 24). In order to understand the formation of such var-
ious mesophases, the authors proposed two extreme but feasible situations.
One possibility results from the decoupling of the mesogens and the siloxane-
cage thus acting independently, the cuboid core being surrounded by loosely
packed mesogens. In the other possibility, the materials act as giant molecular
systems, having either rod-like or disk-like shapes. To understand the forma-
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Table 7 Thermal behavior of the R-functionalized octa(dimethylsiloxy)octasilsesquioxane
cage-like dendrimers

R Transition temperatures

A G -7 SmA 128.5 1

B G -17.5 SmC 63 SmA 92 1

C Cr 34.5 SmX 44 SmC 64 1

D Cr 35 (SmC 30) SmA 96 I

E G24N* 1171

F G 5.5 Col; 30 Col, 102 N* 108 I
G Cr 133 SmC* 162 N* 165 1

tion of columnar mesophases, a “cotton-reel” model was proposed in which
the dendrimer is assumed to have a cylindrical shape that has approximately
the same height as its diameter. The long axes of the mesogenic units are
roughly parallel to or slightly tilted with respect to the rotational axis that
is normal to the cylinder. It seems that, contrary to the case of side-chain
polysiloxane analogues where no columnar mesophase could be observed,
the silsesquioxane core assists in the formation of the hexagonal and rectan-
gular disordered structures, presumably through segregation of the siloxane
cores from the mesogenic units in distinct columns.

3.1.3
Carbosilazane Dendrimers

Recently, a new dendritic system based on a carbosilazane core (N¢ =3,
Np = 2) with laterally attached mesogenic units (Fig. 25) [195-197] was syn-
thesized. Depending on the mesogenic unit, these dendrimers exhibit a sin-
gle, enantiotropic, room temperature nematic phase (Fig. 25, R =A), or in
addition to the N phase, an additional SmC (GO0, G1), or a Col phase (G2) be-
tween ca. 50 and 130 °C (Fig. 25, R = B) (Table 8). It is interesting to remark
that although the molecular weight of these dendrimers doubles with each

Table 8 Mesomorphic behavior of the carbosilazane dendrimers

Gn Mesogen A Mesogen B
GO G-26 N421 Cr 73 SmC 74.5 N 130.5 I
Gl G-23N401 Cr 58 SmC 74.5 N 130 I

G2 G-22N411 Cr 52 Col, 73 N 126 1
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subsequent generation, the mesomorphic properties and transition tempera-
tures are similar. This behavior has to be compared with the usual behavior
of side-on liquid-crystalline polymers where a strong stabilization of the ne-
matic phase is observed with increasing the degree of polymerization. This
indicates that in the case of these nematic dendritic systems, the microphase
separation of the silicon- and carbon-rich molecular moieties is not suffi-
ciently pronounced on increasing generation to enhance the stability range
of the mesophase. The orientational order and the dynamics of GO in the ne-
matic phase was analyzed by optical and dielectric studies, and confirmed
the complete decoupling between the carbosilazane core and the mesogenic
pendant groups [198].

3.2
Polydamidoamine and Polypropyleneimine Dendrimers

The dendritic motif of these systems is based on a tetravalent core (N¢ = 4)
and a binary branching point (N = 2) leading to 4, 8, 16, 32, 64 and 128 ter-
minal mesogens from GO up to G5 as was the case for some of the carbosilane
dendrimers. These materials are built by the functionalization of the periph-
ery of a pre-formed dendrimer poly(amidoamine) and poly(propyleneimine)
(Fig. 26) with units (R) that promote the formation of supramolecular orga-
nizations giving rise to liquid crystal mesophases [53-57, 199]. For instance,
the introduction of rod-like or disk-like units at the periphery of the ori-
ginal dendrimer leads to dendritic architectures that display liquid crystalline
properties. The mesomorphic properties of these LC dendrimers (phase type,
transition temperatures and thermodynamic stability) are determined by the
enthalpy/entropy balance, the degree of chemical incompatibility of the con-
stituent parts, their size and the structure of the (pro)mesogenic unit itself.

3.2.1
Structure-Property Relationships

In a pioneering work, Meijer et al. [200] described two series of PPI den-
drimers functionalized with pentyloxy and decyloxy cyanobiphenyl meso-
genic groups (Figs. 26 and 27, R = A and B). All the dendrimers with the
pentyl spacer show liquid-crystalline phases above the glass transition tem-
perature (between 10 and 30 °C) and below the isotropic liquid (ca. 130 °C).
The dendrimers with the decyloxy spacer also exhibit liquid-crystalline be-
havior (between 100°C and 114, 124 and 135°C for GO, G2 and G4, re-
spectively). X-ray diffraction experiments suggest that all the mesophases
observed are smectic A in nature. One striking feature is the almost constant
value of the layer spacing whatever the generation number for a given spacer.
The authors explained the formation of smectic phases by a microphase sep-
aration between the mesogenic rigid units and the flexible dendritic skeleton.
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Fig.26 Representation of the five generations of PPI dendrimers, functionalized by the
R group. PAMAM dendrimers are closely structurally related: (i) the segment contain-
ing three methylene groups between two consecutive N junctions in the PPI dendrimer

is replaced by the — (CH;); — CONH - (C

H,), — segment; (ii) the spacer between the two

central N atoms is two methylene groups long (rather than four in the PPI)

The arrangement of the mesogenic end-groups is predominantly perpendicu-

lar with respect to the layer planes,

with the dendritic cores located between

these mesogenic sublayers. This orientation of the mesogenic groups is the

same as for the low molecular we

ight cyanobiphenyl molecules which are

well known to adopt antiparallel arrangements due to strong dipole-dipole
interactions between the terminal cyano groups. The fact that the layer spac-

ing does not vary as a function of t

he number of peripheral mesogenic units

implies that the dendritic core should be in a pronounced distorted con-
formation, which seems to indicate an extension which occurs only in two
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dimensions in a plane parallel to the smectic layers with increasing gener-
ation number.

The flexibility and thus the possibility of distortions of the PPI core was
confirmed by the study of the self-assembly of amphiphilic dendrimers based
on PPI dendrimers of five different generations with up to 64 end groups
modified with long hydrophobic chains or azobenzene moieties (Fig. 27,
R =C, D) [201, 202]. These molecules are able to arrange themselves in Lang-
muir monolayers in which the dendritic core is in contact with the water
subphase and the alkyl chains are all pointing toward the air, forming a hy-
drophobic layer. Calculations showed that the shape of the dendritic core is
distorted with an axial ratio of 1 : 2.5 for the first generations to approximately
1: 8 for the three highest generations of dendrimers. Let us also remark that
such dendrimers of the fourth generation (Fig. 27, R = B and C) were used
as additives in a classical nematic matrix in order to develop electro-optical
switches based on light scattering [203].

Note that this behavior is in marked contrast to that of the zeroth to
the second generation of related PAMAM and PPI dendrimers (Nc =3,
Ng = 2) with 4'-cyanobiphenyl hydrogen glutarate that did not produce any
mesomorphic behavior, except a lyotropic nematic phase in 80 wt % N,N’-
dimethylformamide (DMF) solutions containing lithium bromide [204, 205].

Similarly, the functionalization of the GO, G1 and G2 PPI dendrimers with
cholesteryl groups through carbamate linkage appeared to be the right strat-
egy to induce mesomorphism in these systems [206]. They all exhibit a glass
transition between 63 and 78 °C, and after a rich thermal history, all melt
into birefringent fluids at ca. 149-162 °C, identified as a SmA phase. GO then
clears at 170 °C, whereas both G1 and G2 clear at 210 °C.

In another pioneering work, Lattermann et al. [207, 208] have also consid-
ered poly(propyleneimine) dendrimers (Fig. 26) of different generations but
substituted with the non-mesogenic 3,4-bis(decyloxy)benzoate groups. Re-
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markably, mesomorphic behavior was observed in the four first generation
compounds (the G4 dendrimer was thought to be devoid of mesomorphism).
Induction of mesophases was because of the chemical incompatibility be-
tween the dendritic core and the peripheral substituents. Contrary to the
behavior of conventional non-mesomorphic and mesomorphic linear poly-
mers the melting temperatures of these dendrimers decrease with increasing
molar mass. The observed mesophases are all hexagonal columnar in na-
ture, monotropic for GO, and enantiotropic for G1, G2 and G3 (GO: Cr 100
(Coly, 69) I; GI1: Cr 100 Col,, 102 I; G2: Cr 76 Coly, 124 I; G3: Cr 60.5 Coly
107.5 I). Recently, the G4 derivative was found to exhibit also a Coly, phase,
and on cooling an additional monotropic cubic phase [209]. The lattice pa-
rameters of these hexagonal columnar phases did not correspond to the
diameter of flat, two-dimensional, disk-like molecules, as determined from
molecular modeling, even if a total interdigitation of the terminal aliphatic
chains is assumed which is, on the other hand, not probable at all when
taking into account the extremely dense packing of the alkyl chains in the
outer shell. Thus, the formation of a columnar phase by a stacking of con-
ventional flat disks can be excluded and the model of a spheroid (oblate
or globular) structure of the dendrimer which can be accepted in solution
is not valid in the liquid-crystalline phases. Consequently, the authors de-
scribed the organization of the columnar phase of their dendrimers as re-
sulting from the piling of three-dimensional cylindrical segments consisting
of a polar core surrounded by an apolar shell. The corresponding thick-
ness of the dendrimeric cylinder segments has been estimated to be around
10-12 A, whereas their diameter has been determined by X-ray diffraction
to be in the range of 40-50 A. Such an anisotropic deformation of the poly-
meric structure is thought to be driven by the microphase separation in polar
and apolar regions along the hexagonal columnar lattice. The G3 dendrimer
bearing 4-decyloxybenzoate groups exhibits a transient SmA phase. Induc-
tion of lyotropic polymorphism was achieved in binary mixtures of some
of these dendrimers bearing 4-decyloxybenzoate, 3,4-bis(decyloxy)benzoate
and 3,4,5-tris(decyloxy)benzoate groups respectively with chloroform, cy-
clohexane, n-hexane, decane, decanol, THF, DMSO [209]. Some of these
dendrimers were complexed with copper(11), and EPR spectroscopy was suc-
cessfully applied for the determination of the structure and geometry of
copper(11) coordination sites within the liquid crystalline dendrimers [210].
More recently, a systematic study of the properties of side-chain LC den-
drimers has been undertaken on these PPI dendrimers and also on PAMAM
systems by Serrano et al. [211]. In these dendrimers, the mesogenic group is
connected to the dendritic scaffold by an imine linkage. In all cases, it was
found that the enthalpic gain of the mesogenic units arranged as in a clas-
sical liquid crystalline mesophase dominates over the entropic tendency of
the dendrimer core to adopt a globular isotropic conformation. The flexibil-
ity of the dendritic PAMAM and PPI cores allows the macromolecule to adopt
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a microphase-separated molecular conformation which gives rise to various
types of liquid crystalline supramolecular organizations. The chemical struc-
ture of the (pro)mesogenic units (shape, number of terminal alkoxy chains)
determines the type of mesophase formed (nematic, lamellar, columnar).

LC dendrimers obtained by functionalization of the various generations of
commercial amino-terminated PAMAM and PPI dendrimers with mesogenic
units bearing one terminal alkoxy chain, namely 4-alkoxybenzoyloxysalicyl-
aldehyde (Fig. 28, R = L;), display as expected smectic mesophases and a ne-
matic phase for GO (Fig. 29) [212]. In this case and in agreement with the
first suggestions of Meijer et al. [200], the molecular model proposed con-
sists of cylinder-like shaped dendrimers in which the dendritic core occu-
pies the central slab and the lateral mesogenic units are arranged parallel
to each other, extending up and down from the molecular dendritic matrix
(Fig. 30). This model explains the mesogenic behavior of these PAMAM and
PPI derivatives since the dendrimeric supermolecules can be considered as
large rods that would be ordered parallel to each other promoting the supra-
molecular order typical of smectic mesophases (Figs. 30 and 35).

In this type of supramolecular organization, the dendritic core deforms
strongly with increasing generation number, since the layer spacing remains
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Fig.28 Structure of the L;, L;* and L, mesogenic groups
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«— Aliphatic chains

<+— Mesogenic segments

«— Dendritic matrix

«— Mesogenic segments

<+— Aliphatic chains

Fig.30 Schematic representation of the molecular model for dendrimers with one-
terminal-chain mesogenic units. Model for the Smectic A supramolecular organization
(here G3-L; dendrimer)

around 4-5nm whatever the molecular weight (Fig. 31). This deformation
takes place in two dimensions in a plane parallel to the smectic layers. Sys-
tematic calculations performed from X-ray diffraction and volume data indi-
cate that the diameter of the dendrimer cylinder increases from 1.3 nm up to
6 nm when going from the lowest generation up to the fourth one containing
64 peripheral mesogenic units. These results were further confirmed by MD
calculations.

