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ABSTRACT: New liquid-crystalline protodendritic oligomers with dimesogenic side arms are reported.
These “starlike” tetrapedes were obtained by modular synthesis involving the sequential association of
different anisotropic promesogenic units within the molecular architecture. This synthetic methodology
allowed to prepare tetrapedal oligomers with homolithic (all identical blocks) and conjugated heterolithic
(different blocks) structures. The mesomorphism was largely influenced by the peripheral aliphatic chain
substitution and to a lesser extent by the chemical nature of the primary constitutive building bricks (tolane
and/or stilbene fragments). Indeed, depending on the number of terminal chains grafted onto the terminal
mesogens, either columnar phases, resulting from the one-dimensional stacking of supramolecular disks of
~3—6 supermolecules in fan conformation, or smectic phases, induced by the lateral two-dimensional registry
of the supermolecules in cylindrical conformation, were induced. Some of the branched oligomers studied
here show a rich polymorphism, a rather unusual behavior for mesogenic dendritic materials. For instance,
for some of these compounds, more complex phase sequences with mesophases having long-range density
modulations along the columns were also detected by small-angle X-ray diffraction studies.

Introduction

Functional liquid crystals have huge potential for applications
in a wide range of scientific and technological areas, since some of
the properties of the single molecules can be considerably
enhanced within ordered supramolecular soft assemblies.' >
Controlling the self-assembling ability and the self-organizing
processes of single functional moieties into periodically ordered
nanostructures by molecular engineering thus remains a great
and fundamental challenge in material science.”'* The vast
majority of thermotropic mesogens possesses a simple, low-
molecular-weight, molecular structure in which the rigid aniso-
metric core, with a rodlike or dlskllke shape, is equipped by
flexible alkyl or perfluorinated chains.'> On the basis of such a
straightforward design, nematic and smectic phases are mainly
observed for the former, whereas columnar mesophases are
usually formed for the latter. In recent years, there has been a
growing interest in the design, synthesis, and properties of
monodisperse, higher molecular weight, liquid-crystalline mate-
rials, namely oligomeric materials, with more complex and
perfectly controlled molecular geometry. These supermolecules,
which combine the unique physical traits of discrete low-molec-
ular-weight materials with those of polymers, represent an
attractive way of adding functionality (e.g., high control of
functionality specificity and hierarchy) and to elaborate materials
with tunable properties (e.g., liquid crystalline systems with low
glass transition temperature, 7,) and/or with multiproperties
(with cooperative and synergic effects), with potential applica-
tions in the fields of nanoscience, materials, and biology. The
basic structure of supermolecules usually consists of single
mesogenic or promesogenic cores linked together through flexible
spacers (alkyl, siloxane chains) to generate linear oligomers
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(e.g., dimers, trlmers etc.)'®or molecular structures w1th branched
architectures'” such as polypedes,'® > dendrons,”' = and den-
drimers,?** the latter having indeed proved particularly versatile
candidates as novel and original scaffoldings for the elaboration of
new LC functional materials. One interesting property of dendritic
and prodendritic molecules is their conformational flexibility,
which enables them to adopt cylindrical or disklike shapes leading
to lamellar or columnar periodic self-assemblies, although in the
isotropic liquid phase the molecules have a globular shape and are
seemingly noncompatible for such orderings. Flexibility enables
also to form columns with cross sections filled by few molecules,
adopting conical or fanlike shapes.?*~*

The most commonly studied LC dendrimers are peripherally
attached end-group systems, and induction and stabilization of
mesophases result from both the anisotropic interactions between
the end groups, winning over the tendency of the flexible dendritic
core to adopt a globular, isotropic conformation, and the micro-
phase separation, due to the chemical and structural incompati-
bilities between the flexible dendritic core and the terminal
groups.”* These dendrimers adopt constrained conformational
structures consequently to the occupation of specific regions by
the different, incompatible, molecular parts (segmented molecu-
lar structures) in order to generate the most stable and favorable
supramolecular organizations. The type of mesogen and the
intrinsic connectivity (core valence, degree of branching, numbers
of junctions and generations) determine the mesomorphic prop-
erties of the entire supermolecule, and all these structural para-
meters can be adjusted independently for an optimum control of
the properties.** The insertion of rigid, linear branching segments
within such scaffolds leads to another class of pOtel’ltldll; interes-
ting dendrimers referred to as main-chain systems.”> *’ More-
over, when suitably designed, such systems can possess even more
complicated structures (e.g., segmented structure) forming, in
some cases, uncommon mesophases.”®
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Chart 1. Chemical Structures of the Dendritic Supermolecules 20a—i*

WSl

“20a:X =Y = CH=CH,R, = R, = R;

CH=CH,Y = C=C,R, =
OC]2H25, R3 = H, 20i: X =Y = CEC, Rz = OC]2H25, R]

In the present work, we focused on a family of polypedes,'*-*
intermediate between both side-group and main-group architec-
tures, that can be seen either as the side-chain type with dimeso-
genic end groups or of the main-chain one, with a degree of
branching equal to unity. Three series of such dendritic systems
(Chart 1) have been prepared by modular synthesis in which four
mesogenic units of dimeric type were connected to the central
tetravalent PPI-GO core unit (N,N,N',N'-tetrakis(3-aminopropyl)-
1,4-butanediamine). The dimesogenic units differ in the number of
terminal chains attached to the terminal phenyl ring and the place
in which the double or/and triple bond was introduced into the
molecular structure. The mesogenic properties of the polypedes
were compared with the thermal behavior of their acid precursory
branches.

