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This review addresses the key principles underlying the formation of liquid crystalline 
phases based on wedge-shaped and cone-shaped dendrons of diff erent chemical nature. Despite 
rich phase diversity of the above systems, the development of a mesophase can be reliably 
predicted by the geometric model, which compares the shape of a wedge dendron with the 
radial density distribution in the relevant Voronoi polyhedra. 2D columnar phases formed by 
chiral [7]-heterohelicene molecules with long aliphatic side chains are described in detail. The 
as-formed columnar aggregates are shown to possess a helical 132 symmetry and are composed 
of thirteen blocks, and each block involves six molecules. In this case, the internal structure of 
the fi rst-level (lower) supramolecular aggregate appears to be diff erent from that of the helical 
supramolecular structure. 

Key words: self-assembly, wedge-shaped dendrons, liquid crystalline mesophases, rota-
tional crystalline phases, plastic crystals, [7]-heterohelicene, Frank—Kasper phases, Kelvin 
problem.

Wedge-shaped dendrons serve as building blocks for 
most synthetic self-assembling systems.1 Recently, a new 
class of wedge-shaped molecules (cunitic or tapered meso-
gens) has off ered new promising benefi ts for the materials 
science because the above materials are characterized by 
a rich phase diversity: formation of thermotropic smectic, 
columnar, bicontinuous mesophases as well as mesophases 

like a plastic crystal.2 The above dendrons can be func-
tionalized by diverse chemical compounds, for example, 
ion-conducting crown ethers,3 donor-acceptor com-
plexes,4 magnetic atoms, nanoparticles,5 and peptides.6 
The temperature-induced phase transition of columnar to 
spherical aggregates can be used as a thermal switcher: at 
a given temperature, an ion or an electron-conducting wire 
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would break down into isolated spherical fragments, thus 
opening the circuit.1 

The universal feature of the above systems is concerned 
with the development of unorthodox mesophases. This 
behavior can be exemplifi ed by the fact that wedge-shaped 
derivatives of gallic acid produce columnar aggregates with 
the helical structure 81 (in the polymer H12-ABG-PMA7) 
and 132 (in the macromonomer H12-ABG-OH) as well as 
a columnar mesophase with symmetry 120,8 which is 
formed by alkaline salts of symmetric and non-symmetric 
benzenesulfonic acid. In the general case, rotation axes of 
this order are incompatible with a crystalline lattice of any 
type. Therefore, their existence can be provided only at 
a certain trade-off , for example, when the order correlation 
between neighboring columns is compromised. Hence, 
this is not a classical crystalline order but a partially ordered 
state, in which columnar supramolecular aggregates as 
unidimensional crystals are organized into a certain 2D 
crystalline lattice. However, this system lacks a long-range 
order because, in each supramolecular aggregate, the 
order is not correlated with the order in neighboring col-
umns. These systems can be compared to a rotation crys-
talline phase, which is produced by several polymers. 

Pioneering examples of "disordered hexagonal shape" 
in polymers have been discovered in the early 1960s for 
poly(tetrafl uoroethylene) (PTFE) at a temperature above 
30 С9,10 and 1,4-trans-polybutadiene (T > 83 C).11—13 
By now, this mesophase has been revealed for several 
polymers.14 The comprehensive review on this subject has 
been reported.15 For polysiloxanes and polyphosphazenes, 
this shape has been discussed by Yu. K. Godovsky et al.16 
Basic features of a columnar mesophase in polymers are 
concerned with the lack of the long-range order along the 
chain axis and, correspondingly, 2D hexagonal packing of 
macromolecules. 

Coming back to the development of aggregates of dif-
ferent helical symmetry, let us consider in more detail 
another fascinating case: formation of supramolecular 
aggregates of two levels by [7]-heterohelicene derivatives 
(compound I) with long aliphatic side groups. Many 
helicenes and heterohelicenes with long aliphatic side 
groups produce cylindrical supramolecular aggregates with 
a helical symmetry.17—19 Specifi c features of these com-
pounds are concerned with the fact that the initial mol-
ecules by themselves are helical. For many crystallizable 
helicenes, these molecules produce columns, which are 
located one on the top of the other. However, the presence 
of long aliphatic side groups in the chiral compound I 
prevents the formation of a truly crystalline order since, 
for the stable existence of a liquid crystalline (LC) colum-
nar phase, the ratio of the volume of aliphatic side groups 
to the volume of an aromatic core of the column is too 
high. Hence, ordering of molecules I is organized into far 
more complicated and fascinating shapes. Raсemic mix-
tures of enantiomers of compound I (hereinafter, I-rac) 