The same dendritic matrices functionalized with mesogenic units bearing
two terminal alkoxy chains (3,4-dialkoxybenzoyloxysalicylaldehyde, Fig. 28,
R = L) exhibit solely a hexagonal columnar mesophase (Fig. 32) [213, 214].

These dendrimers cannot be arranged in a molecular cylindrical model
as that proposed for the smectic phases, since the cross-sectional area of the
terminal chains is larger than the area occupied by the mesogenic units. In

h=46nm h=43nm h=4.7nm h=4.3nm h=4.8nm
®=13nm @®=2.0nm @ =3.0 nm ® =4.5nm @ =6.0 nm
Fig.31 Variation of the size of the elementary dendrimer cylinder as a function of gen-

eration number (Gn). @ is the diameter and h the height of the cylinder (i.e. lamellar
periodicity)
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Fig.32 Mesomorphism of PAMAM (left) and PPI (right) dendrimers functionalized by L,

this case, the dendrimers tend to adopt a different and more stable conform-
ation, so that the mesogenic units can be accommodated optimally. The most
probable conformation consists of a disk-like radial arrangement that allows
the filling of the space in three distinct regions corresponding to the central
core, the rigid part of the mesogenic units and the terminal chains (Fig. 35).
Therefore, the dendritic molecules fill up thick disks or disk equivalents: for
the low generations, two or three molecules are needed to form a complete
disk, and from the second generation onwards, just one molecule constitutes
a disk, whose thickness depends on the generation number (Fig. 33). These
molecular disks self-assemble into supramolecular cylindrical columns which
are arranged according to a hexagonal symmetry.

This proposed model was further justified by MD simulation which re-
produces the paving of the hexagonal lattice of the dendrimers in a flattened
wedge conformation. The result of the calculation evidenced a good filling
of the available volume. An enhancement of the micro-segregation over the
entire simulation experiment time was also observed, contributing to the sta-
bilization of the structure. Furthermore, the compensation of the molecular

D=54nm D=6.1nm D=59nm D=67nm D=63nm

Fig.33 Schematic representation of the molecular model for the dendrimers bearing
the L, mesogenic unit. Model for the columnar supramolecular organization (D: inter-
columnar distance)
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areas at the dendritic/mesogen interfaces implies the tilt of the peripheral
rigid segments with respect to the radial directions (Fig. 34).

It is interesting to note that the diameter of the columns does not vary sig-
nificantly with the generation number. Indeed, it varies irregularly between
5.3nm and 6.7 nm, despite the fact that the molecular weight of one single
dendrimer varies between 2660 up to 48500 Daltons when going from the
lowest generation up to the fourth generation. In other words, this clearly
indicates that the dendritic core deforms strongly in one main direction cor-
responding to that of the columnar axis, whereas the mesogenic units are
arranged radially (Fig. 35) to ensure efficient lateral interactions within and
between columnar slices. Similarly to the case of lamellar phases described
above, systematic calculations performed from XRD and volume data indicate

Fig.35 Relationship between dendritic core deformation and mesogen type and the con-
formation of the side-chain liquid crystalline dendrimers
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that the highest generation dendrimer (containing 64 peripheral mesogenic
groups) can fill the equivalent of a disk 1.9 nm thick, whereas the second
generation dendrimer containing 16 peripheral mesogenic groups alone fills
a disk 0.5 nm thick. It has been found that, whatever the generation, there is
on average 16 mesogenic units over 0.5 nm along the columnar axes.

To conclude this part, let us emphasize that both lamellar and colum-
nar mesophases can be obtained with dendrimers, even with those of high
molecular weight, the stability of the corresponding phases being ensured
by lateral interactions between the (pro)mesogenic units and by a signifi-
cant deformation of the conformation of the dendritic core. The difference
in the symmetry of the mesophase is only related to a small difference in
the molecular design of the peripheral mesogenic groups. Those with only
one terminal end-chain produce lamellar mesophases by the lateral expan-
sion of the dendritic matrix within the layer (prolate deformation), whereas
those with two terminal end-chains lead to columnar mesophases by stretch-
ing of the matrix along the columnar axis (oblate deformation) (Fig. 35). Let
us point out also that the dimensions (a few nanometers) of the elementary
dendrimer cylinder can be tuned according to the generation number, but the
fundamental dimensions of the mesophase structure (layer spacing for the
lamellar phases and intercolumnar distance for the columnar phases) do not
depend on the size of the dendrimer itself.

In the field of liquid crystals, it is well known that many of the materi-
als displaying a columnar mesophase are constituted of disk-like (discotic)
molecules, but very little attention has been paid to LC dendrimers containing
discotic mesogenic units, for example based on hexa-substituted derivatives
of triphenylene. The latter are also of special interest because of their pho-
toconductive properties. A series of PPI-based dendrimers that incorporate
discotic triphenylene mesogenic units (with decyloxy side-chains) at their pe-
riphery has been prepared and their properties investigated [215]. All the
dendrimers except that of the zeroth generation (Cr 61 Col; 79 I) show
a hexagonal columnar mesophase over a wide temperature range (between
ca. 40-50°C and 110-115 °C). The XRD characterization of this mesophase
reveals that its parameters are, here also, practically independent of the den-
dritic generation considered. In the model proposed by the authors, the
flexible dendritic part adopts a cylindrical arrangement with the four gen-
erations having a similar diameter but their height increasing. Once more,
the interactions between the mesogenic units determine the supramolecular
structure and the dendritic central core adopts the elongated conformation
necessary to allow this molecular arrangement.

Side-chain LC dendrimers exhibiting the nematic mesophase, which is the
most disordered liquid crystalline phase, can also be achieved by the appro-
priate choice of the mesogenic unit(s) attached to the dendrimer central core.
For example, side-chain PPI-derived dendrimers containing mesogenic units
of type L; (Fig. 28) but with short terminal alkoxy chains (ethoxy, butoxy
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Fig.36 Structure of the mesogenic groups for end-on and side-on dendrimers

and pentoxy) or mesogenic units attached laterally (Fig. 36, L1, amide link-
age), have been prepared in a similar approach to that employed in side-chain
liquid crystal polymers [216,217]. In this case, the side-by-side molecular ar-
rangement typical of lamellar phases is disfavored, thus promoting a nematic
order. For the end-on dendrimers, the clearing temperature range decreases
with increasing generation number GO to G3 (from ca. 120 to 70-80 °C), and
then increases for G4 (to ca. 100 °C). No influence of the chain length was de-
tected. Typically, the average temperature range of the nematic phase for the
latter compounds phase remains almost generation independent (between ca.
25-30°C and 70-80 °C), and decreases for the G4 dendrimer (G 14 N 53 I).
Nematic or lamellar phases (SmC and SmA) have also been obtained with the
third generation of PPI liquid-crystalline co-dendrimers containing various
proportions of two types of pro-mesogenic units, i.e. one being laterally at-
tached (Fig. 36, L1) and one terminally attached (Fig. 36, Ly) [218] through
an amide linkage. Decreasing the proportion of the side-on mesogens with re-
spect to the end-on one contributes rapidly to the suppression of the nematic
phase at the expense of the smectic phases (SmA and SmC). In these cases,
2D NMR experiments carried out on one of these co-dendrimers have proved
that the symmetry of the nematic phase is uniaxial, in contrast to the biaxial
nematic phase observed for some side-on-polymers [219].

As described above, the presence of one or two terminal alkoxy chains
in the chemical architecture of the mesogenic units induces a drastic mod-
ification in the thermotropic behavior of the dendrimer (from lamellar to
columnar structures). The introduction of both types of mesogenic units
(Fig. 28, L; and L;) in different concentrations within the same dendritic
structure, i.e. random co-dendrimers, should present a greater possibility of
tuning the symmetry of the mesophase exhibited by the material. A series of
such G3 co-dendrimers was synthesized, in which both types of mesogenic
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units were introduced in various proportions [220]. The study of the phase
diagram (Fig. 37) obtained for these PAMAM co-dendrimers revealed that,
for intermediate compositions, two other mesophases (SmC and Col,) ap-
peared between the smectic A and the hexagonal columnar phases of the two
homodendrimers, respectively. Co-dendrimers with a small content of the
two-terminal-chain comonomer exhibit a smectic C phase below the smec-
tic A phase. The appearance of the tilted smectic mesophase is a consequence
of the increase in the total number of terminal chains for a constant size
of the pre-dendritic matrix. The tilt of the molecule affords a larger area of
the ideal cylinder base, which allows the accommodation of all the terminal
chains (Fig. 38). Larger contents of the two-terminal-chain comonomer in the
co-dendrimers favor the occurrence of a rectangular columnar mesophase.
As the number of terminal chains increases, their accommodation within
a cylindrical rod-like structure becomes unlikely. This elementary dendritic
cylinder is deformed into some kind of parallelepiped structure, which in
turn promotes the existence of a rectangular columnar mesophase (Fig. 38).

Thus, depending upon the relative concentration of each of the two
monomers, orthogonal and/or tilted lamellar mesophases, or else rectangular
and/or hexagonal mesophases can be obtained.

The molecular dynamics of the co-dendrimer G3-(L;)16 — (L2)16 in its two
phases, i.e. a low temperature Col; phase and a high temperature SmA phase,
was studied by 'H NMR relaxation [221]. In the high frequency range, the
motions appear similar in both phases and are ascribed to reorientations of
the dendritic segments, whereas in the low frequency ranges, notable dif-
ferences in the dynamics between the columnar and layered phases were
observed, and were discussed in terms of elastic deformations of the columns
and layer undulations.

200

N
UMMM

0 2 4 8 12 16 24 28 32
X

W Glass ESmC O0SmA CColr ZCol h

Fig.37 Phase diagram of the co-dendrimer G3-(L;)1_x-(L2)x (X: proportion of L, meso-
gens)
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Fig.38 Schematic representation of the molecular model for codendrimers with one- and
two-terminal-chain mesogenic units (SmC and rectangular columnar phases)

As mentioned above, other PPI co-dendrimers have been obtained by mix-
ing in their structures terminal- and laterally attached pro-mesogenic units
using a dendritic matrix bearing 32 terminal amine groups [218]. It is shown
that there is a gradual evolution from a nematic phase to an orthogonal lamel-
lar phase through the appearance of a tilted smectic C phase (not present in
the homodendrimers) when increasing the proportion of terminally attached
mesogenic units. These studies confirm that the mesomorphic behavior of
such block co-dendrimers could be modulated and controlled by a simple
modification of the ratio of two pro-mesogenic units present around the den-
dritic core.

3.2.2
Tuning the Dimensions of the Nano-Dendritic Object

In order to further investigate the influence of the structure of the meso-
genic units on the mesomorphic behavior of the dendrimers, bulky units
have been introduced at the periphery of the third and fourth generations
of amino-terminated PAMAM and PPI (Fig. 39, Ls, L, Lg), with the aim of
achieving cubic mesophases, since the increased volume around the dendritic
core could in principle force the dendrimer to adopt a globular conform-
ation [199, 222].

However, all the dendrimers prepared showed only a hexagonal colum-
nar mesophase, even those bearing the largest mesogenic units containing
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Fig.39 Chemical structure of the bulky mesogenic units

nine terminal chains each. A model of organization of these dendritic super-
molecules, deduced from X-ray diffraction results and theoretical calculations
made thereof, was proposed. This molecular model implies a cylinder, whose
inner part is occupied by the dendritic core and the bulky mesogenic units
spreading around it, as shown in Fig. 40.