Results and Discussion

Synthesis. All of the polypedes described in this article
were obtained in three major steps by modular synthesis. In
the first step, the internal (closer to the central core unit) and
external (peripheral unit) building blocks (stilbene and acet-
ylene moieties) of the dimeric mesogenic moieties were
prepared. The internal building blocks possess an ester
function, and the external ones are equipped with one or
several terminal alkoxyl chains. In the second stage of the
construction, these subunits were selectively coupled to-
gether through an undecyl linkage, yielding the precursory
dimeric acid side arms. The final dendritic supermolecules
were obtained by the coupling of the dimesogens to the
tetravalent amino core (PPI-GO).

Synthesis of the Precursory Promesogenic Building Blocks.
The internal stilbene subunit 6 (Scheme 1) was prepared
from 4-hydroxybenzaldehyde, 1, involving the protection
of the hydroxyl group by tert-butyldimethylsilyl chloride
(TBDMSCI) to give 2, its conversion into the styrene 3 via the
Wittig reaction, and subsequent coupling with ethyl 4-iodo-
benzoate by the Heck palladium-catalyzed cross-coupling
reaction” to yield 4. Removal of TBDMS with tetrabuty-
lammonium fluoride (TBAF) and subsequent etherlﬁcatlon
of 5 with bromoundecanol (Mitsunobu reaction’”) yielded
the internal brick 6. The synthesis of the analogous acetylenic
derivative (Scheme 1) started from the iodoanisole (7), which
was treated by trimethylsilylacetylene via the Sonogashira
cross-coupling reaction,” followed by the removal of the
protecting trimethylsilyl fragment (TMS, 8) by TBAF, yield-
ing the acetylenic derivative 9, which was further converted
by a second Sonogashira cross-coupling with 4-iodobenzo-
ate into the tolane derivative 10. Demethylation of 10 by
BBr; and its conversion back to the methyl ester 11 followed
by etherification with bromoundecanol yielded the internal
brick 12.

OC,H,5;20b: X = CH=CH, Y = C=C,R, =
R, = R, = Ry = OCpoH»5:20d: X = Y = C=C, R, = R, = Ry = OC,Hys; 20e: X = Y = CH=CH, R, = R, = OC,Has, Ry =
Rz = 0C12H25, R3 = H, 20g X = CEC, Y = CH=CH, Rl
= R3 = H.

R’7 = R‘; OC12H25, 20c: X = C= C Y = CH= CH
H; 20f: X =

= R2 = OC]QHZS, R3 = H,ZOh X=Y= CEC, Rl = Rz =

Scheme 1. Synthesis of the Internal Promesogenic Subunits 6 and 12¢
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“ Abbreviations: TBDMSCI, TMS, and TBAF are defined in the text;
DMEF: dimethylformamide; THF: tetrahydrofuran; DIAD: diisopropyl
azodicarboxylate; ToP: tri(o-tolyl)phosphine.

All mono-, di-, and trialkoxy derivatives were prepared
according to the same synthetic route, shown in Scheme 2
starting from the appropriate alkoxybenzaldehydes (13i—iii).>°
In one case, benzaldehydes 13i—iii were transformed into
their styrene homologues 14i—iii via the Wittig reaction, and
their subsequent coupling with iodophenol by the palla-
dium-catalyzed Heck reaction led to the stilbene derivatives
15i—iii. In the other case, the benzaldehydes 13i—iii were
converted into dibromo mehc derivatives 16i—iii by the
Corey—Fuchs procedure®® and transformed by dehydro-
halogenation into the terminal alkyne derivatives 17i—iii by
treatment with lithium diisopropylamide (LDA, Scheme 2).
Compounds 17i—iii were then coupled with iodophenol via



Article

Sonogashira cross-coupling to yield the peripheral tolane
subunits 18i—iii.

Synthesis of the Acid Side Arms and Polypedes. All the
dimeric acids 19a—i were obtained via Williamson etherifi-
cation between the appropriate internal subunits derivatives
(6 and/or 12) and the library of external building blocks,
15i—iii and/or 18i—iii, followed by the hydrolysis of the
dimeric ester arms (Scheme 3). The final dendritic com-
pounds, 20a—i, were obtained through the acylation reaction
(Scheme 3) between the appropriate acid precursors (19a—i)
and the tetraamino core (PPI-GO) in the presence of benzo-
triazol-1-yloxy-tris(dimethylamino)phosphonium hexafluoro-
phosphate (Castro reagent or BOP).