and isolated pure enantiomer (hereinafter, I-l) were de-
scribed.20

At room temperature, samples I-ra c and I-l are highly 
ductile solid materials, which are characterized by the 
existence of an ordered 2D columnar mesophase with 
a melting temperature of 215 С (40 kJ mol–1) and 242 С 
(47 kJ mol–1), respectively. In this case, no other phase 
transitions were revealed by the POM, DSC, and SAXS 
methods. Specifi c features of the samples I-l are concerned 
with the phenomenon of circular fl uorescence polariza-
tion21 and the intensive second-harmonic generation.22 

Figure 1, a shows the X-ray scattering pattern for the 
compound I-rac. For the compound I-l, the WAXS pat-
terns appear to be nearly identical to those of I-rac and 
are not shown in the fi gure. For the above compounds, 
the diff erence between the SAXS patterns is concerned 
with the shape of the X-ray refl ection 102 (this X-ray re-
fl ection is shown by the arrow in Fig. 1, b). The above data 
are typical of the X-ray scattering from the two-dimen-
sional ordered columnar mesophase; in the SAXS scatter-
ing region, a set of narrow X-ray refl ections is observed. 
In this case, the ratio of squared interplanar distances is 
equal to 1 : 3 : 4 : 7 : 9 : 12 : 13, which is characteristic of 
the 2D hexagonal mesophase (ahex = 4.0 nm). At the same 
time, in the regions of the X-ray scattering corresponding 
to the wave vector modulus of 0.3—0.5 nm, only broad 
diff use intensity maxima are observed, and these maxima 
are provided by the structure within a singular columnar 
supramolecular aggregate. They produce a triple cross, 
which is typical of X-ray diff raction of individual helical 
structures. Their centers lie along zeroth, thirteenth, and 
twenty-sixth layer lines. Noteworthy is that the zeroth and 
twenty-sixth layer lines show only the X-ray refl ections with 
the even Miller index l (0, 2, 4, 24 (weak), 26), whereas 
the thirteenth layer line has the odd Miller index l (11, 13, 
15, 17). This evidence suggests that the molecules of com-
pounds I-rac and I-l produce continuous supramolecular 
columnar aggregates with the helical symmetry 132

23 and 
with the period along the axis of the column, which is 
equal to c0 = 11.1 nm; one helix pitch is equal to 5.5 nm. 
If, as was expected earlier,19,24,25 the molecules of the 
compound I-rac are arranged one on the top of the other 
in the column, then, one "elementary cell" should involve 
thirteen molecules. In this case, according to trivial cal-
culations, density appears to be very low and equal to 
0.16 g cm–3; at the same time, the experimental value at 
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208 С is six times higher and equal to (1.058±0.002) g cm–3. 
This evidence suggests a complex structural organization 
of the heterohelicene columns. Moreover, the electron 
density distribution in the compound I-rac calculated from 
the relative intensity of the small-angle X-ray refl ections 
(see Fig. 1, c) shows that the region with high electron 
density, which, in the system under study, can be presented 
only by aromatic fragments, occupies a higher volume as 
compared with the case where the molecules of the com-
pound under study are arranged one above the other; nearly 
three diameters of an individual molecule in the plane 
perpendicular to the columnar axis. Let us also mention 
that, at the centers of columnar helical supramolecular 

aggregates, the regions with a very low electron density are 
located, and their radius is equal to several angstroms. As 
was shown earlier for other systems based on wedge-shaped 
dendrons,2,8,26—31 the above dramatic downturn of the 
electron density corresponds to the presence of an open 
through channel in the columnar supramolecular ag-
gregates.