The dendritic core adopts an extended conformation which is possible
due to the great flexibility (conformational freedom) of the PAMAM and PPI
skeletons. In this way, the molecular model of thick disks proposed for the
LC dendrimers with two-terminal chain mesogenic units is transformed into
a model consisting of a long cylinder, which is the result of the axial elonga-

Fig.40 Molecular model for the LC dendrimers with bulky mesogenic units
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Fig.41 Variation of the size of the elementary third and fourth generations dendrimer
cylinder with bulky mesogenic groups. L3, L and Lg are for the bulky groups containing
3, 6 and 9 terminal aliphatic chains, respectively. h is the height of the cylinder, @ the
diameter, and @;y is the internal diameter corresponding to the dendritic part only

tion of the oblate structure caused by the extended conformation adopted by
the dendritic core in order to accommodate the bulky units around it. X-ray
diffraction investigations show that the diameter of the cylinder is about the
same whatever the generation and the bulky peripheral group (Fig. 41). But
more detailed calculations indicate that the internal diameter of the cylin-
der corresponding to the dendritic core decreases when the bulkiness of the
peripheral group increases, for example going from 2.5 down to 1.8 nm in
the case of the fourth generation dendrimers, in agreement with an addi-
tional elongation of 2.6 nm of the dendritic core along the columnar axis.
This example also emphasizes another way to tune the dimensions of the
nano-dendritic objects by molecular engineering involving bulky peripheral
groups. Note that other PPI dendrimers of the zeroth, second and fourth
generation functionalized in the termini by anisotropic oligo(p-phenylene
vinylene) units bearing three terminal dodecyloxy chains and lateral methyl-
butoxy side chains were reported to exhibit a lamellar mesomorphism be-
tween ca. 50-70 (melting) and 160-180 °C (clearing) [223].

3.23
Theoretical Aspects

A theoretical approach to identify the key topological and statistical ingre-
dients for the description of the self-organization and of the mesomorphic
behavior of such dendritic supermolecules has been developed [224-226].
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The model is based on convex deformable hard body supermolecules that
can interconvert between spherical and cylindrical states. In other words, the
dendrimer is considered to be a deformable object that can exist in a certain
number of conformational states governed by the intra-dendrimer interac-
tions. Then, these objects are assumed to interact with one another as a whole
in a way that is dictated by inter-dendrimer segmental interactions. It is
shown that isotropic, nematic, smectic and columnar phases can be generated
and that there is a strong thermodynamic selection of conformations accord-
ing to their packing efficiency in each of the mesomorphic phases. In this
model, the smectic and columnar phases are mainly stabilized by the anisom-
etry of the global shape of the predominant supermolecular conformations.
A second theoretical approach has been to consider directly the interactions
among the dendritic segments in a pair-wise manner and to impose on the
intra-dendritic pairs the configurational constraints dictated by their connec-
tivity within the same dendrimer [227]. With this approach, the ensemble
of dendrimers reduces to an ensemble of mesogenic dimers with spacers of
different lengths corresponding to the different branch paths within the den-
dritic scaffold. This segmental approach is more suitable for the description
of the mesomorphic properties that are sensitive to the ordering and to the
motion of dendritic segments rather than of the dendrimer as a whole.

3.24
Chiral Properties

In order to get ferroelectric properties, a series of chiral PPI co-dendrimers
bearing chiral and achiral terminal chains has been investigated [228]. Such
an approach has been chosen to mimic the situation occurring in classical
mixtures of low molecular weight liquid crystals using chiral dopants. It is
shown that the presence of small quantities of the chiral mesogen unit (the
chiral monomer is L;* and the co-monomer is L;; Fig. 28) favors the forma-
tion of the smectic C* ferroelectric phase and that this mesophase disappears
only when the ratio of chiral terminal groups is larger than 75%. The stabil-
ity of this smectic C* phase increases from the zeroth to the fourth generation
of co-dendrimers. Unfortunately, ferroelectric behavior is revealed to be very
poor. Switching was detected only in the small dendrimers (GO and G1) and in
co-dendrimers bearing a small number of chiral mesogenic units. Similarly,
a third generation of PPI liquid-crystalline co-dendrimers containing vari-
ous proportions of two types of pro-mesogenic units (Fig. 36; L, Ly;) show
a modulated SmC (or modulated SmA) and a N* (or N) phase for low contents
of L}, a SmC* for a ratio 40 : 60 of Ly /L, and a single SmA phase for a higher
content of Ly [218].

Four PPI dendrimers of the zeroth and first generations containing bent-
core molecules at the periphery were recently reported (Fig. 42, Table 9) [229].
These dendrimers exhibit a relatively high viscosity which is unfavorable for
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Fig.42 Structure of the bent mesogens

Table9 Mesomorphic behavior of the dendrimers bearing bent-mesogens

Gn Mesogen Bl Mesogen B2
GO 1151 Col, 104 Cr 1144 SmX 113 Cr
G1 I 162 Col; 120 Cr 1149 SmX 122 Cr

detailed investigation of the physical properties. No switching and thus ferro-
electric behavior could be observed for any of the dendrimers.

3.2.5
Amphiphilic PPl Dendrimers

The alkylation of PPI dendrimers of the third and fourth generation has
been undertaken by reaction of all the amino end groups of the parent den-
drimers with n-dodecyl isocyanate. While mesomorphism was not induced in
these compounds, their corresponding protonated homologues were shown
to exhibit thermotropic cubic phases of Ia3d symmetry [230]. This is at-
tributed to the enhancement of the amphiphilic character and the subsequent
“nanophase” segregation of the two incompatible parts. The proposed struc-
ture consists of 24 nearly spherical, multicationic dendrimeric entities located
in the axes constituting the skeletal graph of the gyroid, while the aliphatic
chains are located on each side of the minimal surface [231-234].

GO to G4 generation amphiphilic PPI dendrimers with facial amphiphilic
carboxylic acids were prepared (Fig. 43). Some of these ionic systems show
a sequence with unconventional liquid crystalline phases, depending on the
dendrimer generation, the structure of the facial amphiphilic acid and the
external conditions (temperature and concentration) [235]. For example,
different square columnar phases, as well as a channelled layered phase,
i.e. a mesophase combining a layer structure with a hexagonal organiza-
tion of columns have been observed (Table 10). The supramolecular den-
drimers thus formed represent a new class of mesomorphic materials, whose
properties can be tailored by the dendrimer generation and dendrimer-to-
mesogen ratio. A single SmA phase is formed when there is no spacer (A0)
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Fig.43 Structure of the facial amphiphilic mesogenic side-groups A0 and An

Table 10 Mesomorphism of the facial mesogen-containing dendrimers

Gn A0 A3 A4

GO SmA 1551 Coly, 87 1 Colsqu 10912

Gl SmA 159 T Colé, 116 I Colsqu-p4mm 123 1
G2 SmA 1651 Colgqu 1251 Colsqu-p4mm 124 1
G3 SmA 167 I Colé, 1241

G4 Colgy, 1171 Colsqu-p4mm 116 1

# Two co-existing columnar mesophases Colsqu with p4mm and p4gm symmetries

or when the amphiphilic spacer is short (A2) between the terphenylene and
the dendrimer, whereas for the other materials with A3 and A4, solely Coly
and Colsqu phases were observed (Table 10). A dimorphism of two different
columnar phases, with two different square 2D lattices (p4mm and p4gm),
was observed for all the blends of the Gn-A3 series, except for G0-A3, which
leads to a Col}, phase only. As for the blends Gn-A4, exclusively the p4mm
square columnar phase was found for all generations except the GO which
showed the two square columnar phases (Table 10).

Ionic liquid crystals derived from the protonation of PPI dendrimers with
a cholesteryl-based carboxylic acid led to materials exhibiting mesomorphic
properties, which are dictated by the degree of protonation of primary amino
groups [236]. GO to G4 systems exhibit a glass transition at ca. 36-38 °C. At
higher temperatures, they become birefringent fluids, followed by another
transition at ca. 90-110 °C into a second mesophase. Both mesophases were
identified as SmC* and SmA phases, respectively. They all decompose before
clearing at 150 °C, the onset of the degradation. The mesophase stability was
considerably reduced compared to the covalent systems [206].

Non-covalent thermotropic liquid crystal dendritic systems have been
achieved recently by converting the amphiphilic surface of the dendrimers
(- NH;) into a hydrophobic shell (alkanoate chains). Tomalia et al. reported
on the “non-aqueous lyotropic” behavior of supramolecular complexes re-
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Table 11 Mesomorphism of the ionic dendrimers

Gn [PPI—H+]'[702CC17H35] [PPI—H+]~[702CC13H27] [PAMAM—H+]'[702CC17H35]

GO Cr67 SmA 1161 Cr 27 SmA 116 1 Cr 55 SmA 99 1

Gl Cr55SmA 1341 Cr 28 SmA 1251 Cr 71 SmA 1301
G2 Cr56 SmA 1311 Cr 34 SmA 1271 Cr 63 SmA 126 1
G3 Cr48 SmA 1271 Cr 11 SmA 731 Cr 53 SmA 130 I
G4 Cr 68 Colget 102 1 Cr 5 Col, 78 1 Cr 62 SmA 133 1
G5 Cr 63 SmA 140 1

sulting from ionic interactions between the second generation of a PPI den-
drimer (N¢ = 3, Np = 2, Z = 12) terminated with amino groups and octanoic
acid [237]. The presence of a lamellar phase was detected by polarized light
optical microscopy and X-ray diffraction for acid/dendrimer molecular ra-
tios of 30 to 13. Similar ionic liquid crystal systems of PAMAM and PPI
dendrimers (from GO to G4) and long chain carboxylates were obtained
recently [238-240]. All of the dendrimers, in approximately a 1:1 stoi-
chiometry (primary amine groups: carboxylic acid groups) show lamellar
phases (G0-G5) [238,240], except for the highest generations of PPI den-
drimers (G4) which exhibit columnar phases with hexagonal or tetragonal bi-
dimensional symmetries, namely Col;, or Coli: phases, depending on chain
length (Table 11). It is also interesting to remark that such ionic dendrimers
do not have aromatic mesogenic groups in their structure, which indicates
that the ionic interactions play a key role in the formation of these ther-
motropic mesomorphic phases. For the PAMAM G3 dendrimer, the increase
of stearic acid ratio with respect to primary amine groups leads to the trans-
formation of the mesophases from SmA (for 0.11-1.5 ratio) to a columnar
phase (for an acid/amine ratio of 2.33) [239].

PPI dendrimers (G1 to G4) functionalized on the periphery by pyridyl
moieties (obtained by reacting 3-pyridyl isothiocyanate with the — NH; end-
groups) form hydrogen-bonding supramolecular complexes when mixed
with 3-cholesteryloxycarbonyl-propanoic acids [241]. The complexes are
birefringent glasses at room temperature. Above the glass transition tempera-
ture (ca. 49-57 °C), they turned into viscous birefringent fluids, characterized
as SmA phases. In all cases the isotropization could be reached, as the com-
plexes decomposed at ca. 140 °C.

3.2.6
Photoactive PPl Dendrimers

In view of obtaining photo-responsive surfaces, photo-active Langmuir—
Blodgett films based on the fourth generation PPI dendrimer, randomly sub-
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stituted with palmitoyl- and azobenzene-containing alkyl chains, have been
prepared (Fig. 27, R = C and D). The co-dendrimer thus obtained has a ran-
dom functionalized shell with 32 functionalities on average [201, 202, 242].
This partial modification of the dendritic surface gives rise to materials which
can be processed into stable Langmuir and Langmuir-Blodgett films where
the dendrimer anchors the azobenzene units and hence prevents microphase
separation of the azobenzene moieties, thereby facilitating reversible cis-trans
isomerization.

In many of the PPI dendrimers described above, the mesogens are linked
to the dendritic scaffold through an amide linkage. There is only one re-
port concerning the same type of dendrimers coupled with rigid meso-
gens by ester linkages which show also smectic phases. These are obtained
by using the zeroth and first generation PPI dendrimers and w-(4'-cyano-
biphenyloxy)alkyl acrylate [243, 244]. They all show ordered smectic phases
(probably SmE) between ca. -10 °C and 90 °C. The advantage of such an ap-
proach is to cover the dendritic scaffold with a number of mesogen groups
that is twice larger for identical generation than in the cases discussed above,
i.e. 8,16, 32, 64 and 128 groups for GO to G4 (as in Fig. 26, but the NHR termi-
nal functionality is replaced by a NR; functional end). A whole family of such
dendrimers was synthesized, bearing peripheral 2,3-difluorobiphenyl meso-
genic units [245]. Whereas the SmE-to-SmA phase transition is generation-
independent (around 50 °C), a net enhancement of the mesophase stability is
observed with generation (the clearing temperature increases linearly from 70
to 95 °C from GO to G4).