Synthesis of the Monomeric Type Oligomers. The branches
of “short” dendrimers, 24a,b, were obtained in a similar way
as the external building blocks 15i—iii. The aldehydes 21a,b
were converted into the vinylic derivatives 22a,b via Wittig

Scheme 2. Synthesis of the External Stilbene (15i—iii) and Tolane
(18i—iii) Subunits

O\ N
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reaction and coupled with ethyl 4-iodobenzoate to yield
23a,b. The ester derivatives were hydrolyzed into the car-
boxylic acids 24a,b, which were further used in acylation
reaction with PPI-GO to yield the “short” dendrimers 25a,b
(Scheme 4).

Mesomorphic Properties. All the studied dendritic super-
molecules and their corresponding acid precursors are me-
somorphic, and the morphology of the mesophases is
governed by the number of alkyl chains grafted on the
peripheral mesogenic groups. The two compounds of series
3 with one terminal chain per end-mesogenic unit (19i, 20i)
form exclusively smectic phases, whereas all members of
series 1 (19a—d, 20a—d) and series 2 (19e—h, 20e—h), bearing
three and two terminal chains per end-mesogenic unit,
respectively, form predominantly columnar phases; most
of them consist of a hexagonal arrangement of the columns
(Table 1), although for some compounds (19b—d, 20d, 20h)
below the hexagonal phase, more structurally complex
phases were detected, with rectangular or oblique 2D sym-
metries or with a modulation of the electron density along
the columnar axis (pseudo-3D phases).

All the mesophases can be considered as disordered, as
they show only one broad and diffuse signal in the wide-angle
region of the X-ray diffraction (XRD) patterns, centered at
around 4.5 A, distance reflecting the liquidlike state of the
molten alkyl chains. In the low-angle region, sharp signals
reflecting the 2D arrangement of the columns (series 1 and 2)
or the 1D lamellar structures (series 3) were detected. It was
found that the relative positions of the ethylene and acetylene
linkages within the arms have a minor influence on the phase
sequence and nature but in conjunction with chain numbers
affect singularly the transition temperatures and phases’
parameters within each series. The intermolecular distances
(column diameter, a, or smectic layer thickness, d) are
strongly dependent on the total number of terminal chains
grafted on the supermolecule: the larger the terminal chains
number, the shorter the mesophase periodicity (Figure 1);
this aspect will be discussed thereafter. The precursory acid
compounds form columns/layers with similar dimensions to
that of the related dendritic homologues. Assuming a density

Scheme 3. Synthesis of the Acid Arms (19a—i) and Polypedes (20a—i)”
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Scheme 4. Synthesis of the “Short” Dendrimers 25a (Z = H) and 25b (Z = NO,)
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of I gecm > and that the thickness of an elementary columnar rows of mesogenic groups on either side of this central slab.

slice for the columnar phases is 7 ~ 4.5 A, it is possible to
estimate the number of polypedes (Ngena), likely in a folded
fan conformation, number of acidic arms (N,.), and number
of mesogens (N, that self-associate within the column
cross section (Figure 2), accordmg to Ndend/dc Sh/Vgendac
(Vdend/ac: molecular Volume) ! For series 1, it was found that
3.5—4 supermolecules per such defined columndr slice, that
is, around 30 mesogenic cores (28 < Ny < 32), are necessary
to fulfill the volume requirements, also in perfect agreement
with the number of acid precursors self-associating in co-
lumnar phases (N,. = 14—15 molecules, i.e., Nyes = 28—30).

For series 2, these numbers increase shghtly (Ngena ~ 5—6,

Nae ~20—24, Nyes ~ 40—48) since the lattice parameters are
greater than those of series 1 (Table 1), but still with the same
accordance between acids and dendrimers numbers. In both
series, the chemical structure of the oligomers (disposition of
the stilbenoid-like and tolanoid-like segments) does not
influence this arrangement greatly, suggesting a less efficient
microsegregation between the various segments, contrasting
to what was observed in the related octopus dendrimers
(Figure 2).%° Finally, the total numbers of peripheral alkyl
chains irradiating from the columnar interface are similar
(ca.40—48 chains) in both series 1 and 2, further emphasizing
the single mode of packing of the polypedes and arms into
columns.

Finally, as for the two compounds of series 3 (19i, 20i),
both the acid and the oligomeric compounds exhibit smectic
phases as expected for dendrimers bearing one chain per
mesogenic end group.”®** The determination of the molec-
ular area (Aol = Vinol/d), directly deduced from the molec-
ular volume and the layer periodicity, gives values (30 A2 for
19i and 54 A? for 20i) that are compatible with an elongated
prolate conformation for the acidic arm and the polypede,
where the rigid parts are quasi-collinear to the layer normal,
required for the formation of the lamellar mesophases
(Figure 2). In the case of the compound 19i, formation of
a dense dynamic H-bonding 2D network between neigh-
bored acids is likely (head-to-head disposition), helping
stabilizing their organization into layer, with two successive