According to the crystalline lattice parameters and 
macroscopic density of the material, one full period in-
volves 78 helicene molecules. Hence, the relevant helix 
132 composed of these molecules is expected to involve 
thirteen blocks, and each block contains six molecules. In 
this case, the inner structure of the (small-sized) supramo-

1
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Fig. 1. (a) Experimental (1) and calculated X-ray scattering patterns for the helix 132 (2) for compound I-rac, (b) enlarged small-
angle X-ray scattering region (the indices for the X-ray refl ections of the columnar phase), the arrow shows the refl ection 102; (с) 
electron density distribution in the ordered columnar phase based on compound I-rac, which is calculated from the relative intensity 
of the small-angle X-ray refl ections; (d) a supramolecular aggregate composed of six molecules of 7-heterohelicene, basic unit of 
columnar supramolecular aggregates.
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lecular fi rst-level aggregate appears to be diff erent from 
the structure of the helical supramolecular aggregate. The 
results of the simulation of X-ray scattering patterns (see 
Fig. 1, a; the mirror image at the bottom) show that the 
best fi t with the experimental data is achieved for the ag-
gregates, in which the center of gravity of each of six 
molecules is spaced from the axis by 7.8 Å, and the mol-
ecules by themselves are tilted with respect to the column 
axis by 0 = 30 (tilt angle); the angle of rotation of the 
molecules with respect to the helix radius (fan angle) is 
equal to 0 = 10, and the shift of the centers of gravity of 
the consecutive molecules along the column axis is equal 
to 1.7 Å. The above aggregates have the helical structure 
(see Fig. 1, d), which well fi ts the helix 132, into which 
they are arranged. Figure 1, d shows the general scheme 
of the supramolecular columnar aggregates based on the 
molecules of compounds I-rac and I-l.

In the molecular simulation experiments performed 
for liquid crystalline systems in general and compound I 
in particular, one should take into account the disordered 
state of aliphatic tails. Any fi xed conformation of the tails 
leads to the development of additional artifact X-ray re-
fl ections on the calculated X-ray scattering patterns. 
Therefore, the most expedient approach involves the 
simulation of the X-ray scattering patterns only for meso-
genic groups (molecules, in which the aliphatic tails are 
substituted by hydrogen atoms). This approach allows the 
account for the basic characteristic features of the X-ray 
scattering patterns related to minor deviations of the rela-
tive intensity of the X-ray refl ections due to changes in the 
mean electron density (aliphatic tails are neglected) and, 
correspondingly, distortions of the calculated contrast.

Noteworthy is that the packing of broader aromatic 
fragments of heterohelicene molecules at the centers of 
the columns provides comparatively high values of 0 and 
0. A comparatively strong diff use scattering between the 
twenty-fi rst and twenty-fourth layer lines of the experi-
mental X-ray diff raction patterns (which is not reproduced 
in the calculated diff ractograms) can be associated with 
disordered aliphatic tails with a minor tilt with respect to 
the radial plane of the column. The X-ray refl ections on 
the non-zeroth layer lines feature the streaks, and this fact 
attests the absence of any marked order correlation between 
diff erent columns. At the same time, the equatorial X-ray 
refl ections are exceptionally narrow in the radial direction 
and well resolved due to the presence of the long-range 
order in the arrangement of columnar supramolecular 
aggregates in the 2D hexagonal lattice. Of special interest 
is a comparatively narrow X-ray refl ection on the second 
layer line because only its appearance in the X-ray patterns 
of I-l and I-rac is diff erent. In the fi rst case, this X-ray 
refl ection can be classifi ed as (102); however, in the X-ray 
patterns of the racemate, this refl ection is shifted away 
from the meridian along the layer line and is not compat-
ible with the 2D hexagonal lattice. 

Therefore, even the racemic mixture of compound I 
has a certain long-range order in the correlation of helical 
symmetry along neighboring columnar supramolecular 
aggregates. However, their interaction is not well pro-
nounced because no other non-equatorial X-ray refl ections 
related to the correlation of neighboring sites of the 2D 
hexagonal lattice are detected. This ordering is likely to be 
developed between the enveloping supramolecular ag-
gregates rather than between certain molecules involved 
in the aggregates. Noteworthy is that, in an ideal 3D lattice 
composed of helical columns with similar twisting direc-
tion, there exists a certain ordering in the longitudinal and 
angular position of these columns with respect to each 
other. However, in the racemic mixture, right-handed 
molecules produce right-handed helical columns, whereas 
the left-handed molecules - left-handed columns. In the 
general case, when the ratio of the number of helical ag-
gregates with diff erent rotation direction is equal 1 : 1, the 
symmetry of the crystalline lattice decreases down to 
triclinic. However, in certain cases, a monoclinic or or-
thorhombic lattice can be formed as in the alpha-form of 
isotactic polypropylene.32,33 

Another important class of wedge-shaped and cone-
shaped dendrons is concerned with the compounds based 
on gallic acid.34 From the early 1990s, comprehensive 
studies35—41 on the compounds based on bulky wedge-
shaped 3,4,5-tri(n-iloxybenzyloxy)benzoate have been 
conducted. The above-mentioned compounds have dif-
ferent length of alkyl radical R = —(CH2)n–1—CH3 
(n = 10, 12, 18 carbon atoms), and this alkyl radical can be 
partially fl uorinated, R = —(CH2)n–m—(CF2)m–1—CF3.