33
Dendrimers with Polyether Dendritic Cores

Third-generation amphiphilic monodendrons extended by linear polyethy-
lene oxide chains have shown to self-assemble into various supramolecular
architectures. Thus, the AB-block copolymers with n = 31 (Fig. 44) melted at
63 °C from a crystalline lamellar into a Pm3n micellar cubic phase (clearing
at 93 °C), whereas increasing the polyethylene oxide chain (n = 96) modifies
substantially the phase sequence as a function of temperature: Cr 63 Col,
114 Cub-Ia3d 190 lamellar 226 I; the cubic phase is likely continuous [246].
With an intermediate polyethylene oxide chain length (n = 62), the AB-block
material melts from a crystalline lamellar phase into a Coly, phase (clear-
ing at 175°C) [247]. The dendrons themselves are not mesomorphic [248].
Here, mesomorphism clearly results from microphase segregation between
the chemically incompatible parts, namely hydrophobic dendrons and hy-
drophilic linear polymer. Ionic conductivity of ion-doped samples was mon-
itored in these different phases. It appears that it is strongly correlated to the
mesophase behavior. Thus, charge transport has been measured in a nano-
structured material in which the conducting medium is confined to either mi-
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Fig.44 Structure of the extended amphiphilic monodendrons with a polyether core

celles, infinite cylinders, lamellae or even bicontinuous networks throughout
the entire macroscopic sample. This can be of importance in devices such as
ion conductors, photovoltaic or electroluminescent cells.

Other dendritic frameworks were used, but did not always yield to meso-
morphic systems. For instance, the polyalkylarylether dendrimers function-
alized by azobenzene mesogens failed to show any liquid crystalline property
despite the mesomorphic side-group promoter [249].

34
Dendrimers with Polyester Dendritic Cores

Hult and coworkers reported the first ferroelectric LCDs by attaching chiral
mesogens onto a polyester dendritic core [250]. This dendritic core is quite
original and is built by various generations of 2,2-bis(hydroxymethyl)pro-
pionic-based monodendrons that are coupled in the last stage of the reac-
tion to 1,1,1-tris(hydroxyphenyl)ethane (Fig. 45, Nc =3, Np = 2) [251, 252].
The zeroth (G0), first (G1), second (G2) and third generation (G3) dendrimers
end-capped with 3, 6, 12 and 24 mesogenic units (Fig. 45, R = A) were found
to exhibit a SmC* phase (Table 12) [253,254]. As the generation was in-
creased, additional smectic mesophases could be observed for G2 and G3
among others, a SmA phase, and two unidentified tilted smectic phases M1
and M2; at the same time, the stability of the mesophases was enhanced.
Moreover, once these compounds were placed into a surface-stabilized fer-
roelectric cell, all showed ferroelectric behavior upon the application of an
external electric field, but electro-optical measurements did not reveal any
cooperative effect since neither the spontaneous polarizations nor the tilt an-
gles were found to be influenced by the generation number (at the same
reduced temperature, Ps ~ 35 nCcm™ and 0 & 25°). Similarly, the second
harmonic generation and the dielectric relaxation processes [255] seemed in-
sensitive to the increasing generation number.
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GO G1 G2

Fig.45 Structure of the dendrimers with a polyester ramified core

The mesomorphic properties of the G2 dendrimer were substantially
modified by the grafting of mesogenic units containing a nitro group (Fig. 45,
R =B, C) [256]. In both cases, the two unidentified phases disappeared, and
only the SmC* and SmA were observed (Table 12). For the dendrimer bearing
the B moiety, the mesophases appeared at much lower temperatures than for
the dendrimer functionalized by A groups, whereas for the compound bear-
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Table 12 Mesomorphic behavior of the dendrimers with a polyester core

Gn R Phase sequence

GO A Cr 77 SmC* 135 1

Gl A Cr 82 SmC* 124 1

G2 A Cr 84 SmC* 91 M1 121 M2 127 SmA 150 I
G2 B G 34 SmC* 69 SmA 82 1

G2 C G 70 SmC* 152 SmA 208 I

G3 A Cr 84 SmC* 107 M1 130 M2 134 SmA 151 I

ing C groups, the liquid crystalline phases were substantially stabilized due
to the elongation of the mesogenic core. Moreover, the crystalline phase of
G2-A is suppressed to yield a glassy state instead in G2-B and G2-C.

4
Main-Chain Liquid-Crystalline Dendrimers

Regarding the dendrimers considered in this part, the branching points are
no longer single atoms (C, N, Si) but consist of anisotropic molecular moi-
eties instead. These units are linked together through long and flexible alkyl
spacers and form therefore the dendritic matrix; the differentiation between
side-chain and main-chain occurs at the first generation onwards (Fig. 46).
The mesogenic groups are now present at every level of the dendritic hier-
archy, and the dendrimers are forced to adopt constrained and regular
structures. As such, the anisometric branches do not radiate isotropically
as in side-chain dendrimers, but, on the contrary, favor preferentially an

C
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Fig.46 Schematic of the structural difference between side-chain (left) and main-chain
(right) dendrimers
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anisotropic order by a gain in the enthalpy of the system in order to produce
the most stable structure.

These main-chain dendrimers may represent an interesting alternative for
the development of original molecular materials having a new architecture.
Shibaev et al. foresaw the elaboration of such compounds, but have not yet
reported on their synthesis and physical properties [151]. Up to now two fam-
ilies of such systems have been identified, namely the willow-like and the
octopus dendrimers.

4.1
Willow-Like Dendrimers

The study of the so-called willow-like dendrons and dendrimers echoes a pre-
vious important study by Percec on non-regular hyperbranched polymers,
another class of cascade macromolecules but distinct from the purely den-
dritic systems. Indeed, in the original study, Percec et al. synthesized cascade
macromolecules by a random self-polymerization of tri-functionalized AB,
mesogenic monomers derived from biphenylene, naphthalene and terpheny-
lene moieties [67,69]. These hyperbranched polymers exhibited a single
nematic phase and did not crystallize on cooling; depending on the ba-
sic mesogenic unit, the nematic temperature range varied from 20 to ca.
80 °C. Because of such a statistical mode of construction [74-77], these hy-
perbranched macromolecules were characterized by a randomly branched
structure with a high, and non-controllable degree of branching and broad
molecular weight distributions. Despite these interesting results, they later
synthesized regular dendrimers, based on the terphenylene monomer unit
free of these imperfections [257-261]. Thus, the four generations of mon-
odendrons (DH1-4) and the corresponding dendrimers (G1-4) resulting from
the attachment of DH1-4 onto a tribenzoic acid were obtained by convergent
methods with polydispersity indices close to unity (Fig. 47). All the monoden-
drons and dendrimers were mesomorphic and formed both enantiotropic
nematic and smectic phases; only DH1 exhibits a single monotropic nematic
phase (Table 13). Note that the corresponding hyperbranched system exhib-
ited a single nematic phase (G 50 N 132 I). On average, the isotropization
temperature increases with the generation as well as the stability of the ne-
matic phase, but this effect is very much diluted for the third and fourth
generation of both the monodendrons and dendrimers which exhibit an al-
most identical mesophase temperature range. The nature of the smectic phase
is not clear, but on the basis of X-ray diffraction, a SmI or SmF phase (or the
more ordered ones SmJ or SmG) seems most likely.

In these systems, the formation of both the nematic and smectic phases is
attributed to a particular chain conformation implying that all the sub-units
lie parallel to each other to give an overall rod-like shape, rather than a disk-
like or spherical shape. This is possible since the racemic AB, monomer pos-
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Fig.47 Structure of the willow-like dendrons (DH#n) and dendrimers (Gn)

sesses a carbon linkage between the terphenylene and phenylene units, which
exhibits conformational flexibility. Amongst the stable conformational iso-
mers, the anti isomer has an extended conformation and leads to mesogens
aligning in a parallel fashion, whereas the gauche isomer produces a kink in
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Table 13 Mesomorphic behavior of the willow-like dendrimers (dendrons and den-
drimers)

DHn Dendrons Gn Dendrimers

DHI1 Cr 66 (N 54) I Gl G5Cr32S45N731
DH2 G58S61N92I G2 G20S42N961
DH3 G 52 Cr63 SmX 69 N 1051 G3 G53S66 N1061
DH4 G63SmX 73N 1101 G4 G49S70 N 1081

the chain, resulting in a decrease of the temperatures. The subtle combination
of both of these conformations of the monomeric sub-units allows for the in-
duction of both smectic and nematic phases at rather accessible temperatures.

A series of polynorbornenes containing the second generation dendron
D2 as a side group (R = Cy;Hy;), with different degrees of polymerization
were also synthesized [262, 263]. They exhibit a nematic (over 2 °C), two SmA
and a hexatic B phase on cooling from the isotropic liquid (which occurs at
around 100 °C).

4.2
Octopus Dendrimers

For the octopus dendritic materials, a modular synthesis was elaborated for
the preparation of the branches. Each constitutive part was prepared sepa-
rately and later assembled selectively together. The anisotropic units selected
were a tolane- or stilbene-based moiety, because of both their thermal stabil-
ity and chemical versatility. Such poor mesogenic segments, despite their in-
trinsic anisotropy and rigidity, were also chosen in order to test whether me-
somorphism could be induced solely by the dendrimerization process [264].
The dendritic branches, bearing mesogenic moieties and functionalized by
a focal acid group, were coupled to a small tetra-podand core unit, bearing
four amino groups, to yield the final dendrimer (Fig. 48).

Homolithic (Fig. 48, X =Y) [264,265] and heterolithic (Fig. 48, X # Y)
[264] dendrimers were synthesized and all of them were liquid crystalline. In
such systems, mesomorphism was induced by the precise assembling of these
non-mesogenic units within the dendritic frame. Moreover, the mesophase
stability was found to greatly depend on the localization of the various
units within the heterolithic systems (Fig. 51). Indeed, the principles of the
modular construction can be applied here for the preparation of regular
co-dendrimers made of at least two basic building blocks which can be ar-
ranged in a very controlled manner, alternated or segmented (Fig. 49). Only
the former has been prepared to date. The possibility of creating such poly-
functional and discrete dendritic structures with the ability to self-organize
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Fig.48 Example of octopus LCD of the second generation (R!, R? and R® stand for
OC12H25 or H)

Fig.49 Schematic representation of homolithic (A) and heterolithic alternated (B), seg-
mented (C) and alternated-segmented (D) octopus-like dendrimers

into mesophases is an attractive strategy in the field of material science for the
elaboration of multicomponent systems.

The dendrimers bearing only one aliphatic end-chain at the extremity
of the outer tolane unit exhibit a smectic behavior (Fig. 48, R? = 0Cj,Hys,
R! = R? = H). The X-ray diffraction patterns are characterized by the presence
of 3-4 orders of reflection corresponding to a well-defined lamellar stacking.
On the basis of these X-ray patterns, a high-temperature phase has been as-
signed as a disordered smectic A phase, whereas the other, low-temperature
phase (due to an extra in-layer order) as a hexatic smectic B phase, the layer
spacing being rather large, in the range 10-12 nm (homolithic derivative:
SmB 101 SmA 121 I; heterolithic derivative: SmB 109 SmA 132 I). This con-
firms the prolate conformation of the dendrimers in both smectic phases with
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the peripheral anisotropic units being almost perpendicular to the layer nor-
mal direction. In this case, the morphology of the smectic phases generated
by such multiblock molecules is quite unique in that it possesses a two-level
molecular organization, each being dependent on the other. It consists of an
internal sub-layer made of tilted rigid segments with no correlation of the tilt,
flanked by outer slabs inside which the mesogenic groups are arranged per-
pendicular to the layer (Fig. 50). Molecular modeling supports this view of
strongly segregated multilayer structures, with interfaces between the vari-
ous molecular parts. Obviously, these interfaces are not so well defined due
to thermal fluctuations. Nevertheless, let us point out that because of this
peculiar structural feature, such layered mesophases cannot exactly be de-
scribed as purely SmA or SmB phases, and were referred to as “supersmectic”
phases [264].

