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analogues (Figure 1). As the repeating 
motif for studied dendrimers, the gallic 
acid was chosen; it is known that similar 
minidendrons – ether gallic derivatives 
form micellar cubic phases,[13] while Janus 
dendrimers with hydrophobic alkilated 
gallate branched parts easily form giant 
liposomes in water.[14] Applying ester link-
ages instead of previously tested ether 
units should result in limited intramo-
lecular flexibility of minidendrons. Due 
to the presence of free carboxy group, the 
compounds I exhibit amphiphilic proper-
ties, while dimeric (II) and trimeric (III) 
molecules are hydrophobic.

2. Results and Discussion

The hydrophobic part of molecule I was modified by changing 
the number and length of terminal alkoxy chains. For dimers 
II, various linking groups were tested. The phase properties of 
studied compounds were collected in Table 1. It was found that 
properties of amphiphilic acidic compounds I were strongly 
dependent on the number of alkyl chains attached to the aro-
matic units. All molecules of series Ia with single chain per 
aromatic ring were not mesogenic, they melted directly from 
crystal to isotropic liquid. The compounds of series Ib with two 
alkoxy chains per aromatic ring were also not mesogenic, but 
they easily formed gels in both: polar (ethanol, methanol, and 
isopropanol) and apolar (hexane) solvents at concentration ≈1 
mg mL−1 (Figure S1, Supporting Information). Scanning elec-
tron microscopy (SEM) images revealed morphology of xero-
gels; they are made of perforated membranes; the diameter of 
holes being of order of 100 nm (Figure 2). The gels (xerogels) 
were weakly optically birefringent and the X-ray studies showed 
that membranes, from which they are built, have crystalline 
character (Figure S2, Supporting Information). The compounds 
Ic with three terminal chains at each outer phenyl ring, except 
of the homologue with the shortest, hexyloxy chains, formed 
a liquid crystalline phase, with clearing temperature ≈80 °C, 
and did not crystalize at room temperature. No shift in phase 
transition temperatures has been observed during multi ple 
heating/cooling cycles, indicating thermal stability of com-
pounds (Figure S3, Supporting Information). The X-ray diffrac-
tion (XRD) experiments revealed the cubic structure with Pm3n 
symmetry, characteristic for the micellar-type phases (Figure 3).

The crystallographic unit cell size increases with the terminal 
chain length, being ≈62, 69, and 75 Å for Ic-8, Ic-12, and Ic-16, 
respectively. For all the compounds, the crystallographic lattice 
parameter was almost temperature independent (Figure S4, 

Liquid Crystals

Behavior of first-generation dendrons based on gallic acid is found to be 
strongly dependent on the number of terminal alkyl chains attached to the 
outer phenyl rings; only molecules having three alkyl chains per phenyl ring 
are mesogenic. Due to the hydrogen bonding, they form micelles that are 
arranged into cubic Pm3n structure. The cubic phase is also found for dimeric 
and trimeric gallic ester analogues; it is shown that the size of the crystal-
lographic unit cell correlates with the isotropization temperature, apparently 
small micelles with high density of alkyl chains at the micelle surface interact 
more strongly stabilizing the cubic phase. Also behavior of gallic acid den-
drons in solution is defined by the number of terminal chains, formation of 
either large liposomes or gel is observed.

1. Introduction

In the last decade, there have been growing interest in new 
molecules able to self-organize into hierarchical structures, as 
such materials have potential in many advanced technologies.[1] 
Among them, mesogenic dendrimers with flexible structure 
are particularly interesting due to their ability to create diverse 
supramolecular aggregates. The type of the structure depends 
on the various noncovalent, intra- and intermolecular inter-
actions, such as dipole–dipole, π–π stacking, and hydrogen 
bonding.[2] Depending on the molecular architecture, den-
dritic molecules can generate a wide variety of liquid crystal-
line phases: lamellar,[3] columnar,[4–6] and cubic[5–7]; moreover, 
if amphiphilic, they can self-associate in solution into micelles, 
liposomes,[5,8] or can form gels.[9] Dendrimicelles and liposomes 
are particularly interesting as they mimic behavior of biological 
membranes and therefore can be utilized in nanomedicine as 
drug and gen delivery systems,[10] while gels, especially biocom-
patible hydrogels, can serve as scaffolds in tissue engineering[11] 
or as biosensors.[12]

