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A B S T R A C T   

The synthesis, supramolecular self-assembly and structural characterization of a new family of tetraethylene 
oxide (TEG)-based bent-core compounds and their 1/1 lithium-containing complexes are reported. TEG-based 
bent-core amphiphiles, even joining the TEG/Li+ tandem, are suitable building-blocks to achieve supramolec
ular nanostructures, in some cases showing chiral features from achiral molecules either in the mesophase or in 
solvents. The thermal and liquid crystal behavior of these materials studied by polarizing optical microscopy and 
X-ray diffraction confirmed that Li-based materials stabilized polar smectic C and helical nanofilament-type 
mesophases, in contrast to the non-liquid crystalline pure TEG-compounds. Alternatively, both the pure am
phiphiles and the lithium-doped materials self-assemble into physical gels in non-polar solvents, displaying 
three-dimensional networks composed of long fibers with lamellar molecular organizations as shown by trans
mission electron microscopy and X-ray diffraction. Interestingly, biphenyl- and azobenzene-based bent core 
amphiphiles aggregate in solvent into chiral nanostructured morphologies with supramolecular trends compa
rable to their molecular arrangement in their liquid crystalline phases.   

1. Introduction 

The poly-ethylene oxide structures gather a wide range of charac
teristics that make them ubiquitous in the aim to new material devel
opment. In addition to the innate chemical properties such as flexibility, 
polarity or broad possibilities for supramolecular chemistry, they are 
commercially available in a varied offer of chain lengths or chemical 
functionalization. As a consequence, to think about poly-ethylene oxide 
(EO- or EG)-decorated compounds is a common and successful strategy 
in the route to novel advanced materials for very miscellaneous pur
poses, [1–9] in particular, for the design of molecular structures toward 
innovative soft materials for hydration/dehydration abilities, 
[2,6–7,10] ion conductive/transport pathways, [3,11–22] as well as for 
biocompatible and biodegradable amphiphiles. [23–27] Furthermore, 
segregation of chemically incompatible fragments of a molecule is a 
well-known driving force for the generation of nanostructured supra
molecular systems. Thus building-blocks such as EO structures are pre
sent from block-molecules [28–31] to liquid crystals in bulk, 
[1,3,11,32–38] from aggregates to gels in solvents, [9,16,39–40] or 
from Langmuir-Blodgett films to Layer-by-Layer systems onto surfaces. 

[41–42]. 
Focused on EO-decorated liquid crystals, they have created high 

expectations for generation of new electrolytes, separation membranes, 
sensors or actuators by using 1D, 2D and 3D nanostructured classic, 
columnar, smectic and bicontinuous cubic mesophases respectively, and 
the manipulation of their orientation. [1,3,5,11,33–37] But interest
ingly, molecular interaction criteria for mesophase formation hardly 
differ from the features that define some attractive supramolecular 
systems and nanomaterials in bottom-up approaches. Thus, although 
really very little explored, [43] a variety of supramolecular assemblies 
have been reported by using molecules that form mesophases, i.e. 
mesogens, opening versatility and new potential for these supramolec
ular building-blocks in the route to functional supramolecular systems. 

The molecular shape, intermolecular interactions and nano
segregation of the molecular moieties influence the self-assembly to
wards liquid-crystalline nanostructures. In this sense, since 1996, the 
emergence of the bent-core liquid crystals (BCLCs) [44–50] has certainly 
renewed the mesogen outlooks beyond classic calamitic or discotic 
mesophases. The distinctive angular shape of BC mesogens has been 
recognized to induce, apart from common mesophases, also other less 
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conventional and interesting ones. Thus, elusive phases such as the 
biaxial nematic phase (NB), [51–54] switchable polar nematic materials 
[55] or the highly interesting twist-bend modulated nematic phase (NTB) 
[54,56–57] have been obtained from BC nematogens. 