As for the other set of dendrimers bearing two (Fig. 48: R! =R?=0C;3Hys,
R*=H, X=/#Y; Rl =R? = 0C;;H,5, R? = H, X =Y =double bond: Coly,
42 1) or three aliphatic chains (Fig. 48: R'=R?2=R3=0C;3Hy5, X=Y =
double bond: Col;, 84 I) at the extremity of the outer tolane or stilbene
part, they all exhibit a columnar mesophase with a hexagonal symmetry
(Fig. 51) [264,265]. The formation of columnar mesophases in non-discotic
systems, and particularly with polycatenar mesogens [266,267], is a conse-
quence of the mismatch between the surface areas of the aromatic cores and
the cross-section of the aliphatic chains, resulting in the curvature of all the
interfaces, as has been discussed with SC-LCDs bearing polycatenar end-
groups. In the present case, in order to compensate the discrepancy between
the cross sections of both the anisometric segments and the chains, one can
also imagine the former to be tilted and distributed in a “splay” fashion,
with respect to the columnar axis, also resulting in the curvature of the in-

Fig.50 Snapshot of the molecular conformation of the octopus dendrimers with 8 termi-
nal chains and model for their molecular organization in smectic layers
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Fig.51 Diagram showing the evolution of the mesophase stability from tolane-rich (left
side) to stilbene rich (right side) octopus LCDs (R! = R? = 0Cj,Hys, R? = H)

terfaces [268, 269]. Indeed, the parameters of the hexagonal lattices obtained
experimentally, a = 9-10 nm, correspond fairly well to the diameter of the
dendrimers in a flattened conformation, ranging between 10 and 11 nm as es-
timated by MD simulation (Fig. 53). It is therefore highly probable that the
octopus preferably adopts an oblate shape within the columns that is a flat-
tened or wedge-like conformation with the anisotropic blocks lying more or
less in the 2D hexagonal lattice plane, rather than a prolate conformation
(cylindrical) as in the smectic systems.

As for the dendromesogens described by Percec et al. [79-85], where
columnar structures are generated from the self-assembling of the most stable
molecular conformations having either a wedge-like or half-disk shape, the
mesophase formation of these dendrimers results from the self-assembling
process into disks and columns of octopus molecules necessarily adopt-
ing pre-defined shapes. The overall molecular conformations of the den-
drimers in the mesophase are driven by the steric congestion of the terminal
aliphatic chains and depend on the segregation between the different con-
stitutive blocks. In the present case, one (R! =R? =R3 = 0C;3Hy;) or two
(R! = R? = OCy,Hys, R? = H) molecular conformations likely predominate to
satisfy the geometrical requirements. The supramolecular disks or columns
thus result from the molecular association of two or three dendrimers (de-
pending on the aliphatic chain substitution) in the appropriate conformation,
as depicted in Fig. 52; and these columns are packed in a hexagonal lat-
tice. Moreover, considering the diblock, alternated chemical nature of these
octopus dendrimers, an onion morphology for the columns is most likely
probable (Fig. 53) [264].
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R'=R2 = R3=0C,,H,s . R'=R2=0C,,H,;, R®=H

Fig.52 Schematic representation of the self-assembling and self-organization processes of
octopus-like dendrimers into the Coly, phase

Fig.53 Snapshot of the molecular conformation in the Col, phase of a 16 chains octopus
LCD

This model of an onion internal structure of the columns was supported
by molecular dynamics on the homolithic stilbenoid system (Fig. 48, X =Y :=;
R! = R? = OCjpH,s, R* = H). It showed good segregation at the molecular
level by means of interlocked crowns of stilbenoid units belonging to the
same generation, such crowns being stabilized by intermolecular interactions.
Each crown was separated by neutral aliphatic coronas.

For these dendrimers, the morphology of the mesophase is thus deter-
mined by the number of alkyl chains grafted on the peripheral mesogenic
group, ie. the change in the number of terminal chains per end group
modifies the relationships between the hard parts and the soft parts, and
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consequently the molecules will adopt either a parallel (prolate) or flat
(oblate) conformation. The formation of the smectic lamellar phases is the
result of the parallel disposition of the mesogenic groups on both sides
of the focal tetravalent core, the dendrimer adopting the shape of a gi-
ant elongated multipede (vide infra), and then organizing into layers. In
contrast, the grafting of additional terminal chains at the periphery pre-
vents such a parallel disposition of the pro-mesogenic groups, which are
forced into a radial arrangement around the central moiety: the dendrimer
can adopt the shape of a flat-tapered object and self-arrange into supra
molecular columns.

To complete this analysis, the variation of the core connectivity number
and the effect on the mesomorphism was studied [270]. Three new sec-
ond generation main-chain dendrimers (with the same heterolithic branch:
Fig. 48: R! =R? =0C;3Hys, R*=H, X =/ #Y) were prepared from vari-
ous amido-cores of zeroth generation and with different multiplicities: 1,4-
diaminobutane (N¢ = 2), tris(2-aminoethyl) amine (N¢ = 3) and PAMAM-Gy
(Nc = 4); the latter was also prepared for the possibility to rigidify the core by
additional hydrogen-bonds (amido groups) and the consequent effects on the
mesophase stability. They all exhibit a broad Coly, phase. The transition tem-
peratures and mesophase stability were found to be influenced by the nature
and the connectivity number of the core (Fig. 54).

Since the overall number of peripheral chains per dendritic molecule is
changed, while the lattice parameter of the Col}, phases remains roughly simi-
lar, the number of dendrimers self-assembling into columns is different in
order to keep the total number of radiating chains constant as shown in
Fig. 55.
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Fig.54 Evolution of the mesophase stability from N¢ =2 to Nc =4
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5
Shape-Persistent Liquid-Crystalline Dendrimers

The so-called “shape-persistent LC dendrimers” represent an unusual and
original family of dendrimers [271]. The particularity of these systems is the
nature of the dendritic matrices, which are completely rigid and highly conju-
gated, and are different from the dendrimers described previously since they
have the potential to be intrinsically mesogenic. Adequately functionalized
by terminal aliphatic chains, they can behave as large, disk-shaped meso-
genic molecules right from early generations potentially showing columnar
mesomorphism. Because of their expanded and electron-rich core, such den-
drimers should find many applications in materials science owing to their
interesting photochemical and photophysical properties, and to their readily
attainable nanoscale dimensions [271].

Pesak and Moore [272] described a convergent scheme for the synthesis of
three generations of shape-persistent tolane-based dendrimers functionalized
at the periphery by oligo(ethylene oxide) chains (Fig. 56). All the dendrimers,
existing as stiff glasses at room temperature, were mesomorphic on heating,
exhibiting wide temperature-range hexagonal columnar phases with clear-
ing points increasing dramatically with the generation number (Table 14).
Surprisingly, preliminary data for the dendrimer of the fourth generation in-
dicated that this compound was amorphous.
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Fig.56 Chemical structures of the tolanoid-like dendrimers (R = O(CH,CH,0)3Me)

Stilbenoid-like dendrimers possessing an analogous molecular structure
were reported by Meier to be mesomorphic too [273]. The five generations
of stilbene-based dendrimers (Fig. 57) [274,275] and the first two gener-
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G2

Fig.57 Chemical structures of the stilbenoid-like dendrimers (R = OC3H;, OCgHjs,
OC12Hys)

ations of distyrylbenzene-based dendrimers (Fig. 58) [276] were synthesized
by a convergent scheme based on the Wittig-Horner reaction, which allowed
an E-configuration with double bonds to be obtained. It was found that only
generations G1 and G2 showed columnar mesophases as long as the alkoxy
chains were long enough (R = OC¢H;3, OC3Hjs), whereas higher generations
(not drawn here) failed to exhibit mesomorphism (Table 14). The unusual
phase sequence Col,-to-Col, was attributed to the presence of several con-
formers whose distribution is temperature-dependent, leading to distortion
of the columnar structures of the Col, phase at high temperatures. Note
that the elongation of the dendritic arms results in a huge stabilization of
the mesophases. An interesting temperature-dependent 2D NMR study car-
ried out on the neat phases of the stilbenoid dendrimers (Fig. 57), selectively
deuterated in specific positions, showed different molecular and segmental
motions in the crystalline, liquid crystalline and isotropic phases [277]. It
particularly revealed that G1 adopts an average planar shape, despite the sig-
nificant deviation of the styryl arms from the molecular plane, whereas in
contrast G2 does not show large angle motions. These motions are correlated
with the photophysical properties of the materials (fluorescence, photochem-
istry and photo-oligomerization).

In these series of compounds, X-ray diffraction studies revealed that the
inter-columnar distance significantly increases between G1 and G2, and then
remains constant for G3, whereas the unit cell parameter ¢ (representing
the stacking periodicity between adjacent molecules in the column) nearly
doubles on the passage from second to third generation. Molecular model-



116 B. Donnio - D. Guillon

Fig.58 Chemical structure of elongated distyrylbenzene-based dendrimers (R = OC3Hy,
OCgHi3, OC12H;s)

ing showed that in fact the dendrimers of the first and second generation
have a planar conformation without any steric hindrance. In contrast, such
a purely planar conformation is impossible for the largest dendrimers be-
cause of overcrowding of the terminal chains preventing as such a regular
arrangement. For these compounds, the expansion of the molecule occurs
in the molecular plane for the first generations to form megadisks and the
growth expands out-of the molecular plane for higher generation numbers to
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Table 14 Mesomorphism of the shape-persistent dendrimers

Gn  Tolanoid dendrimers Stilbenoid dendrimers Elongated Stilbenoid
(R =0C12H>s) dendrimers
(R=0Ci2Has)

Gl G -58 Coly, 41 Coly, 621 Cr 38 Col, 75 1 G 21 Coly, 108
G2 G -58 Colp, 31 Col, 1811 Cr 11 Col, 32 Col, 991 G -27 Col, 195 1
G3 G -52Coly 1911

form cylindrical objects. The stability of the columnar mesophases of these
large unimolecular disks, which are formed by their face-to-face stacking is
primarily enhanced in consequence to the increasing interactions between
successive macrodisks. Then, the mesomorphic properties are lost once this
out-of plane growth becomes too important because of steric repulsions and
strong distortions of the molecular shape.

Structurally related dendrimers of the elongated stilbenoid systems based
on a 1,3,5-triazine star-shape of the first generation having styryl or higher
oligo(phenylenevinylene) arms were also prepared [278]. The four materials
exhibit a liquid crystalline phase (still unidentified) with increasing phase sta-
bility on lengthening of the arms (clearing temperatures 109.5, 96.0, 233.3,
and > 300 °C for mono-, di-, tri- and tetra(styrylbenzene) systems, respec-
tively).

Other related dendrimers of the first [279] and second [280] generation
based on the 1,3,5-triazine unit and tolane arms were also reported by Lee
and Yamamoto. The dendrimers of the first generation bearing two chains
exhibit a Col}, phase as expected. Surprisingly, the members of the second
generation also showed a Col}, phase between 130 and 150 up to 170-230 °C,
despite of the grafting of only one terminal chain per peripheral arm.

6
Liquid-Crystalline Metallodendrimers

Metallomesogens are metal complexes which exhibit liquid-crystalline prop-
erties, forming the same type of mesophases as found in purely organic ma-
terials. They may have a covalent (neutral) or an ionic character, and a large
number of thermotropic [281, 282] and lyotropic [283] metal-containing li-
quid crystals have been reported. Metallomesogens are becoming a very im-
portant class of mesogenic materials, as new properties may be expected on
the introduction of metals into a liquid-crystalline material. In addition, they
offer wider possibilities for structural variations than simple organic materi-
als as, for example, several types of coordination geometry can be envisaged
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through the metal and by the use of polydentate ligands. This may in turn
lead to new mesophases or new types of molecular organizations, which could
eventually form the basis for new effects and devices.

While in general the vast majority of dendrimers prepared are purely or-
ganic systems, there has been some interest in the synthesis of dendrimers
containing transition metals [34-40]. Indeed, their incorporation within
a dendritic structure may find many applications in various areas of sci-
ence as for example efficient catalysts because of the high concentration of
active sites, electro-active molecules due to the multiredox centers, sensors
due to their multivalent and selective binding ability, or as molecular anten-
nas due to their particular photo-physical properties. These properties can
be tuned and modulated depending on the location of the active moieties
within the dendrimer: the metals can be incorporated at the core, throughout
the structure or at the periphery of the dendrimer. Some interesting aspects
concerning these “supra-supermolecular” systems have been discussed else-
where [34-40, 48-52].