The values of the molecular area and lamellar periodicities
(quasi-constant throughout the mesomorphic temperature
domain) compared to the molecular length suggest a tilt of
the mesogenic groups, and therefore tilted smectic meso-
phases (SmJ, SmI, SmC),*? in agreement with the POM
observations. Similarly, the dendritic oligomer adopts a
prolate conformation (giant cylinder) with the mesogenic
units (i.e., eight in the present case) distributed homoge-
neously on either sides of the molecular center and the
formation of the smectic lamellar phases results from their
parallel disposition (Figure 2); the value of the molecular
area (27 A% per end group) is fully consistent with an
orthognal-like smectic phase, i.e., SmA phase.*®

The “short” GO dendrimers 253 and 25b with monomeric
type mesogenic units form exclusively lamellar phase (SmA)
with high clearing temperatures. Their molecular arrange-
ments are similar in both cases and consist of the lateral
packing of the dendrimers in an elongated conformation,*
with the tetravalent cores located in the central slab of the
smectic layer, as confirmed by their molecular areas (61 and
65 A2, respectively).

The isotropization temperatures for the acid precursors
are usually higher than for the corresponding dendritic
compounds. This indicates that while in the case of poly-
pedes the columns are formed by the self-assembling of a few
molecules, in a folded fanlike conformation, interacting
through weak van der Waals forces, the acid molecules
forming columns are connected by stronger hydrogen bonds
instead. The difference in clearing temperatures between the
acid and the tetrapede is even stronger in the case of
compounds of series 3 exhibiting lamellar phases. The im-
portance of hydrogen bonding is also reflected by the fact
that the conversion of the acid precursor into the ethyl ester
resulted in a nonmesogenic material (e.g., ethyl ester of
compound 19f exhibits direct transition from crystalline to
isotropic liquid at 120 °C and recrystallizes at 95 °C).

Thus, many properties of the here-described materials are
consistent with those observed prev1ously for other dendri-
meric mesogens.’*>* The change in the number of terminal
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Figure 1. Intermolecular distances vs temperature for dendritic com-
pounds 20d and 20h (O, O: columnar diameter, a) and 20i (A: layer
spacing, d); see Scheme 3 for the molecular structures.
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Figure 2. Proposed schematic representation of the organization of
the polypedal oligomers in smectic (side view) and columnar phases
(top view).

chains per end group modifies the relationships between the
hard and the soft parts, and consequently the molecules
adopt either a parallel (prolate, series 3) or a flat (oblate, series
1 and 2) conformation, and smectic and/or columnar meso-
phases are induced, respectively (Figure 2). Compounds with
only one terminal chain per end group (series 3), for which the
compatibility of spatial requirement between the alkyl chains
and mesogenic cores is satisfied, self-organize into noncurved
smectic layers. In contrast, the grafting of additional terminal
chains at the extremity of the outer tolane or stilbene part
prevents such a parallel disposition of the promesogenic
groups, since the cross-sectional area of the terminal chains
is larger than the area occupied by the mesogenic units (the
mismatch between the surface areas of the aromatic cores and
the cross section of the aliphatic chains results in the curvature
of all the interfaces); they are forced to be radially arranged
around the central moiety, and the dendritic oligomers adopt
a fanlike conformation. Consequently, compounds of series 1
and 2 exhibit columnar phases in which the column cross
section is made of a few molecules. In order to pack efficiently,
molecules most probably adopted strongly bent conforma-
tion, allowed by virtue of their great flexibility. The proto-
dendrimers and their acid precursors have similar mesophase
behavior, showing that the column structure is determined
mainly by the tendency to separate mesogenic cores and alkyl
chains, while the type of bonds joining the mesogenic cores
that are chemical bonds (dendrimers) or hydrogen bonds (acid
precursors) has only a minor effect. The column diameter is
determined by the number of terminal alkyl chains. For larger
number of chains higher curvature of the surface separating
mesogenic cores and melted terminal chains is necessary,
which is realized by reducing the diameter of the column.
The effect of the degree of branching on the properties can
be evaluated by comparing the thermal behavior of the

Wolska et al.

polypedes 20 and the precursor acids 19, having a degree of
branching, Ny = 1, with that of the homologous octopus
dendrimers 27 and their related acid parents 26 having a
branchinﬁg degree of 2 (Ng = 2, Scheme 5), reported pre-
viously.?® In all cases increasing the degree of branching
results in mesophases destabilization, likely due to more steric
packing constraints: some of the branched acids 26 were not
mesogenic, and clearing temperatures of all octopus dendri-
mers 27 were lower than the corresponding compounds 20 (see
phase diagrams in the Supporting Information for compa-
rison). The reduction of the degree of branching (Ng = 1),
and thus the higher conformational freedom, is likely respon-
sible for the loss of segregation between the constituting
segments inside the column cores, as is the case for the octopus
dendrimers.