The BC molecules usually form smectic layers and adopt compact 
packing in the bend direction to restrict the rotation of the molecules 
along the long axis. Thus, a wide range of lamellar liquid crystal orga
nizations showing spontaneous polarizations parallel to the layers have 
been described so far. Furthermore, the molecular tilt in some of these 
phases allows the layers to be chiral, despite the constituents having an 
achiral molecular nature. [48,50,58–60] These features have been the 
cornerstone of BCLC potential for applications. In addition to 
electrooptic-based display proposals, [50] further innovative functional 
abilities have been suggested for BCLC based on their ferro-, piezo-, 
pyroelectric, nonlinear optical, fluorescence, photoconductivity or 
magnetic responses. [50,61–65]. 

More recently, the Helical Nano-Filament (HNF) liquid crystalline 
morphologies [66–74] induced by these compounds have been studied 
to explore new alternatives for photovoltaics, chiral separation, surface 
control, several templating proposals or circular polarized luminescence 
goals. [75–80] From the perspective of polarity and the latest trends in 
supramolecular chirality, challenges such as the formation of helical 
superstructures, chirality amplification or the spontaneous breaking of 
mirror symmetry [59,81–83] look at BC mesophases, underlining op
portunities in the context of chiral nanoarchitectonics. [84]. 

Interestingly, EO-based BC mesogens point to significant decrease of 
transition temperatures, [85–86]) abilities to form Langmuir-Blodgett 
films [87] or promising potential to aggregate in solvent, [88] but the 
examples reported so far are scarce. [43] Thus herein, we describe the 
synthesis and self-assembly properties of a novel family of EO-based BC 
compounds labelled as TEG-Bx-0-14 (Scheme 1). All of them consist of a 
well-defined asymmetric structure, bearing a 5-ring BC structure (Bx). A 
14-carbon atom aliphatic chain is incorporated at one end, and a hy
drophilic tetraethylene oxide chain (TEG) is directly grafted at the other 
end, adding solubility and flexibility to induce nanophase separation. 
Three different connections have been considered for the lateral cores of 
the BC structures: a common ester linking group (B1) (compound TEG- 
B1-0-14, broadly used in our previous studies; [48,86]), the straight 
union via a biphenyl (Bi) moiety, inspired by the trend of biphenyl 
lateral cores to promote the HNFs mesophase formation [67,73,89] 
(compound TEG-Bi-0-14); and an azo linker (Bazo) (compound TEG- 
Bazo-0-14) in order to obtain photoresponsive materials. [90-91] 
Furthermore, considering the highly probed functional potential of the 
EO / cation tandem [3,15,17–18] hybrid materials have been prepared 
by complexing these BC-amphiphiles with lithium triflate (LiTF) in a 1/ 
1 M ratio (complexes Li-TEG-B1-0-14, Li-TEG-Bi-0-14 and Li-TEG- 
Bazo-0-14 respectively). 

The thermal and mesomorphic behaviour of these materials show 
that lithium-based materials Li-TEG-Bx-0-14 stabilise lamellar 

mesomorphic behaviour, including chiral nanostructures similar to the 
helical nanofilaments described for the HNFs phase, [48,50,59] joining 
these mesophases to the stimulating ionic liquid crystal family, [38] 
while the pure compounds TEG-Bx-0-14 melt to the isotropic liquid on 
heating and crystallize directly from the isotropic melt on cooling. 
Alternatively, to explore the supramolecular abilities of these materials, 
physical gels have been also prepared and characterized, showing that 
both, TEG-Bx-0-14 and Li-TEG-Bx-0-14 compounds, are able to form 
gels in non-polar solvents by the self-assembly into fibrillar morphol
ogies with lamellar molecular organisations comparable to the molec
ular arrangement in mesophase. Thus, these TEG-based BC amphiphiles, 
even joining the TEG/Li+ tandem, are suitable building-blocks to ach
ieve highly demanded supramolecular nanostructured materials, i.e. 
fibers, soft-nanotubes or supramolecular gels, [92–94] in some cases 
showing chiral features both in the mesophase and in solvents. 