In this communication, we describe three groups of den-
drimeric materials with flexible molecular structure: carbox-
ylic acids (I) and their dimeric (II) and trimeric (III) ester 
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Supporting Information). It is known that the unit cell of the 
Pm3n lattice contains eight micelles arranged into two sets of 
slightly different objects: two larger micelles occupying corners 
and the center of the cubic unit cell, and the six smaller micelles 
positioned on the cube faces along one of the face bisectors.[13] 
Assuming the density of the material 1 g cm−3, the number of 
molecules forming the unit cell was estimated to be 90–100, 
which gives ≈11–12 molecules per micelle; the number of den-
drons per micelle does not depend on the terminal alkyl chain 
length. The electron density distribution obtained from X-ray 
data show that for compounds studied here, the size and shape 
of these two sets of micelles was similar (Figure S5, Supporting 
Information). The micelles are formed due to the nanosegrega-
tion of polar (carboxylic) and apolar (aromatic units and alkyl 
chains) molecular fragments, and intermolecular hydrogen 
bonding. Formation of strong hydrogen bonding between car-
boxyl groups of compounds Ic has been confirmed by IR spec-
troscopy (Figure S9, Supporting Information).

Interestingly, despite the cubic symmetry of the phase, the 
small optical birefringence (Figure 4) was found, Δn < 0.0001. 
Apparently, the birefringence was either induced by mechanical 
stress imposed during the crystallographic lattice growth or it 
might be due to slight distortion of cubic structure; however, 
the distortion is too small to be determined by X-ray studies. 
The cubic phase of compounds Ic formed spontaneously large 

domains, easily detected in atomic force micro scopy (AFM) 
measurements (Figure S7, Supporting Information). It should 
be pointed that ester analogues of compounds Ic (methyl or 
trichloroethyl esters), for which the hydrogen bonding was 
blocked, were not mesogenic; they formed crystals with low 
melting temperature (≈50–60 °C). In order to check the influ-
ence of the molecular bonding on the formation of micelles, 
dimeric and trimeric molecules with different types of linking 
groups, and the same mesogenic units as for mole cules Ic, were 
studied. All the tested dimers II and trimer III formed Pm3n 
cubic phase, similar crystallographic unit cell for compounds 
Ic, II, and III shows that the number of mesogenic units per 
micelle is comparable. The clearing temperature was found 
to increase only for molecules with stiff, short linking group - 
phenyl ring (II.4 and III). Exchange of the linkage to biphenyl 
unit resulted in decrease of isotropization temperature. In the 
case of dimers with flexible alkyl linkages, the odd–even effect 
was found regarding the stability of the cubic phase - homo-
logues with odd number of atoms showed significantly lower 
clearing temperature. The changes in thermal stability of the 
cubic phase correlate with the changes of the crystallographic 
unit cell size, the higher clearing temperature the smaller unit 
cell size (Figure 5). Apparently, if the molecules are packed 
more tightly in the micelles, their attractive interactions are 
stronger; thus, the cubic phase is stable to higher temperatures. 

Figure 1. The molecular structure of examined compounds.
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Trimeric compound III showed highest clearing temperature, 
120 °C, and the crystallographic unit size for this compound 
was in range 73–76 Å.

Due to the amphiphilic character of the molecules of series 
I, it was expected that when dissolved in appropriate solvent, 
they should easily self-assemble into micellar- or liposome-type 
objects. The nanoaggregation was tested for compounds with 
intermediate terminal chain length, C12, and as solvents, the 
nonpolar: hexane and polar: water and isopropanol were chosen. 
In order to examine the formation of liposomes in water, a direct 
injection method was used, which allows to prepare liposomes 
from insoluble substances[15]; compounds Ia-12 or Ic-12 were 
dissolved in tetrahydrofuran (THF) and added to water.[16] For 

Figure 2. SEM image of xerogel formed by compound Ib-12.

Figure 3. Low-angle XRD pattern (black line) of cubic phase for compound 
Ic-16 at 70 °C. Simulated pattern (red line) has been obtained assuming 
Pm3n crystallographic lattice with parameter a = 75.5 Å. In the inset 2D 
XRD pattern taken in wide-angle range, diffused high-angle signal evi-
dences liquid-like positional correlations between neighboring molecules.

Figure 4. Mapping of birefringence of the cubic phase formed by com-
pound Ic-12, image was taken for a 20 µm thick cell. The empty area of 
the cell with zero birefringence is shown for the comparison.

Table 1. Phase transition temperatures (in °C) and enthalpy changes (in 
parentheses, J g−1) of the studied compounds.