Certain representatives of this class of compounds show 
the tendency for self-assembly into supramolecular cylin-
ders. In turn, these cylinders in the bulk state are organized 
either into the 2D ordered phase Colho or into the disor-
dered columnar LC phase Colh35—37. In this case, the fi rst 
phase is characterized by ordering only inside each indi-
vidual column in the absence of any correlation between 
neighboring columns. The internal structure of the col-
umns with characteristic tilted mesogenic groups (the pine 
tree structure) is primarily controlled by the interaction 
between these groups. 

For rigid wedge-shaped dendrons with diff erent mod-
ifi cations, the eff ect of the shape of a sub-unit on the type 
of self-assembling structure has been revealed. The wedge-
shaped form of the dendron is found to be transformed 
into the cone-shaped form due to the increase in the 
number of generation as well as due to the addition of alkyl 
tails at positions 4 and 3, 5 of the benzene ring. It is known 
that when the cross section of the mesogenic group S in 
the dendron increases in the proportion to the distance 
from the focal point r, the dendron is a fl at object, for 
which the formation of a columnar phase is typical.42 When 
the cross  section area of the mesogenic group increases in 
proportion to r2, the dendron acquires a cone-shaped form. 
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The cone-shaped dendrons are typically organized into 
micelles, which, in turn, produce mesophases like plastic 
crystals of various symmetries,24,25 cubic phases Im3–m16,17 
and Pm3–n17,43,44 as well as tetragonal phase P42/mnm43. 
Plastic crystals are mesophases with the maximum order. 
Their molecules or groups are disordered with respect 
to one or several axes but preserve their position; usu-
ally, this lattice is either cubic face-centered or body-
centered. 

As the temperature increases, the peripheral region of 
the wedge-shaped monodendrons can become broader, 
thus leading to the formation of micellar mesophases; when 
the extended rodlike shape is preserved, bicontinuous 
mesophases are formed.8,34,45 As was mentioned above, 
spherical micelles involved in the formation of a plastic 
crystal can be organized not only by a single molecule but 
also by their supramolecular ensemble. For example, for 
the compounds with cunitic molecules, diverse micellar 
liquid crystalline phases are typical: cubic phase Pm3–n 
(eight spherical micelles per one cell; in metallurgy, this 
phase is known as А15); tetragonal phase P42/mnm (so-
called σ-phase; thirty micelles per one cell); body-centered 

cubic phase Im3–m (two micelles per one cell); aperiodic 
dodecagonal liquid quasi-crystals.1,19,42,46 The phase 
Pm3–n is the most common cubic mesophase and (84% of 
all micellar phases); note that 55% of all LC phases are 
observed in such compounds, including columnar and 
smectic mesophases.1 At the same time, the body-centered 
crystalline lattice with the symmetry Im3–m is character-
istic of only 2% of possible cases. Below, we will try to 
explain the incidence of the formation of diff erent LC 
phases in the systems. 

Phases Pm3–n, P42/mnm and Fd3–m belong to so-called 
Frank-Kasper phases and are characterized by the close 
tetragonal packing.47 There are known 24 Frank-Kasper 
phases in the melts of transition metals. Let us consider, 
as a general example, a well-known problem concerning 
the packing of solid spheres in a common lattice with the 
minimal free volume. The solution of this problem is 
provided by two close packings: face-centered cubic pack-
ing (Fig. 2, a) and closely packed hexagonal packing (see 
Fig. 2, b). In these packings, the existing spacings have 
tetragonal (see Fig. 2, c) and octahedral form (see Fig. 2, d). 
In this packing, the center of the octahedron is located at 

a b

c d

Fig. 2. Schemes of cubic face-centered (a) and hexagonal dense packing of spheres (b), tetragonal (c) and octahedral (d) spacings in 
such packings.
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a higher distance from neighboring spheres than the cen-
ter of the tetrahedron.