X-ray Diffraction Studies. Series 1. All dendritic oligo-
mers of series 1 (20a—d, Table 1) form exclusively a hexago-
nal columnar phase (p6mm™ Coly) above a crystalline or
glassy solid. For 20d, however, a monotropic columnar
phase is found below the Col;, phase, characterized by
XRD with the presence of additional peaks, incommensu-
rate with those associated with the hexagonal structure. The
position of these supplementary signals in the XRD pattern
of a partially aligned sample shows that the signals may be
attributed to some electron density modulations along the
columns, with a period of about 120 A. It is possible that such
modulations are induced by helical arrangement of the
dendritic molecules assembled into columns™ or due to
undulation of the columns.*> The phase sequences for the
acid precursors of series 1 (19a—d, Table 1) are more com-
plex. The X-ray data indicate formation of the hexagonal
columnar phase below the isotropic liquid; however, the
optical textures, in particular the shape of the liquid crystal-
line germs growing from the isotropic phase (Figure 3a), and
lack of nonbirefringent regions in the texture (remaining
dark under rotation between crossed polarizers, Figure 3b)
suggest that the phase is pseudohexagonal (Colyy), with a
phase symmetry lower than p6mm. One possible explanation
is that the 2D hexagonal Bravais> lattice is formed “acci-
dentally”, and it is filled with columns of noncircular cross
sections (elliptical cross section with random in-plane orien-
tations of the two main axes).*®

Below the pseudohexagonal columnar phase (19¢ and
19d), a columnar phase with slightly oblique, centered crys-
tallographic unit cell, is formed, in which the distortion of the
cell from hexagonality is rather strong (Figure 4). The
distortion can be quantified comparing the ratio of the
centered crystallographic unit cell sides’ dimensions in the
Col, phase, b/a ~ 3 with that of the Col, phase, b/a = /3.
Analysis of the XRD signal intensities in the Col, phase
(intensities of signals (20) and (11) are nearly equal but only
half the intensity of the —11 reflection) shows that the phase
structure is different than a simply distorted hexagonal
lattice. Hexagonal or rectangular phases are usually pictured
as being made of columns with centers of high electron
density, in which aromatic molecular cores are collected,
homogenously surrounded by lower electron density areas,
in which alkyl chains are collected.?” The electron density
map of Col, phase (Figure 4) shows that the aromatic part of
the columnar cross section becomes oblate, and alkyl chains
are collected mainly below and above this region, giving rise
to the partial layering of the structure. Thus, the structure
reminds the ribbon type phase. In compounds 19¢ and
19d, the phase transition between pseudohexagonal and
oblique columnar phase is first order and accompanied by
clear optical changes—in the Col, phase the birefringence
strongly increases (Figure 3c). Even more complicated is the
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temperature phase sequence observed for compound 19b, in
which two mesophases with hexagonal lattice symmetry are
observed above the rectangular columnar phase (Figure 4).
In this case, the lattice ratio b/a ~ 1.9 of the rectangular phase
only slightly deviates from the hexagonal one. Moreover, the
phase transitions in this compound are observed only by
some changes in the X-ray pattern, the optical textures
remaining in all phases a low birefringent mosaic type,
similar to that observed in the pseudohexagonal columnar
phase. There is no direct hint what differentiates both the
hexagonal columnar structures; most probably, they differ
only slightly in the column cross-section shape (elliptical
versus circular, with random orientation).

Series 2. The polypedes of series 2 (20e—h, Table 1) show
predominantly a hexagonal columnar phase. The exception
is compound 20h, for which on lowering the temperature a

&

Figure 3. (a) Liquid-crystalline germ growing from isotropic phase
(T=160 °C), (b) mosaic texture of columnar pseudohexagonal phase
(T =135 °C), and (c) mosaic texture of oblique columnar phase
for compound 19¢ (7 = 115 °C); see Scheme 3 for the molecular
structure.
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sequence Col,—Col, is observed. This transition is accom-
panied by the increase of the birefringence in the rectangular
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Figure 4. Top: temperature dependence of the crystallographic unit cell
parameters for compounds 19b (left) and 19¢ (right); see Scheme 3 for
the molecular structure. In all phases the centered unit cell was chosen to
show readily the evolution of the crystallographic structure (for Coly,
phase b/a = +/3). Bottom: electron density map in the plane perpendi-
cular to the column axis for compound 19¢ in the columnar oblique Col,
phase. Map was obtained by the reversed Fourier transform, the
structure factor amplitudes were taken as a square root of signal
intensities, and all structure factors were taken positive. Blue and red
are regions of lowest and highest electron density, corresponding to high
concentration of aromatic or alkyl parts of molecules, respectively.

Scheme 5. Structure of the Octopus Dendrimers 27 with Degree of Branching Ng = 2, Reported in Ref 26 (X, Y = CH=CH/C=C, Ry, Ry, R; =
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Figure 5. Low (a) and wide (b) angle X-ray diffraction pattern for
partially aligned sample of material 20h (see Scheme 3 for the molecular
structure) at 130 °C; arrow in (a) indicates column axes direction.
Existence of nonequatorial signals (not perpendicular to column axis
direction) proves modulation in the column structure. (c) Integrated
intensity from pattern (b) vs wavevector ¢. The signal is centered at 4.4
A, and the correlation length obtained from the signal width at half-
maximum is ~6 A.

Figure 6. Texture of the hexagonal columnar Col;, phase of compound
19g (T = 185 °C); see Scheme 3 for the molecular structure.