Only a few studies have looked at metal-containing liquid crystalline den-
drimers. In these examples, the metal is either located at the core or in the
branches of the dendrimer. The first report of a metallomesogen with a den-
dritic architecture can be backdated to 1993, though they were not described
as such. Serrette et al. [284] prepared a first generation of “Fréchet-Percec”
dendritic branch, which they then grafted around several coordinative salen-
units varying in spacer length (Fig. 59: Y = - CH,;CH; —, —- CH,CH,CH; —
— CH,;CMe; — CH; -). Induction of mesomorphism was observed upon com-
plexation to the oxovanadyl metal ion (Table 15), probably due to the rigid-
ification of the central chelating part, since the flexible ligands themselves
were devoid of liquid crystalline properties. Infrared spectroscopy further
revealed the formation of linear chain structures for complexes with Y =
propyl and dimethylpropyl, whereas the complex with Y = - CH,CH; — was

Ci4H290  OCy4H2 C14Ha9O  OCy4H2g
C14H290 OC14Hzg
: —QO Il 0 :<<
\

C14H290 OC14H29
Ci4H290  OCy4Hz Ci14Hog0  OCi4H2g

Fig.59 Structure of the dendritic oxovanadyl complexes
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Table 15 Thermal behavior of the dendritic oxovanadyl complexes as a function of the
spacer Y

Y Mesomorphism

- CH2CH2 - COlrl 119.5 COlrz 156 1

—-CH; -CH,; -CH; - Coly; 36 Coly, 97.5 Col, 151 1
—CH; - CMe; - CH; - Coly, 55 Col; 108 I

monomeric; it nevertheless displayed the largest mesomorphic range. The
high-temperature mesophase was identified as a Col; (c2mm) mesophase in
all cases, and two of the complexes exhibited the Coly,-to-Col; phase sequence
(Table 15). The destabilization of the hexagonal structure at the expense of
the rectangular phase was thought to be due to the bulkiness of the termi-
nal groups and to their spatial requirements, and the driving force for the
Coly-to-Col; transition may then be linked to the formation of linear chain
structures. These could limit the lateral diffusion of the cores, and force the
stacking of the core with limited conformational options.

Another series of related mesomorphic metallodendrimers, having the
metal located at the core of the dendrimer, were also reported [285]. The
dendritic ligands were obtained by condensation of the corresponding 1,3-
dione with aminopropanol, and the dicopper complexes were then formed
by the reaction with copper(11) acetate (Fig. 60). These ligands, also based
on the first generation “Fréchet-Percec” dendron motif, were not themselves
mesomorphic, but upon complexation, mesophases were observed whose sta-

C H2n+1O OoC nH2n41

CnHz2n410
CoHon1Q OCpHzp44
Q’oanZnﬂ
c HWOQ
C H2n+1O ocC nH2n41
OCnH2n+1

CnH2n+1O OCnHZn+1

Fig.60 Structure of the dicopper dendritic complexes
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bility was found to be dependent on the number of chains and on their
length. Induction of mesomorphism is also likely due to the rigidification
of the chelating unit as above. The systems having one and two chains per
terminal phenyl groups were not mesomorphic, but those with three chains
showed a Col;, phase. The occurrence of the mesophase depended strongly on
the chain-length. Thus, short- and long-chain derivatives (n =5, 14 and 16)
were not mesomorphic, whereas the intermediate chain length compounds
(n=6-9, 10, 12) displayed a Coly, phase with transition temperatures sensi-
tive to the chain-length (between 80-100 °C for the melting temperature and
100-120 °C for the clearing temperature). The more circular core of the di-
copper complexes with respect to that of the oxovanadyl ones just discussed
above may explain the observation of only the Coly, phase for the latter.
Metallomesogens with branched, dendrimeric ligands L1 and L2 de-
rived from tris(2-aminoethyl)amine were reported in 1996 by Stebani et al.
(Fig. 61) [286]. This series of metallomesogens of the type [MX,(Li)] (i=1
or 2) was obtained subsequently to the complexation of L1 and L2 with var-
ious metal salts, CoCl,, NiX; (X = Cl, NO3), CuX, (X = Cl, SCN and NO3) and
ZnCl,. Depending on the metal, the complexes could be obtained with two
possible coordination geometries, either with the trigonal bipyramidal mode
giving rise to pentacoordinated ionic complexes ([MXL]*[X]") (Fig. 61a) or

|0H21
OC4oH
OC;oHy4 CyoH210 o
OCoH21 CyoH210 OC+oHy4
Ox /( I
\L OC+oHy4
CioHa10. NH hN 0 N N/\/NH
K/N H CyoH210 N
C10H210 j
N (o)
HN C1oHp1O \/\N L2
L1
N
; OC;oHy4 OC+oH2
OC;oHy4 OC+oH2;
OC10H21
OC1OH21
+
N
/\ N/\
\+N-CH,R RCHy F/,,,“_MM.,“\\\“E‘CHZR
H
H ChoR
X
a b

Fig.61 Dendritic ligands L1 and L2, and the corresponding metal complexes in the trig-
onal bipyramidal (a) and octahedral (b) geometry
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as the neutral octahedral complexes ([MX;L]) (Fig. 61b). The distinction
between these two modes of coordination was elucidated by infrared and
UV/Vis spectroscopy: the copper(11) and cobalt(11) complexes adopted the
trigonal bipyramidal structure and the nickel(11) complexes were octahe-
dral, whereas it was not possible to determine the structure of the zinc(1r)
complexes. A Coly, phase was observed for quasi all the complexes with L1
between 40-60 °C and 65-85 °C, and up to 120 °C for the zinc(11) complex
(Table 16), the exception being [Ni(NOj3),(L1)] which melted directly to the
isotropic liquid at 46.5 °C.

Dendrimer L2 was itself mesomorphic, showing a monotropic Col}, phase,
Cr (79.5 Coly) 98.5 I, [287] which upon complexation to CuCl, became enan-
tiotropic (Table 16). By UV/Vis spectrum, the complex was found to adopt
a trigonal bipyramidal structure as [CuCl(L1)]Cl. Thus, a dendritic effect
could be observed in this series in that the stability of the mesophase in-
creased considerably with the dendrimer size; the complex [CuCI(L1)]Cl
cleared at 75 °C whereas the clearing point of the complex [CuCI(L2)]Cl was
140 °C.

In these three series of dendrimers, the metal was located as the central
node of the macromolecule, and induction of mesomorphism was system-
atically observed on complexation to the metal ion. When coordinated, the
dendritic core is likely to lose its flexibility, its conformation being locked by
the metal center, and thus the molecule adopts a molecular shape approxi-
mating that of a disk.

A quite different approach was used by Serrano et al. So far, whatever the
generation number, the number of metallic centers was constant and equal
to one, because the unique coordinative site was located at the center of the
dendrimer and the metal was embedded within. Here, dendrimers based on
the zeroth- and first-generation of PPI dendrimers and end-functionalized
by four or eight coordinating 4-(alkoxybenzoyloxy)salicylaldimine were con-

Table 16 Mesomorphism of the metallodendromesogens

Dendrimers Transition temperatures
[CoCI(L1)]CI G 56 Coly, 85.51
[NiCl,(L1)] G 40 Cr 47 Col,, 64.51
[Ni(NOs3),(L1)] G 36 Cr 46.5 1
[CuCI(L1)]Cl G 41 Col, 751
[CuSCN(L1)](SCN) G 41 Cr 48.5 Col, 75 1
[CuNO3(L1)](NO;3) G 36 Cr 47.5 Col, 79 1
[ZnCly(L1)] G 60 Coly, 126 1

[CuCl(L2)]Cl G 49 Col;, 140
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sidered as potentially multicoordinative organic ligands [288]. Whereas all
the organic dendromesogens were found to possess a smectic mesomor-
phism [213], the complexation of copper(11) affected strongly the mesomor-
phic properties of the corresponding complexes. Indeed, mesophase forma-
tion was either suppressed in some of the corresponding metallodendrimers
(Fig. 62, GO: n =10, mp: 179 °C; G1: n =10, mp: 110 °C; n = 14, mp: 80 °C),
or the mesophase temperature ranges strongly reduced for the mesomorphic
complexes (Fig. 62, GO: n =14, Cr 163 SmC 197 I; n = 18, Cr 167 SmC 187 I;
G1: n =18, Cr 35 SmC 108 I). Interestingly, the transition temperatures were
raised upon complexation for the zeroth generation dendrimers, while for the
first generation systems, the temperature interval was similar for the ligand
and complex. By X-ray diffraction, the unique mesophase was identified as
a SmC phase. The structure of the smectic phases of the dendritic ligands is
explained by a parallel arrangement of the mesogenic units extending up and
down from the molecular center. However, the complexation of copper(1r) re-
sulted in the breaking of this parallel arrangement, and in the opening of the
branches, allowing as such interdigitation of the molecules located in neigh-
boring layers. This model is in agreement with the diminishing of the layer

o o]
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Cu SN Ccu GO
o NN TN
[¢] o)&@\
CnH2n+1O OCnH2n+1
CnHzp+10, OCrHzp41
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Fig.62 Dimetallic and tetrametallic dendrimers
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periodicity and with the increasing molecular area of the complexes com-
pared to those of the ligands.

Deschenaux and co-workers have designed liquid-crystalline dendrimers
based on aromatic polyester cores containing ferrocene [289] for the pur-
pose of designing dendrimer-based molecular switching devices. All of the
dendrimers were prepared by a convergent and iterative synthetic method-
ology leading to precisely monodisperse macromolecules. The dendrimers
shown in Fig. 63 [290] and Fig. 64 [291-293] possess respectively 6 and 12
terminal groups (i.e. ferrocene units), each including a cholesteryl mesogenic
promoter. Both dendrimers bearing a cholesteryl unit form an enantiotropic
smectic A phase (G 47 SmA 1501, and G 52 SmA 169 I). The other dendrimer
(Fig. 64, R = B), for which the ferrocene unit is located at the periphery of
the dendrimer, shows an unidentified smectic phase (SmA or SmC) between
119 and 256 °C. The higher temperatures observed for this compound are
likely due to the elongated calamitic core unit used to promote the mesophase
formation. The SmA mesophase was unambiguously determined by X-ray
diffraction on powder and aligned samples. The structure of the mesophase
can be explained by the formation of layers containing the dendrimer cores,
with interdigitation of the mesogenic units from layer to layer.

A mixed [60]fullerene-ferrocene dendrimer (Fig. 65) was also found to be
mesomorphic, showing a room temperature smectic A phase which cleared
at 157°C (no glass transition temperature was detected) [294,295]. The
mesophase was only slightly destabilized upon the addition of Csp when com-
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Fig.63 Structure of the ferrocene-containing dendrimer with six mesogenic arms



124 B. Donnio - D. Guillon
RO.__O O._OR
RO. /[\ ’]\ /E l
o o OR
(0]
O (0] o
0-_0O

(0]

O

RO.__O
o
RO o (o)
0] o
fe) (6]

O._OR
O
o OR
(0}
o~ O
O O
RO OR ) 0}

RO OR

(0]
a— ‘ 1
R-A: Oo Fo O*(CH)1o*O©—§
0
(e}

5 =
e
w4 -y o B
o o
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pared to its malonate ferrocene-containing liquid crystalline dendrimer pre-
cursor (Fig. 65, SmA 169 I), probably because both species possess a similar
size, and Cgp is embedded within the dendritic matrix. The zeroth generation
was also mesomorphic (SmA 118 I) [296]. This result showed that the as-
sociation of fullerene (electron-acceptor unit) and ferrocene (electron-donor
unit) within the same structure may be an attractive strategy to elaborate
liquid-crystalline switches [297] based on the photo-induced electron transfer
occurring from ferrocene to fullerene [298].



125

Liquid Crystalline Dendrimers and Polypedes

ER
H200-L> o o
@omoA Yo
EX
H200-L

Noo©o\sfov‘Nooxxomo\wANIov\o@oNo

@owom_
200-L>>

>

o) @owom_
o) oA VNOQ@
o

o)
0 A VNOQ@
o4
o £SN-0%0d
200>
EE]
LS\ -o%04

3

-

<S>~ 0°%0H
Ex]
200-£LD

>

o @owom_
o) oA Vmoo@
o

o
C
o o ) 0=
o LSN-9%0y
‘00<=
54
£ -0%0y

>

Fig.65 Structure of the mixed [60]fullerene-ferrocene-containing dendrimer and of its

precursory malonate



126 B. Donnio - D. Guillon

7
Liquid-Crystalline Fullerodendrimers

Following the work described above, Deschenaux and co-workers engaged
in a more systematic study of the elaboration of fullerene-containing ther-
motropic dendrimers [299,300] and on the understanding of how such
a sphere-like structure could be inserted within liquid crystals in order to
ultimately control the properties through dendrimer generation. The use
of mesomorphic dendritic addends to functionalize Cgp was thought to be
a suitable solution to avoid aggregation of Ce units (decreasing the unfavor-
able interactions), and thus to favor the formation of mesophases.