Each atom of face-centered cubic and hexagonal dense 
lattices has the coordination number of 12, and the coor-
dination polyhedron has 6 square and 8 triangular faces 
and 34 vertices. If we consider a purely tetrahedral packing, 
one vertex appears to be adjoined by 5.1 tetrahedra. Hence, 
to accommodate the even number of tetrahedra, they 
should be stretched. If we consider the packing of icosa-
hedra, the coordination number of their central atom is 
also equal to 12. However, the polyhedron involves only 
triangular faces and 30 vertices. This fact implies that, 
within this organization, the packing density of atoms is 
higher than that in the face-centered cubic or hexagonal 
closely packed phases. They have 30 rather than 24 close 
contacts. Due to the distortion of tetrahedra, the distance 
from the central atom to outer (shell) atoms is by 10% 
lower than that between the shell atoms. As was shown,47 
icosahedral packing well fi ts soft spheres because compres-
sion by 10% can be neglected. However, this packing 
appears to be most applicable also for 13 spheres because 
icosahedra are unable to occupy the whole space. The 
icosahedron has the pointlike symmetry 53–(2/m) and can 
be compared to pentagonal antiprism with the out-
wards stretched centers of pentagons; as a result, vertices 
11 and 12 are formed. Therefore, when icosahedra are 
arranged together with each other, the same problem 
concerning the space occupation, as in the case of penta-
hedra on the plane, arises. Nevertheless, it appears that 
all phases are layered, except two Frank—Kasper phases, 
which occur in melts. These layered phases involve alter-
nating closely packed and loosened layers of atoms. Despite 
the fact that all Frank—Kasper phases contain the distorted 
icosahedra; they can also contain some other polyhedra 
with coordination numbers of 14, 15, and 16.47 In crystallo-
graphy, a coordination polyhedron is usually substituted 
by its topological pair, namely, by the tesselated Voronoi 
and Wigner—Seitz polyhedra.48 For example, the Voronoi 
cell for the coordination icosahedron is a pentagonal do-
decahedron. The Voronoi polyhedra corresponding to the 
coordination numbers 14, 15, and 16 contain 2, 3, and 4 
hexagonal faces, respectively, in addition to 12 pentahedra. 
The cell of the phase Pm3–n contains Voronoi 12-hedra 
and six 14-hedra.49 For the dendron based on benzyl ether 
with alkoxy tails, the cell of the phase P42/mnm is presented 
by isoelectron surfaces, which involve high-density aro-
matic dendrite cores, and enveloping Voronoi polyhedra. 
From 30 polyhedra producing the crystalline lattice, 10 of 
them are 12-hedra, sixteen— 14-hedra and four — 15-he-
dra. All the above polyhedra are somehow distorted, and 
two types of diff erent distortions exist in 12-hedra and 
14-hedra. As a result, 30 polyhedra feature fi ve diff erent 
coordination media. As will be shown below, analysis of 
the geometric shape of a dendron allows the prediction of 
the phase state of the material because the involute of the 

dendron shape coincides with the function of the radial 
distribution of coordination media (the Voronoi poly hedra) 
for a certain elementary cell of a plastic crystal. The pres-
ence of fi ve diff erent coordination media implies that the 
dendrons based on benzyl ether with alkoxy tails are able 
to produce simultaneously fi ve diff erent forms of micelles. 
In turn, this fact suggests a well-pronounced ability of the 
above dendrons for shape adaptation due to conforma-
tional changes of alkoxy groups. A far more pronounced 
diff erence in the micellar dimensions was found for the 
phase Fd3–m,50 in which the Frank—Kasper structure is 
formed by the inverted micelles with the coordination 
numbers of 12 and 16, respectively. In the Frank—Kasper 
phases, the layers of atoms are composed of triangles, 
squares, and hexahedra. Triangles produce the faces of 
polyhedra with diff erent coordination numbers. In phases 
Pm3–n and P42/mnm, pentagonal surfaces are tilted with 
respect to basic layers and do not form continuous surfaces; 
in this way, the packing of pentahedra in periodic 3D 
structures is mastered.47When spheres are packed into 
a cubic lattice, the problem of their eff ective accommoda-
tion arises; however, packing of soft and semisoft spheres 
is challenged. This challenge has been accepted by Lord 
Kelvin in the XIXth century: he considered the effi  cient 
packing of soap bubbles in a soap foam with minimal 
surface. His interest to the soap foam was triggered by his 
assumptions that an extended gas-free foam has zero 
modulus and, hence, it can serve as a fair mechanical 
model for ether of space, which was supposed to carry the 
light waves without a longitudinal component.47  