>
>

electron density

\Fo A

layer normal

Figure 7. Schematic drawing of electron density profile along the
smectic layer normal obtained for compound 20i (see Scheme 3 for
the molecular structure); enhanced electron density in the layer corre-
sponds to the regions filled either with dendrimeric scaffold and/or with
the mesogenic cores.

phase and changes in the small angle region of the X-ray
pattern. The low-angle X-ray pattern for a partially aligned
sample (Figure 5) shows that the actual structure of the
columnar phase is 3D, with long-range periodicity (~200 A
that corresponds to about 45 supramolecular disks) along
the columns. It can be excluded that this long periodicity
along the column is due to the helix formed by slow rotation
of the disks around the column axis. Rectangular lattice of
columns imposes that the column cross sections have to
generate an elliptical shape, while such rotation would
impose an overall circular cross section of the columns.
Elliptical projection could be however preserved if the helix
is obtained by rotation of tilted disks around their short axis.
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Another possibility is that the modulation of the electron
density along the column is due to columns undulations or
slow oscillations of the elliptical disks along the columnar
axis.

All the acid precursors of this series 2 (19e—h, Table 1)
form exclusively a hexagonal columnar phase (Figure 6).

Series 3. Oligomer 20i and its acid precursor 19i, with one
terminal alkyl chain, exhibit lamellar phases in a broad
temperature range. By analyzing relative intensities of con-
secutive harmonics of the main signal in X-ray pattern of
compound 20i (the second harmonic is extinguished and
third harmonic is ~1/15 of the main signal intensity), an
unusual electron density profile along the layer normal can
be deduced, which is however consistent with the molecular
structure of the compound (Figure 7).

Conclusions

New liquid-crystalline protodendritic oligomers with dimeso-
genic side arms have been synthesized. Their mesomorphic
properties were largely influenced by the peripheral aliphatic
chain substitution and to a lesser extent by the chemical archi-
tecture, and either columnar or smectic mesophases were induced.

Some of the compounds studied here show a rich polymorph-
ism, a rather unusual behavior for mesogenic macromolecules. In
particular, two materials form mesophases with three-dimen-
sional structures, but with liquidlike short-range order within the
columns. Such 3D structure is usually attributed to helical
arrangement of the molecules in the column. The corresponding
acid precursors form frequently, apart for a hexagonal columnar
phase, also mesophases with rectangular or oblique crystallo-
graphic lattices. For the latter case obtained electron density
maps suggest some layering of the structure achieved by defor-
mation of column cross section from circular shape and partial
connection between neighboring columns.

Experimental Section

The preparation of the dendrimers and their analytical and
spectroscopic data are given thereafter; the preparation of all the
precursory compounds is described in the Supporting Informa-
tion. Since all of the dendrimers were prepared accordingly, the
preparation of 20a was chosen as a representative example and is
shown below.

Into a solution of compound 19a (0.25 g, 0.219 mmol), PPI-G0
(0.017 g, 0.548 mmol), and NEt; (2 mL, 14 mmol), in DMF, BOP
(0.1 g, 0.236 mmol) was added. The mixture was stirred for 2 h at
55°C and then poured into water, and the solid was filtrated. The
crude product was dissolved in CHCI; and the organic layer
thoroughly washed with water and dried over MgSO,. The final
compound was purified by column chromatography on silica gel
(CHC5) and precipitated with MeOH to yield product 20a (0.12
g, 46%). For all the final compounds, the four amidic protons
were not detected.

20a. '"H NMR (300 MHz, CDCl), 6 [ppm]: 7.73 (d; J°=8.0 Hz;
8H); 7.47—7.37 (m; 28H); 7.33 (d; J° = 16.4 Hz; 4H); 7.04 (d; J* =
16.2 Hz; 4H); 6.98 (m; 20H); 6.68 (s; 8H); 4.08—3.83 (m; 40H);
3.58—3.39 (m; 8H); 2.66—2.30 (m; 12H); 1.88—1.68 (m; 40H);
1.55—1.16 (m; 284H); 0.89 (t; J° = 6.8 Hz; 36H). '3C NMR (75
MHz; CDCl), 6 [ppm]: 167.30; 159.24; 158.77; 153.38; 152.69;
140.62; 138.00; 132.91; 130.11; 130.00; 129,40; 129,34; 128.00;
127.52; 127.49; 127.32; 126.69; 126.12; 125.19; 114.72; 114.68;
113.98; 107.29; 104.98; 73.54; 69.19; 68.06; 31.93; 30.36; 29.77;
29.71;29.67; 29.58; 29.44; 29.40; 29.37; 29.32; 26.14; 26.08; 22.70;
14.12. M =4810.80 g mol ' (100%) for C320H496NeO24; MS =
4811.36 g mol .