An addition reaction of malonate-based dendritic addend onto Cgq led to
a new series of methanofullerodendrimers (Fig. 66) [301]. In such systems,
Ceo is buried within the large dendritic branches, and as a consequence the
supramolecular organization of these fullerodendrimers is independent to
the change of the generation number of the dendritic carapace (for G2, G3
and G4) and is similar to that of the corresponding malonate species. The
mesophase stability was, however, slightly enhanced with generation for both
systems (Fig. 67). The only drastic change concerned G1 where the nematic
phase was suppressed and replaced by the SmA phase upon the insertion of
Ceo-

The GO analogues (Fig. 66, Gn = R) were also found to be mesomorphic, Cr
97 SmA 153 N 162 I and G 29 SmA 142 I, for the malonate and Cgy adduct,
respectively. The supramolecular organization of these dendrimers was de-
duced from a detailed X-ray diffraction analysis and molecular simulation.
For GO, both arms of the molecules are folded towards the same direction,
and then the structure consists of a head-to-tail arrangement of such con-
formers. As for G1, the molecule adopts a V-shape (constituted by pairs of
mesogenic groups), and arranged in a head-to-tail fashion favored by the
antiparallel packing of the polar end groups. For both structures, lamellae in-
teract through a layer of fullerene. For the next system, G2, the branching part
begins to have significant lateral extension with respect to the layer normal,
and the two branches extend on both sides of the Cgg nucleus. Then, for G3
and G4, the structure is solely governed by the polar cyano groups. The cen-
tral part of the layer is constituted by the fullerene moiety embedded in the
large dendritic segments, and the layer interface is formed by partially inter-
digitated mesogenic groups. In all cases mesophases are likely stabilized by
dipolar interactions (antiparallel arrangement of the cyanobiphenyl units).

The corresponding G1 and G2 hemi-dendritic systems were also prepared
for comparison (Fig. 68) [301]. Similar trends were observed in that the SmA
phase was preferred to the nematic phase, suppressed upon the insertion
of Cgp. The same type of supramolecular organizations is suggested. Inter-
estingly, the mesomorphic temperature range was strongly reduced in the
hemi-dendrimers compared to that of the corresponding dendrimers. It was
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Fig.68 Hemidendritic malonate and methanofullerene systems

also shown by the electro-optical Kerr effect and hydrodynamic methods that
the hemidendrimers are more sensitive than dendrimers to the incorporation
of fullerene in their structure (viscosity, shape changes) [302, 303].
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Let us note that two homologues of the malonate addends and of the cor-
responding methanofullerene derivatives described above (Fig. 66) were also
prepared with chiral pendant mesogenic groups, laterally attached (Fig. 69).
Both the G1 [304] and G2 [57] fullerodendrimers were found to show a chiral
nematic phase (Fig. 69, G1: G 26 N* 69 I; G2: G 24.3 N* 80.6 I), and are the first
Cep derivatives that possess a chiral mesophase; the G1 Cgp-free malonate was
also mesomorphic (G 20 N* 113 I).

As for the silsesquioxane cages (Fig. 24, vide supra) [182], covalent adducts
of [60]fullerene offer multiple possibilities for the design of highly func-
tionalized derivatives. In particular, C¢p can be used as an original initia-
tor core or template for the construction of dendritic systems with high
and variable connectivity number with various controllable geometries of
attachment. Though, more appropriately referred to as polypedes [57], hex-
akis(methano)fullerene with 4 (Fig. 70B) [305] and 12 (Fig. 70A) [306] meso-
genic groups derived from cyanobiphenyl proved to be mesomorphic. The
hexa-adduct malonate difunctionalized in the two poles of the sphere exhib-
ited a transient nematic phase (Cr 85 N 157 I), i.e. observed during the first
heating only, while the hexa-adduct functionalized in the six apical positions
of Cgp showed an enantiotropic SmA phase (G 80 SmA 133 I). Unfortunately,
no higher generations based on these poly-adducts of Cg have yet been
reported.

RO,C COR
%}OZCOO(CHZMQC CO27(CHz)1o OOC%Q
RO,C COzR
COR RO,C
RO,C COR
(0] (0]
[¢] [¢]
OchO'(CHz)m*OzC CO2-(CH2)10 OOCOZ
[¢] (0]
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RO,C COzR
COR RO,C

OCgHq7

Fig.69 First Cg derivative showing a chiral nematic phase
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Fig.70 Liquid crystalline hexakis(methano)fullerene materials
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Following a judicious design and challenging chemistry, two novel hexa-
adducts bearing 12 (Fig. 70C) and 10 cholesteryl units (Fig. 70D), respectively,
were reported by Felder-Flesch et al. [307] and found to be mesomorphic.
They both exhibit a similar mesomorphic behavior, with a broad tempera-
ture SmA phase, quite different to that of the malonate mesogenic promoter
for which a chiral nematic phase was observed (G 67 N* 88 I). On heating,
a glass-to-SmA phase transformation is observed just above room tempera-
ture, followed by the transition to the isotropic liquid at 165 °C and 180 °C for
the C and D systems, respectively. The supramolecular organization of these
species within the smectic layer consists of an overall smectic bilayer struc-
ture in which one of the active moieties (Cgp) is confined in a central sub-layer
sandwiched by two outer-layers of cholesteryl groups; each single layer is sep-
arated by thin films of molten aliphatic chains. Moreover, and because of
the quasi-spherical structure of Cg, the latter likely pave the sub-layer ac-
cording to a 2D hexagonal arrangement (deduced from XRD and MD). The
selected design, i.e polyaddition of cholesteryl moieties on the carbon sphere
used as a spherical template to create new 3D architectures, then seems to be
a method of choice to obtain stable anisotropic materials and prevent the Cg
aggregation tendency. This approach should allow the preparation of a wide
variety of fullerene hexaadducts, symmetrical or non-symmetrical and with
a variable and controlled number of active pendant mesogenic units.

There has been one derivative of bis(methanofullerene) carrying two den-
dritic wedges (Fig. 71) that was claimed to show a mesophase between 40
and 70 °C, though the phase was not identified; the precursor itself displayed
a nematic phase (Cr 48 N 63 I) [305].

Fulleropyrrolidines constitute an important family of Cgp derivatives that
have the advantage over the methanofullerene systems in that they lead to sta-
ble reduced species, allowing the development of fullerene-based redox mo-
lecular switches. In order to promote mesomorphism in such a mono-adduct
structure, Deschenaux et al. decided to modify the Cgy derivative by the use
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R= —O—(CH2)11-OCN

Fig.71 Structure of the bis(methanofullerene) with dendritic wedges

of a dendritic addend bearing several cyanobiphenyl groups. Four gener-
ations of fulleropyrrolidines were prepared (Fig. 72) [308]. This appeared to
be the right strategy since, with the exception of the first fulleropyrrolidine
derivative that was found to be non-mesomorphic (Fig. 72, G1: Cr 178 I), all
the other fullerene-based dendrimers gave rise to a SmA phase (Fig. 72, G2:
G 44 SmA 168 I; G3: G 51 SmA 196 I; G4: G 36 SmA 231 I), the stability
of which was found to increase with the generation number. The precur-
sory aldehydes and alcohols showed essentially a broad SmA phase, except
those of the first generation which showed a nematic phase above a crys-
talline phase. As for the molecular organization within the SmA phase, the
G2 molecules are oriented in a head-to-tail fashion within the layers, and for
each molecule the mesogenic groups point in the same direction interdigi-
tating with mesogenic groups of adjacent layers. For the higher generation
dendrimers, G3 and G4, the mesogenic units are positioned above and be-
low the bulky dendritic cores, and interdigitation occurs between layers;
Ceo is now hidden in the dendritic core and has no influence in the supra-
molecular organization as was the case for the methanofullerodendrimers
discussed above.

The first synthesized mesomorphic fulleropyrrolidine, G2, (Fig. 73A) [309]
was chosen as a representative reference for a systematic variation of the R
group in order to evaluate the effects on the mesomorphic properties. When
R =H (Fig. 73B) [308], the compound exhibited a broad temperature range
SmA phase (SmA 161 I). Modification of the R group by oligophenyleneviny-
lene conjugates (OPV) led also to similar results (Fig. 73C: G 50 SmA 171 I,
D: G 50 SmA 169 I) and indicated that the overall behavior is dominated by
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Fig.73 Fulleropyrrolidine dendrimers of the second generation with various R groups

the dendritic framework [310]. Preliminary luminescence measurements in
solution revealed a strong quenching of the oligo(phenylenevinylene) fluo-
rescence by the C¢p moiety, indicating that these donor-acceptor systems ap-
peared suitable candidates for photovoltaic applications. Second-generation
fulleropyrrolidine bearing a ferrocene unit (Fig. 73E) showed a SmA phase
between 40 and 135°C [311]. For this compound, photo-induced electron
transfer was observed (through space mechanism) with a lifetime of the
charge-separated state of 560 ns in THEF. The association of Fc and Cgp within
a liquid-crystalline architecture could be an interesting method for the elab-
oration of supramolecular switches.

8
Polypedes

The molecular design of these materials is based on a central focal point
to which mesogenic units are linked, so that restricted molecular topolo-
gies and limited molecular flexibility are induced [57]. They represent a class
of materials intermediate between low molecular weight liquid-crystalline
compounds and dendritic systems, and can be described as supermolec-
ular entities or giant molecular systems made up of covalently attached
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(end-on or side-on) identifiable molecular units (Fig. 74). These architec-
tures once adequately functionalized may then self-organize into mesomor-
phic supramolecular assemblies with unusual morphologies. When all of
the grafted units are the same, they can be considered as a first step of
dendritic architectures (zeroth generation) or a polypedal supermolecule.
Alternatively, if the mesogenic units are different to one another, they are
referred to as multipedal supermolecules (Fig. 74) [57]. This approach also
provides the access to several potentially interesting multicomponent struc-
tures and materials.

The most simple molecular topology of such systems reported so far is
a tetrahedral supermolecule obtained by reacting tetrakis(dimethylsiloxy)-
silane with alkenyloxy-cyanobiphenyls (Fig.22), as discussed previously.
Such tetramers exhibit smectic A liquid crystal phases [179]. For such end-
on materials, microsegregation at the molecular level favors the formation
of the smectic A phases in preference to the nematic phase exhibited by
the mesogenic monomers themselves. The use of different polyhedral silox-
ane systems (Fig. 24) or the Cgp polyhedron as the template for multi- and
polypedal hexakis(methano)fullerenes (Fig. 70) substituted with a large num-
ber of terminally attached mesogenic groups confirm the same tendency to
the formation of smectic A phases (vide supra).
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The concept of multipedal liquid crystals was recently further developed
by Saez and Goodby [312] who provided an elegant strategy to design
tetrameric liquid crystalline polypedes and multipedes around a PE central
core (Fig. 75) [57]. Liquid-crystalline materials were previously obtained with
a PE central core to which were attached covalently mesogenic sub-units.
Despite the large tetrahedral unit, PE was proved not to be particularly detri-
mental to the formation of mesophases, with a necessary condition, however,
being that the peripheral units are strong liquid-crystalline promoters (e.g.
calamitic, discotic, conical) and that the attachment is end-on [96-98, 313-
322]. In this study, they used two types of mesogenic units, i.e. cyanobiphenyl
and biphenyl benzoyloxybenzoate types (Fig. 75, R = A, B, C). The topology
of attachment to the core (end-on for the cyanobiphenyl and side-on for the
biphenyl benzoyloxybenzoate to yield the various structures I, II, III, and
V, Fig. 74), and the chemical nature of the connection between PE and the
mesogen (ether, ester and tetramethyldisiloxane moieties) have been used
to tailor the mesomorphic properties. The pure cyanobiphenyl derivative
(Fig. 75, type I, R = A) exhibits a smectic A phase, whereas all the other
oligomers (Fig. 75, II, III, V) exhibit a chiral nematic phase. A chiral nematic
phase was induced by the lateral attachment of the chiral phenylbenzoate unit
to the core. The stability of the mesophases for the polypedes and multipedes
is reported in Table 17.

Complementary dendritic hexamers based on a central scaffold made up
of linked pentaerythritol and tri(hydroxymethyl)amino methane units have
been found to also exhibit liquid-crystalline properties. This star-shaped
scaffold was used to create supermolecules containing two different hemi-
spheres, referred to thereafter as “Janus” supermolecular liquid crystals
(Fig. 76) [323,324]. One of the hemisphere contains three cyanobiphenyl
end-groups, whereas the other lobe consists of three chiral phenyl benzoate
mesogenic moieties laterally attached. The type of mesophase observed (N*

Table 17 Mesomorphic behavior of the tetrameric polypedes and multipedes

Compound type Transition temperatures

Tetrapedes (Fig. 75)

I(R=A) G -34.3 SmA 21.1 1
Il (R=A,R =C) G -20 N* 18.6 I

V (R=B,R =A) Cr 36.2 N* 58.8 I

II (R=B) Cr 55.8 N* 79.7 I

Hexapedes (Fig. 76)
R=A,R =B,n=9 G -2.8 SmC* 33.8 N* 60.8 I
R=B,R=A,n=4 G-79N*38.21
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or SmC*) depends on the overall topology of the molecule in respect to
the inner core (in other words, which hemisphere carries which mesogen,
Table 17).