The reasons why metals and dendrimers adopt equiv-
alent complex types of packing are related to the fact that 
spheres within the crystalline lattice are suffi  ciently soft. 
Softness of atomic d-orbitals plays an important role for 
the tetragonal close packing in the transition metals. 
Supramolecular aggregates can be visualized as rigid 
spherical cores with soft aliphatic crowns. In these systems, 
the solution of the problem of optimal packing coincides 
with the solution of the Kelvin problem on the minimiza-
tion of the surface energy of a dry foam (minimal surface 
per a bubble). Lord Kelvin proposed the body-centered 
cubic mesopahe with symmetry Im3–m; however, the cubic 
structure with symmetry Pm3–n occupies a smaller space 
by 0.4%.51 In many supramolecular dendrimers and other 
liquid crystals, the frequency of the formation of the pack-
ing with symmetry Pm3–n as an equilibrium structures was 
credited as an experimental proof of the  the Weaire—
Phelan structure. At the same time, as at high tempera-
tures, enhanced conformational disorder leads to the 
lateral expansion of the dendrimer aliphatic crown; at low 
temperatures, the driving force is concerned with the 
minimization of free surface.

Noteworthy is that the dendron shape plays the most 
crucial role for the shape of a self-assembling micelle and, 
hence, for the structure and symmetry of the formed 
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liquid crystalline phase. Let us consider the functions of 
radial volume distribution for diff erent 3D-structures.47 
Consider a sphere with a variable radius r, when the cen-
ter of the sphere coincides with the center of the corre-
sponding Voronoi polyhedron. If vi(r) is assumed to be the 
part of the volume of the i-th crystalline cell inside the 
sphere, then, at low r, the sphere increases smoothly, and 
the ratio dV/dr is proportional to r2. Once the sphere ap-
proaches the boundaries of the Voronoi polyhedra, further 
increase in the radius leads to the decrease in the volume 
growth rate.  

If we consider the projection of a cone-shaped molecule 
(Fig. 3, a) on a plane perpendicular to the cone axis (see 
Fig. 3, b), the line enveloping the complete involute of the 
dendron can be described by the function dV/dr. In 
Fig. 3, b, the rectangular shows the region, for which the 
radial distribution functions corresponding to the dendrons 
with an ideal shape producing crystalline lattices of dif-
ferent symmetry are calculated. This model proves its 
effi  ciency for the prediction of self-assembly of the cone-
shaped dendrons with diff erent structures. For example, 
for the phase Im3–m, the volume distribution function has 
a sharper peak and a more dramatic decline at high r as 
compared with phases Pm3–n and P42/mnm. This reasoning 
explains the formation of the phase Im3–m from the above 
two phases upon heating due to the compression of alkyl 
tails of the dendron, which is provided by the increase in 
the content of gauche conformations.25  Even though for 
the phases Pm3–n and P42/mnm, volume distribution is 
nearly the same, and both phases often coexist, in the 
samples under study, as the temperature decreases, the 

structure like Pm3–n is formed. However, the calculation 
of a more sensitive derivative dΩ/dr = d/dr[(1/r2)(dV/dr)] 
allows the identifi cation of this diff erence. This function 
describes the decrease in the mean solid angle (the angle 
formed by the untruncated part of the sphere in the Voro-
noi poly hedron). The shape of the curve dΩ/dr at r close 
to r0 is especially important due to high repulsion between 
alkyl tails of spheres. This repulsion becomes weaker if the 
alkyl tails can be shifted with a slight gain in enthalpy. 
Therefore, phases with a higher content of close contacts 
are formed at lower temperatures or at a lower content of 
entanglements of alkyl tails of dendrons. Using the plot of 
the distribution dV/dr, one can explain why, for the cone-
shaped dendrons, no cubic densely packed phase with 
symmetry Fm3–m is formed. For an ideal form of the dendron, 
at high r, the observed high peak and a continuous func-
tion decay are allowed. To provide the formation of the 
phase with symmetry Fm3–m, the molecule should contain 
the branch at one of the fi rst carbon atoms in alkyl tails 
and suffi  ciently long alkyl tails, which are able to fi ll the 
octahedral vacancies between the Voronoi polyhedra.42 