20b. "H NMR (300 MHz, CDCl5), 8 [ppm]: 7.73 (d; J*=8.3 Hz;
8H); 7.48—7.38 (m; 16H); 7.36 (d; J° = 9.0 Hz; 8H); 7.02(d; J° =
16.2 Hz; 4H); 6.89 (d; J°=16.2 Hz; 4H); 6.86 (d; J° =9.0 Hz; 8H);
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6.83 (d; J*=9.0 Hz; 8H); 6.71 (s; 8H); 4.04(m; 40H); 3.57—3.42
(m; 8H); 2.58—2.33 (m; 12H); 1.87—1.70 (m; 40H); 1.53—1.41
(m; 40H); 1.40—1.20 (m; 244H); 0.88 (t; J° = 6.8 Hz; 36H). '*C
NMR (75 MHz; CDCls), 6 [ppm]: 167.31; 159.23; 159.13; 152.98;
140.59; 138.84; 132.93; 130.16; 130.09; 129.34; 128.87; 128.00;
127.51; 127.04; 126.11; 125.20; 118.03; 115.20; 114.72; 114.36;
110.02; 88.32; 88.14; 73.52; 69.12; 68.06; 53.96; 52.36; 39.09;
31.94; 30.34; 30.15; 29.77; 29.71; 29.66; 29.62; 29.58; 29.47,
29.40; 29.38; 29.34; 26.10; 22.70; 14.12. My = 4802.73 g mol ™~
(100%) for C32oHugsNOaa; MS =4824.22 ¢ mol .

20c. "HNMR (500 MHz, CDCl5), 6 [ppm]: 7.77 (d; *=8.0Hz;
8H); 7.49 (d; /> =8.1 Hz; 8H); 7.42 (d; J° = 8.7 Hz; 8H); 7.40 (d;
J=8.7Hz; 8H); 6.91 (d; J° = 16.2 Hz; 4H); 6.89—6.78 (m; 20H);
6.68 (s; 8H); 4.05—3.89 (m; 40H); 3.56—3.43 (m; 8H); 2.75—2.20
(m; 12H); 1.85—1.63 (m; 40H); 1.58—1.41 (m; 40H); 1.40—1.18
(m; 244H); 0.88 (t; J° = 7.0 Hz; 36H). '3C NMR (125 MHz;
CDCls), 8 [ppm]: 159.58; 158.81; 153.32; 152.73; 138.15; 133.22;
132.95; 131.47; 130.08; 129.41; 127.54; 127.37; 126.74; 114.76;
114.63; 114.03; 105.12; 92.02; 87.43; 73.56; 73.50; 69.26; 68.12;
31.96; 30.38; 29.77; 29.72; 29.68; 29.51; 29.46; 29.38; 26.17; 26.09;
22.70; 14.11. M c=4802.73 g mol " (100%) for C320H 45sNO04;
MS =4816.52 g mol .

20d. "H NMR (200 MHz, CDCl3), 6 [ppm]: 7.77 (d; J*=8.1 Hz;
8H); 7.49 (d; J° = 8.4 Hz; 8H); 7.46—7.35 (m; 16H); 6.85 (d; J° =
8.8 Hz; 8H); 6.83 (d; > =9.0 Hz; 8H); 6.70 (s; 8H); 4.08—3.83 (m;
40H); 3.64—3.36 (m; 8H); 2.70—2.32 (m; 12H); 1.92—1.63 (m;
40H); 1.59—1.06 (m; 284H); 0.88 (t; J* =678 Hz; 36H). '*C NMR
(50 MHz; CDCls), 6 [ppm]: 167.24; 159.70; 159.30; 153.15;
138.96; 133.40; 133.12; 131.62; 127.27; 118.20; 115.36; 114.76;
114.69; 110.13; 92.20; 88.49; 88.32; 87.61; 73.71; 69.29; 68.25;
32.12;30.51; 29.90; 29.84; 29.76; 29.60; 29.42; 26.29; 22.90; 14.32.
Mcalc = 4794.66 g m0171 (1000/0) for C320H480N(,024; MS =
4799.86 g mol .

20e. "H NMR (200 MHz, CDCls), § [ppm]: 7.92 (d; J*=8.3 Hz;
8H); 7.76 (d; J=8.2Hz; 8H); 7.52—7.18 (m; 24H); 7.12 (d; P =
16.1 Hz; 4H); 7.09—6.32 (m; 32H); 4.12—3.91 (m; 32H); 3.63—
3.31 (m; 8H); 2.63—2.41 (m; 12H); 1.92—1.59 (m; 32H); 1.56—
1.02 (m; 212H); 0.99—0.72 (m; 24H). *C NMR (50 MHz;
CDCls), 8 [ppm]: 169.28; 158.97; 158.64; 155.62; 141.34; 139.11;
133.89; 131.23; 131.33; 130.62; 130.24; 129.54; 128.68; 128.51;
128.41; 127.63; 127.24; 126.67; 115.69; 115.34; 114.86; 109.42;
105.96; 72.57; 70.84; 69.86; 31.86; 30.47; 29.98; 29.87; 29.74; 29.63;
29.57: 29.51; 29.42; 29.39; 26.28; 22.63; 14.25. My = 4074.06 g
mol ! (100%) for Ca72HagoNgOa0; MS =4080.26 g mol .