2. Results 

2.1. Synthesis of the ethylene oxide-based bent-core amphiphiles and their 
lithium-complexes 

The synthesis of compounds TEG-Bx-0-14 and lithium complexes Li- 
TEG-Bx-0-14 were carried out through the synthetic routes shown in 
Schemes S1-S3 and adapted methods from similar intermediates ́ pro
cedures. All experimental details and structural characterization of the 
compounds are described in the Supporting Information. Since all the 
TEG-Bx-0-14 compounds show a common lateral structure grafted to 
the tetraethylene oxide chain (TEG), they were obtained via a conver
gent synthesis in which the same intermediate, a TEG-containg phenol, 
was coupled to three different carboxylic acids through a Steglich 
esterification. Bent-core compounds, TEG-B1-0-14, TEG-Bi-0-14 and 
TEG-Bazo-0-14, were characterized by 1H NMR, 13C NMR, FTIR, mass 
spectrometry and elemental analysis to confirm the correct synthesis of 
the compounds. 

The lithium-doped materials, named as Li-TEG-B1-0-14, Li-TEG-Bi- 
0-14 and Li-TEG-Bazo-0-14, were prepared by mixing the ethylene 
oxide-based BC molecules with lithium triflate in a 1/1 M ratio, to 
ensure the average of four EO repetitive units per one Li cation. A 
downfield shifting of the –CH2-O– signals was observed in the 1H NMR 
spectra of the doped materials in comparison to the TEG-bent-core 
compounds (Figure S5). This was associated to the interaction be
tween the EO chains with the cationic ion, either by intramolecular 
chelation or by linking neighbour molecules. On the other hand, the 
signals corresponding to the rigid BC structure and the aliphatic chain 
remained unaltered. 

Scheme 1. Chemical structure and nomenclature of the three new tetraethylene oxide (TEG)-based bent-core compounds and their [1/1] lithium-complexes 
here reported. 
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2.2. Self-assembly processes 

2.2.1. Liquid crystal self-assembly of bent-core amphiphiles 
The thermal and mesomorphic behaviour of all the compounds and 

complexes were studied by polarized optical microscope (POM), ther
mogravimetric analysis (TGA), differential scanning calorimetry (DSC), 
and X-ray diffraction (XRD) experiments. All these data are gathered in 
Table 1. TGA experiments confirmed for all compounds and Li- 
complexes that the degradation temperatures with weight loss 
occurred at temperatures much higher than the transition to isotropic 
liquid, thus confirming the thermal stability of all the materials. 

POM and DSC traces of all the compounds TEG-Bx-0-14 only showed 
one phase transition associated to the direct melting to the isotropic 
liquid from the crystal state, and a direct crystallization on cooling, 
revealing that none of these compounds form liquid crystalline self- 
assemblies. On the contrary, all the Li-doped materials were able to 
induce stable mesophases, as observed by POM and DSC (Fig. 1, S6 and 
S7). On cooling from the isotropic liquid, Li-TEG-B1-0-14 entered into a 
mesophase around 90 ◦C showing a schlieren texture, that was unalter
able until 60 ◦C. Below this temperature, the material crystallizes. In the 
case of Li-TEG-Bi-0-14 and Li-TEG-Bazo-0-14, a single-phase transition 
was observed in DSC traces below the isotropic liquid at 98 and 90 ◦C, 
respectively. In both cases, POM observations confirmed the formation 
of a birefringent yet fluid liquid crystalline state, and textures were 
identified with others previously reported (Fig. 1 and S6). [67,73] The 
mesophase was stable at room temperature for Li-TEG-Bi-0-14. 

It can be noticed that while melting temperatures of compounds 
TEG-Bx-0-14 are close to those of the non-amphiphilic parent BC- 
molecules, [48] the EO chains disrupt the stabilization of mesophases. 
On the other hand, the presence of lithium atoms in Li-TEG-Bx-0-14 
samples seems to decrease the crystallization temperature and favours 
the formation of the molecular liquid crystalline order. As can be seen, 
the enthalpy changes for the isotropic-to-crystal transitions are larger 
than the values for the isotropic-to-mesophase ones evaluated for these 
Li-doped materials, supporting the existence of more disordered states in 
these hybrid materials (Table 1 and Figure S7). 