To prove the effi  ciency of the geometric approach for 
the self-assembly of wedge-shaped monodendrons, mono-
dendrons based on salts of tris(alkyloxy)benzenesulfonic 
acid with diff erent modifi cations of alkyl end (II—IV) were 
synthesized and studied: with high dendron involute angle 
(Ω); with the modifi cation of alkyl chains by additional 
branching into three new chains; with unequal length of 
alkyl chains.

According to the analysis of the volume radial distribu-
tion function dV/dr, branching of the peripheral region 
should lead to the formation of the body-centered cubic 
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Fig. 3. (a) The example illustrating the cone-shaped monoden-
dron based on benzene sulfonic acid; (b) projection of the enve-
lope of the monodendron onto the plane perpendicular to the 
cone axis; (c) functions dV/dr рcalculated for diff erent 3D micel-
lar structures: Pm3

–
n (1); Fm3

–
m (2), Im3

–
m (3).
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mesophase. This hypothesis was proved for hyperbranched 
monodendrons of type AB5.1 Upon heating, these mono-
dendrons produce a body-centered cubic micellar meso-
phase. In such monodendrons, the introduction of non-
branched alkyl tails, in addition to branched ones, assists 
the formation of intermediate mesophases (for example, 
columnar hexagonal mesophase for compound IV) prior 
to the transition to the body-centered cubic mesophase. 
For monodendrons with unequal length of alkyl chains 
(III), the size of the formed sphere is controlled by short 
alkyl tails and is equal to the size of the sphere of the 
monodendron II; in this case, longer alkyl tails III are 
folded or entangled, thus expanding the dendron. As the 
temperature increases, monodendrons are reorganized; 
they are expelled from micelles due to the widening of the 
peripheral part and, correspondingly, micelles of smaller 
diameter are formed. 

To estimate the formed phases depending on diver gence 
of a wedge-shaped molecule, the following approach ap-
pears to be effi  cient. Let us consider the dependence of 
the radial distribution of the dendron as a power function 
of the micellar radius: dV/dr = krp. Depending on the 
coeffi  cient p, one can predict, with a certain error, the 
developed phases: p  0, smectic phase; 0 < p < 1, bicon-
tinuous cubic phase; p  1, columnar phase; p  2, micel-
lar phase (cubic or other symmetries). In whole, it should 
be mentioned that, at high values of the coeffi  cient p, the 
development of a body-centered cubic mesophase is the 
most probable; at lower temperatures, plastic crystals with 
symmetry Pm3–n are formed.1 

Temperature variations also exert a predictable eff ect 
on the shape of a monodendron. At higher temperatures, 
the content of gauche-conformations in side chains in-
creases, they are extended in the lateral direction and 
shrink down along the longitudinal direction. The mono-
dendron becomes cunitic, thus favoring the phase transi-
tion from the columnar to cubic mesophase. If dendrons 
are covalently attached to the polymer chain and their 
expulsion from the columnar aggregates is impossible, the 
macrofi ber extends upon heating in contrast to the con-
ventional shrinkage of polymeric fi bers.

Let us consider in brief possible applications of diverse 
self-assembling 2D and 3D ordered structures. The devel-
opment of hyperbranched dendrons allows encapsulation 
of big-sized molecules and nanoparticles within spherical 
micelles and these micelles can be used as nanoreactors 
for the formation of nanoparticles.1 

Organic molecules with their terminal groups are able 
to be attached to diverse substrates such as metals,52—55 
their oxides,56 57 semiconductors, 58 etc., and can be 
spontaneously assembled on their surface into the 2D lat-
tices. The outer tails of the molecules in the monolayer 
can be somehow functionalized; as a result, properties of 
the surface are changed: the surface becomes either hy-
drophilic or hydrophobic,59 and the surface state of 

a semiconductor is changed.60 In microelectromechanical 
systems (MEMS), the self-assembling monolayer can 
reduce the friction of moving elements and protective 
coatings61 and improve the reliability of microactuators 
and sensing structures.