20f. '"H NMR (500 MHz, CDCl), 8 [ppm]: 7.71 (d; J*=7.8 Hz;
8H); 7.45—7.32 (m; 24H); 7.31 (dd; J*=2.0 Hz; ° = 8.2 Hz; 4H);
7.20(d; J* = 16.0 Hz; 4H); 6.95—6.74 (m; 24H); 6.66 (d; > =8.2
Hz; 4H); 4.07 (m; 32H); 3.57—3.37 (m; 8H); 2.57—2.43 (m; 8H);
2.42—2.33 (m; 4H); 1.85—1.66 (m; 32H); 1.50—1.04 (m; 212H);
0.93—078 (m; 24H). '*C NMR (125 MHz; CDCls), 6 [ppm]:
167.50; 159.48; 159.22; 158.55; 149.82; 149.02; 140.84; 133.16;
133.06; 130.34; 130.14; 128.21; 127.70; 126.33; 125.43; 122.30;
116.97; 114.96; 114.67; 114.40; 88.41; 87.98; 69.42; 69.33; 68.27;
53.01; 52.62; 39.33; 32.13; 29.90; 29.87; 29.83; 29.64; 29.57; 29.53;
29.47;26.25;26.11; 22.89; 14.30. My =4065.00 gmol ' (100%)
for Cp75H30:N000; MS =4069.94 g mol .

20g. '"H NMR (500 MHz, CDCls, ), 6 [ppm]: 7.80 (d; J° =
7.8 Hz; 8H); 7.48 (d; J° = 7.8 Hz; 8H); 7.42 (d; J° = 8.6 Hz; 8H);
7.39 (d; J° =8.6 Hz; 8H); 7.03 (d; J° = 1.4 Hz; 4H); 6.98 (dd; J* =
1.4 Hz; 2 = 8.3 Hz; 4H); 6.89—6.76 (m; 28H); 4.12—3.84 (m;
32H); 3.61—3.38 (m; 8H); 2.82—2.43 (m; 12H); 1.89—1.72 (m;
32H); 1.51—1.41 (m; 32H); 1.40—1.16 (m; 180H); 0.88 (t; J°=7.0
Hz; 24H). ">*C NMR (125 MHz; CDCl5), 6 [ppm]: 167.18; 159.65;
158.73; 149.54; 149.10; 133.26; 131.50; 131.19; 130.41; 127.40;
127.09; 126.54; 126.47; 119.76; 114.82; 114.71; 114.37; 112.02;
92.17; 87.42; 69.61; 68.19; 31.96; 29.69; 29.50; 29.45; 29.38; 26.13;
2611, 14.09. Mca|C:4065.00gmol_' (1000/0) for C272H392N(,020;
MS =4069.64 g mol .

20h. "H NMR (200 MHz, CDCl3), 8 [ppm]: 7.84 (d; J*=8.0 Hz;
8H); 7.64—7.32 (m; 24H); 7.05 (dd; J* = 2.0 Hz; J° = 8.1 Hz;
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4H); 7.02(d; J* = 2.0 Hz; 4H); 6.73—6.72 (m; 20H); 4.10—3.81
(m; 32H); 3.67—3.32 (m; 8H); 2.72—2.35 (m; 12H); 2.00—1.62
(m; 32H); 1.57—1.07 (m; 212H); 0.88 (t; J° = 68 Hz; 24H). '*C
NMR (50 MHz; CDCls), & [ppm]: 159.20; 149.63; 148.92; 133.43;
133.07; 124.91; 117.14; 116.74; 115.92; 114.69; 113.51; 112.33;
88.39; 88.02; 69.42; 68.26; 32.15; 29.92; 29.86; 29.64; 29.60;
29.43; 26.23; 22.91; 14.34. Moye = 4057.93 g mol ™' (100%) for
C272H334N6020; MS =4058.32 g molfl,

20i. "H NMR (500 MHz, CDCls), 8 [ppm]: 7.82 (d; J* = 8.2
Hz; 8H); 7.65 (d; J=82Hz 8H); 7.56—7.39 (m; 24H); 6.91(d;
J*=8.8 Hz; 8H); 6.87—6.81 (m; 16H); 4.02—3.90 (m; 24H); 3.65—
3.31 (m; 8H); 2.71—2.33 (m; 12H); 1.80—1.71 (m; 24H); 1.51—
1.42 (m; 24H); 1.40—1.19 (m; 116H); 0.88 (t; J° =7 Hz; 12H).
13C NMR (125 MHz, CDCl5), 6 [ppm]: 168.59; 159.53; 159.34;
148.96; 133.45; 131.84; 129.87; 129.63; 128.49; 115.71; 115.59;
114.86; 114.75; 92.96; 88.67; 88.34; 71.53; 71.32; 71.30; 71.26;
29.94; 29.88; 29.80; 29.74; 29.71; 29.87; 29.61; 29.53; 29.48; 29.41;
26.35;22.84; 14.13. M ye=3320.20 gmol ™" (100%) for CaryHogs-
NeOi6; MS =3329.23 g mol .
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