R R1 R2 Phase sequence

Ia-8 OC8H17 H H Cr 69.0 (34.4) Iso

Ia-12 OC12H25 H H Cr 78.7 (41.6) Iso

Ia-16 OC16H33 H H Cr 58.8 (43.4) Iso

Ib-8 OC8H17 OC8H17 H Cr 88.3 (46.5) Iso

Ib-12 OC12H25 OC12H25 H Cr 66.3 (50.4) Iso

Ib-16 OC16H33 OC16H33 H Cr 77.8 (44.8) Iso

Ic-6 OC6H13 OC6H13 OC6H13 Cr 82.2 (11.1) Iso

Ic-8 OC8H17 OC8H17 OC8H17 Cub 70a Iso

Ic-12 OC12H25 OC12H25 OC12H25 Cub 85.7 (1.6) Iso

Ic-16 OC16H33 OC16H33 OC16H33 Cr 46.1 (58.4) Cub 83.0 (2.4) Iso

R Z Phase sequence

II.1-12 OC12H25 (CH2)3 Cub 41.9 (0.7) Iso

II.2-12 OC12H25 (CH2)4 Cub 60.5 (0.7) Iso

II.2-16 OC16H33 (CH2)4 Cr 44.0 (56.0) Cub 57.1 (1.1) Iso

II.3-12 OC12H25 (CH2)5 Cub 37a Iso

II.4-12 OC12H25 Ph Cub 94a Iso

II.5-12 OC12H25 Ph–Ph Cub 53.4 (0.3) Iso

II.5-16 OC16H33 Ph–Ph Cub 64a Iso

R Phase sequence

III-12 OC12H25 Cub 119.8 (0.2) Iso

Figure 5. Range of a crystallographic unit cell parameter of cubic phase, a 
(solid bars) and clearing temperature (open circles) for compound Ic-12 
and corresponding dimers II and trimer III.
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compound with two terminal chains Ib-12, in each of the tested 
solvents, the gelation was observed, and dynamic light scattering 
(DLS) measurements gave no reproducible results. For hexane 
solution of the three-terminal chain compound Ic-12, the DLS 
measurements showed only the presence of small-sized objects 
with dia meter ≈3.6 nm, corresponding to the length of aromatic 
part of mole cular dimer, while for one chain compound, apart 
from small micelles, also objects with a diameter of ≈50–100 nm 
were found. In polar solvents, even larger liposomes were formed, 
for single-terminal chain compound Ia-12, they had diameter of 
300 ± 50 nm in isopropanol and 150 ± 60 nm in water, for three-
terminal chains compound Ic-12, the size of objects was slightly 
larger, 400 ± 50 and 260 ± 130 nm in isopropanol and water, 
respectively (Figure S8, Supporting Information). The objects 
formed in water were very stable, neither their diameter nor their 
size distribution changed over few weeks. In isopropanol, the sta-
bility was worse and over few week time, the objects with smaller 
and larger diameter started to appear.

3. Conclusions

On summarizing, it was found that small gallic acid-based 
dendrons, due to their amphiphilic character, form micellar 
aggregates stabilized by hydrogen bonding that self-organize 
into complex cubic Pm3n structure. However, formation of the 
micelles required sufficient density of terminal alkyl chains at 
the micelle surface, only dendrons with three alkyl chains at 
peripheral phenyl rings were mesogenic. The Pm3n cubic phase 
was also found for the analogue dimeric and trimeric gallic 
esters. In all cases (acids, ester dimers, and trimer), the number 
of mesogenic units per micelle was comparable and equal 
11–12. For dimers, the linking group (alkyl, phenyl, or biphenyl) 
affected the clearing temperature and crystallographic unit cell 
parameter; moreover, the clearing temperature was found to 
correlate with the size of the micelles; for smaller micelles with 
more tightly arranged terminal chains at the micelle surface, 
the interactions are stronger and thus the clearing tempera-
ture is higher. The results agree well with those reported previ-
ously by Percec group for structurally similar gallic acid mini-
dendrons having ether instead ester internal linkages.[13] Ether 
derivatives also formed spherical assemblies with ≈11 dendrons 
per micelle, arranged into cubic Pm3n lattice. However, due to 
more flexi ble molecular structure, the ether derivatives formed 
smaller micelles than ester analogues and accor dingly showed 
≈20 K higher clearing temperatures. It is also worth to note that 
in the case of ester derivatives reported here, with decreasing 
the number of terminal chains at outer phenyl rings, mesomor-
phic properties are lost, while for ether analogues, the columnar 
phase was observed even for molecules with single alkyl chain 
per outer aromatic ring.[17] Apparently, softer molecular struc-
ture allows assembling into flat discs, compatible with column 
formation, while for ester derivatives, steric hindrances between 
ester groups prevent such assembly mode.

Also ability of molecules to self-assemble in the solvents was 
studied; it was found that in water, gallic acid dendrons with 
one or three terminal chains at peripheral phenyl rings formed 
stable, large liposomes, while two chain compounds show 
strong gelation ability in both polar and nonpolar solvents.
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