The phenomenon of self-assembly allows one to con-
trol the position of a monolayer on a substrate as well as 
the positions of various elements with respect to the mono-
layer. Hence, these structures seem to be promising for 
electron industry. Nowadays, the self-assembling mono-
layers are used as ultrahigh-density storage carriers,62, 
molecular wires, ionic channels.63 Moreover, they are 
characterized by a negative diff erential resistance.64 Many 
organic molecules have characteristic absorption spectra, 
especially, in the IR region, thus off ering their practical 
application in optoelectronic devices. 

Another essential route for the application of self-as-
sembling monolayers with a uniform thickness of several 
nanometers is concerned with their ability to cover large 
surface areas, including those with a non-uniform profi le. 
Hence, they can be used for the microcontact printing,65 
scanning probe lithography, atomic66 or electron67 beam 
(e-beam) lithography, photolithography.68 For example, 
the method of microcontact printing with the use of 
poly(dimethylsiloxane) template was applied for the pat-
terning of organoelectron chains,69, patterning of bio-
logical objects on substrates,70 as well as uneven sub-
strates.71 A wider application of self-assembled mono layers 
in lithography requires the solution of three basic problems: 
reduced imperfection of 2D crystalline lattice, mitigation 
of surface diff usion, and a broader scope of post-process-
ing treatments. 

As was mentioned above, the basic principle of self-as-
sembly is concerned with the mutual ordering of elements 
under the action of weak non-covalent interactions when 
their energy does not markedly exceed the energy of ther-
mal motion. As a result, self-assembled objects are highly 
sensitive to external impact and allow researchers and 
engineers to perform an accurate control over the structure 
of the material. For example, self-assembly under the ac-
tion of the external electric fi eld allows orientation of 
nanoconducting channels on the substrate surface.72 
Electric fi eld was also used for the control over struc-
tural orientation in the fi lms of block copolymers.73 By 
varying the geometry of microchannels, one can achieve 
changes in the mutual packing of spherical colloidal 
nanoparticles.74 For self-assembling aggregates containing 
magnetic nanoparticles, which produce photon crystals, 
structural changes under the action of magnetic fi eld were 
observed.75 

Let us mention another interesting class of compounds 
produced by self-assembly, nanoporous materials. Once 
2D or 3D ordered matrix based on organic molecules is 
prepared, the material is subjected to thermooxidative 
destruction, mineralization, carbonization, and, if neces-
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sary, crosslinking of the remaining framework (Fig. 4). As 
a result, the material with ordered pores is formed; pore 
dimensions, shape, and morphology can be tailored at the 
stage of the development of a self-assembling architec-
ture.76—84 The resultant carbon-based materials are char-
acterized by an exceptionally high specifi c surface, low 
cost, chemical inertness, and fair mechanical properties. 
These materials can be used as sorbents, gas storage ma-
terials, semipermeable membranes. in electrodes and 
duodielectric chemical capacitors.85,86 The complete list 
of diff erent protocols for the development of mesoporous 
materials was presented elsewhere.87  

For wedge-shaped liquid crystalline salts based on 
benzyl ammonium salts, it is possible to control ionic 
conductivity due to the reversible phase transition from 
orthogonal columnar to hexagonal columnar mesophase. 
In the columnar hexagonal phase, ionic conductivity is by 
four orders of magnitude higher than that in the ortho-
rhombic columnar phase. According to the X-ray analysis 
data, conductivity in the orthorhombic columnar meso-
phase decreases due to the highly ordered arrangement of 
ions at the center of columnar aggregates.88 Cations and 
anions occupy fi xed positions inside the orthorhombic 
columnar structure and are immobile.

Despite phase diversity of rigid wedge-shaped and 
cone-shaped dendrons of diff erent symmetry, the develop-
ment of a certain mesophase can be predicted with a high 
accuracy by the geometric model, which provides the cor-
relation between a shape of a rigid dendron and radial 
density distribution function in the corresponding Voro-
noi polyhedra. 2D columnar phases based on chiral mol-
ecules of [7]-heterohelicene with long side aliphatic 
substituents have the helical symmetry 132 and are com-
posed of thirteen blocks, and each block involves six 
molecules. In this case, the inner structure (small-sized) 
supramolecular fi rst-level aggregate is diff erent from the 
structure of the supramolecular aggregate, a helix formed 
by the above aggregates. 

This work was supported by the Russian Foundation 
for Basic Research (project no. 18-03-00967).
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