In addition, these materials have very good thermal stabilities and nearly
room temperature mesomorphic range and are serious candidates to compete
with the famous commercial cyanobiphenyl compounds, and despite their
high molecular weight, their physical properties are closer to those of low
molecular mass materials than to polymers or dendrimers.

Table 18 Transition temperatures of the nematic supermesogens

Gn(R) I Il 11

Gl (A) G75N 2351 G 68N 1951 G7IN1731(G84N2221)?
G2 (A) G 106 N 183 I G108 N 197 G102 N 1871

Gl (B) Cr 239 N > 360 I Cr 200 N 310 I Cr 150 N 305 I

G2 (B) G 127 N 308 - -

? Isomeric exo,exo-bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic acid counterpart
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Another nice piece of work was provided by Chen et al. [325, 326] on struc-
turally related branched systems. In this work cyano-containing mesogenic
pendants were grafted onto various polyvalent central cores.

These zeroth and first generation supermolecules were mesomorphic ex-
hibiting almost exclusively a nematic phase (Table 18), which could be fur-
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ther frozen into a glassy state. To assess the effects of the molecular struc-
tures on the thermal behavior, several structural parameters were systemat-
ically varied such as the shape and connectivity of the central cores namely
1,3,5-benzenetricarboxylic acids, cis,cis-1,3,5-cyclohexanetricarboxylic acids
as well as bicyclo[2.2.2]oct-7-ene-(2,5)-exo0-(3,6)-endo-tetracarboxylic acids,
the mesogenic pendant and the spacer (Fig. 77).

Using the same strategy, photoresponsive glassy liquid crystals were also
obtained using dithienylethene moieties [327].

9
Miscellaneous

9.1
Mesomorphic Dendrimers with Rigid Discotic Cores

Instead of having a flexible core, such as in the PAMAM and PPI LC den-
drimers discussed in another section, the central node of the dendrimers
can also be made of a rather rigid chemical unit. Fullerene-containing LC
dendrimers are beautiful examples of such a morphology. Star-like discotic
liquid crystals can also be considered as one of the first example of this
category. The star-like heptamer of triphenylene has been shown to exhibit
a hexagonal columnar mesophase between 69 and 122 °C (Fig. 78, R =R!,
R?, R?) [328]. Triphenylene has also been used as a central core from which
oligomethyleneoxy-chains radiate symmetrically through amide bonds to be
terminated by S-p-glucopyranosyl residues [329]. These unusual dendritic-
like amphiphilic materials show two well-defined molecular regions, i.e. the
central hydrophobic part and the peripheral hydrophilic part (Fig. 78, R = R?,
R>, R®, R7). As a consequence, they exhibit amphotropic liquid crystalline
properties, showing both thermotropic and lyotropic behavior. The nature of
the molecular arrangements (hexagonal or rectangular) associated with the
thermotropic columnar mesomorphism is shown to be strongly dependent on
a delicate balance between the volume occupied by the central hydrophobic
regions, corresponding to the triphenylene core and the side-chains, and the
sizes of the hydrophilic sugar parts attached at the end of the chains. Note
that Percec et al. reported hyperbranched liquid crystalline polyesters with
discotic cyclotetraveratrylene mesogens as branching cores [330].

Peripheral substitution of phthalocyanine with one or four Fréchet-type
dendrons (polyarylether without alkyl chains) surprisingly produces me-
somorphic materials whose properties are dominated both by the colum-
nar self-association of the Pc cores and by the glass-forming character
of the dendritic wedges [331,332]. The resulting glassy solids appear in-
definitely stable towards crystallization and their structure is governed by
the size, number and position of the dendritic wedges attached to the



140 B. Donnio - D. Guillon

R

H11Cs50, OCsH14

O R'n=6:Col, 137 |
H11Cs0 Q Q OCsHi1 R2 = 9: Col, 1521

R3n =11: Col,, 1321

O—(CHy),-O OCsH14
—CH,—(
RO OR © OH o,
HO,
RO 'OQ R g \—OH R*n=1:G 74 Col, 127 |
IO R®n=4:G51Col, 1651
§ ) ¢
—(CHz)~ OH .
RO OR © HO,
o \—OH
(0] HO OH
OH Rén=1:G 1301
HN 0" o R7 n=4: G 104 Col, 225 |
—(CHz)—~ OH
o) (@) OH
o) OH
o OH

Fig.78 Dendrimers with central triphenylene cores

Pc macrocycle. Some of them are mesomorphic and show a Col; phase
(Fig. 79: I-G1: G 115 Col}, 270 I; II-G1: G <-20 Coly, > 320 I; II-G2: G 115
Coly, 250 I; I1I-G3: 94 Coly, 108 I) for which the structure of the columnar
mesophase is frozen at room temperature (anisotropic glasses). The function-
alization of these dendrons in the 3 and 5 position of the terminal rings by
oligo(ethyleneoxy) chains (OCH,CH;)30CH3, and their subsequent grafting
onto the phthalocyanine of type I (Fig. 79) led to amphiphilic materials [333].
In concentrated ethanol solutions (~ 20-40% by mass), the compound with
the functionalized G1 dendron behaves as a discotic amphiphile forming
a columnar nematic lyotropic phase. In addition, it possesses a columnar
mesophase stable from room temperature up to 260 °C. Systems of type III
are not mesomorphic.

Another example of a rigid macrocycle used as the central core of a den-
drimer is the porphyrin. First and second generation phenylene-based den-
dritic porphyrins with 8 and 16 long alkyl chains on their periphery have
been studied (Fig. 80). Only the second generation exhibits mesomorphic be-
havior with the formation of a rectangular columnar mesophase upon heating
(Cr 39 Col, 110 I) [334]. A stable supramolecular 1:1 complex was formed
between the second generation and Cg, which led to the enhancement of
the mesophase stability of the formed (unidentified) columnar phase (Cr 99
Col 250 I).
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9.2
Supramolecular Rod-Coil Block Codendrimers

In order to develop active materials for optics, supramolecular structures
derived from rod-coil block copolymers appeared to be materials of par-
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ticular interest [335]. Molecular dumbbells consisting of a conjugated rod
and dendritic wedges have been synthesized and characterized, and their
self-assembling behavior has been investigated (Fig. 81). For example, these
dumbbell-shaped molecules are made of a conjugated rod segment con-
sisting of three biphenyls connected through vinyl linkages, and of flexible
amphiphilic dentritic wedges with different cross sections (Fig. 81) [336].
These molecular dumbbells self-assemble into discrete bundles of tuneable
size that organize into three-dimensional superlattices. The molecules based
on a dibranched dendritic wedge, organize into primitive monoclinic crys-
talline and body-centered tetragonal liquid crystalline (M) structures, while
the molecules based on tetra- and hexabranched dendritic wedges form
only body-centered tetragonal liquid crystalline structures. The number of
molecules per bundle decreases systematically when increasing the cross-
section of the dendritic wedge (going down from 73 molecules for the di-
branched wedge to 39 for the hexabranched wedge). Therefore, the size con-
trol of the bundles assembled from the rod building blocks is determined by
the cross-section of the flexible segment attached to the rod ends. In addition,
spectroscopic studies of these molecules demonstrate that the size of the op-
tically active rod bundle has an influence on the photophysical properties of
the conjugated rods (blue shift of the emission maximum when going from
the dibranched to the hexabranched molecule).
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Fig.81 Dumbbell-shaped molecules based on oligobiphenylene fragments
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Another strategy to manipulate the aggregation structure assembled from
a conjugated rod building block has been to connect hydrophilic, flexible
dendritic branches to one side only, leading to a tree-shaped molecule. For ex-
ample the latter consists of an octa-phenylene stem segment for the conjuga-
tion rod block and of oligo(ethylene oxide) dendrons for the flexible branches
(Fig. 82) [337]. These molecular trees can also be considered as a new class of
amphiphiles because they consist of a hydrophobic rod and a hydrophilic flex-
ible head [338]. The molecular trees based on a small flexible head were found
to self-assemble into a monolayer lamellar structure, whereas those with
a larger head-group were found to self-assemble into bundles (containing
seven molecules) that are organized according to a 3D primitive orthorhom-
bic supercrystal. When both sides of the linear oligo-p-phenylene moiety are
functionalized by amphiphilic dendritic wedges, formation of helical super-
structures were observed in aqueous solutions [339].

New molecules based on a branched rod block and surrounding flexi-
ble ether-type coils represent a class of materials leading to similar self-
organizations (Fig. 83, n =6, 8). Such molecules have been shown, pro-
vided that the central rigid rod is long enough, to self-assemble into nano-
structures (bundle type) that self-organize into a primitive monoclinic struc-
ture [340].

More recently, a novel combination of flexible and rigid conjugated parts
has been tested, resulting in ABC wedge-coil triblock molecules made of a Y-
shaped p-phenylene rigid wedge bearing aliphatic chains on one side and
a flexible poly(ethylene oxide) (PEO) coil on the other side (Fig. 84A, n =12,
17, 21, 34, 45, 77, 91, 114, 182) [341,342]. These molecules self-assembled
successively, as the length of the PEO chain is increased, into 3D micellar
cubic phases with various symmetries (with Im3m for n = 12 and Pm3n for

OR
AUV VaWaWaWaW,
RO

oy U

Lam 1351
3D orthorhombic 77 |

Fig.82 Octa-p-phenylene molecular trees



144 B. Donnio - D. Guillon

RO OR o~

e
Q ///OH

a3
()
)
g
010
O\\\o

R

Fig.83 Branched rod-block molecule with dendritic wedges

Ci4H200  OCy4H2g

C14H290

C14H290

C14H290  OCy4Ho9

OR
OR
OR

j (o]
R= /\/O\/\O/\/O\ io ‘?_\OR

Fig.84 Structure of the rigid wedge-flexible coil diblock molecules

n =17), 2D hexagonal columnar (n =21, 114, 182), 3D perforated lamellar
(n =21, 34), and smectic-like structures (n =45, 77, 91). The melting tem-
peratures remained almost the same (50-60 °C), whereas the clearing tem-
peratures increased when increasing the PEO segment (from 80 to 145 °C).
The primary force responsible for this structural change is believed to be
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the combination of shape complementarity and microphase separation be-
tween the rigid and flexible segments. Among all the mesophases exhibited
by such systems, let us point out the case of the unusual bilayered lamel-
lar structure with in-plane ordered coil perforations (perforated lamellar
mesophase).

This approach was pursued with the synthesis of “inverted” amphiphilic
ABC triblock systems consisting of a hydrophilic dendritic block, a rigid aro-
matic part and a hydrophobic docosyl chain (Fig. 84B) [343]. X-ray scattering
has demonstrated that the molecules with a rather rod-like aromatic unit self-
organize into a 2D hexagonal columnar structure (B, n = 1: Coly, 36.4 I), while
the molecules based on a more wedge-like aromatic unit self-organize into
a 3D micellar cubic structure (B, n = 2: Cub-Im3m 46.1 I). The dimension
(8.1 nm) of the hexagonal parameter implies that the rod-like rigid segments
arrange axially with their preferred direction within a cross-sectional slice
of the column, in which disordered docosyl chains pack in an interdigitated
fashion. As for the cubic phase, it consists of a 3D body-centered arrangement
of discrete polyhedral aggregates. Interestingly, dynamic light scattering and
scanning electron microscopy studies of aqueous solution with the addition
of CHCl; showed that these rigid-dendritic block molecules self-assemble
into stable capsule-like micellar aggregates in the presence of a hydrophobic
solvent.

10
Conclusions

The above examples show that liquid-crystalline phases can been pro-
duced with high molecular weight monodisperse dendrimers, dendrons and
polypedes. Nematic, lamellar, columnar, cubic phases as well as less conven-
tional mesophases are obtained depending upon the chemical nature of the
terminal mesogenic groups, dendritic core and dendrimer generation. Such
a tuning of the mesomorphic structure by an appropriate molecular design
makes possible the development of new liquid-crystalline materials contain-
ing active molecular units with specific physical properties to be used in
nanotechnology. The high sensitivity of such dendrimers to the surrounding
environment (properties vs. molecular structure) could be, in principle, ben-
eficial to some kinds of molecular sensors, i.e. to use such supermolecules as
tools to test how properties in general may be altered or modulated through
delicate external stimuli.
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