XRD experiments at different temperatures of compounds TEG-Bx-0- 
14 and hybrid materials Li-TEG-Bx-0-14 confirmed a non-liquid crys
talline nature for the former (Figure S8) and the existence of meso
phases for the latter (Fig. 2 and S9). 

In all the cases, the x-ray diagrams showed three reflections in the 
small angle region that were associated to a lamellar packing of the 
molecules both in the mesophase of the Li-doped materials and in the 
crystalline state of the pure materials. As an example, Fig. 2 shows the 
results obtained for both TEG-B1-0-14-based materials. These data 
confirm the strong tendency of these BC-based materials to self-organise 
in layers. In all the cases, the lamellar periodicities detected for the Li- 

doped materials Li-TEG-Bx-0-14 are larger than for pure TEG-Bx-0-14 
compounds. This suggests that the lithium cations are intercalated 
within the ethylene oxide chains and this expands the lamellar 
arrangement. 

Moving on to the assignation of the liquid crystalline organisation of 
complexes Li-TEG-Bx-0-14, the XRD pattern of Li-TEG-B1-0-14 in the 
mesophase showed three intense and harmonic peaks in the small angle 
region that were assigned to (001), (002) and (003) reflections 
respectively, together with a diffuse halo in the wide-angle region 
(Fig. 2). With these results, the SmCP organisation can be proposed, 
commonly observed in BC molecular packing. [48,50] The layer spacing 
in this mesophase varied with the temperature, from 87.1 Å at 80 ◦C, 
82.2 Å at 70 ◦C in the cooling process. Finally, at 60 ◦C the material 
crystallizes, and some additional reflections appear in the middle angle 
region and next to the diffuse halo (Figure S9). 

Fig. 2 also shows the diffraction pattern of Li-TEG-Bi-0-14 obtained 
on cooling from the isotropic liquid. In this case, patterns were identical 
in all the range of temperatures below the isotropic liquid down to room 
temperature. The diffractogram showed three harmonic peaks in the 
small angle region, assigned to (001), (002) and (003) reflections 
respectively, that correspond to a lamellar arrangement with a layer 
spacing of 91.8 Å. In the wide-angle region, the alkyl-chain disorder 
gives rise to a diffuse halo. However, some other sharper peaks corre
sponding to (hk0) reflections also appear superimposed to the halo. This 
peak organisation at low and wide angles is associated to the formation 
of a HNF-like mesophase, [50,73] in which the molecules are distributed 
within the layers with hexatic in-plane order. These results reinforce the 
hypothesis already mentioned by us that the incorporation of a biphenyl 
moiety in the lateral core of the bent-core molecule greatly favours the 
formation of a chiral HNF-type organisations. [67,73 89] The rigid na
ture of the biphenyl system seems to cause a strong tension between the 
two lateral parts of the bent-core system within the lamellas that is 
released through the twisting of the layers, giving rise to the helical 
nanofilaments characteristic of this mesophase. [66–67] Even though 
the mesophase for this material can be kept at room temperatures for 
some weeks, XRD experiments showed the appearance of some extra 
peaks in the middle angle range that correspond to the formation of a 3D 
crystal, thus confirming the crystallization of the sample over time. 

Finally, XRD studies of Li-TEG-Bazo-0-14 revealed the formation of 
a lamellar arrangement according to the harmonic peaks observed in the 
small angle region (Figure S9). Three maxima assigned to (001), (002) 
and (003) reflections respectively were observed. These peaks provided 
a layer spacing of 107.9 Å. In the wide-angle region, a diffuse halo was 
observed, together with a structure similar to that reported for Li-TEG- 
Bi-0-14. Consequently, the formation of an HNF-type mesophase is 
again proposed for Li-TEG-Bazo-0-14. However, in this case, an addi
tional small peak in the small angle region that does not correspond to a 
periodic order was detected. This reflection showed an intensity that 
varied depending on the area of the sample irradiated with the x-ray 
beam and was placed between the (002) and the (003) peaks. It was 
assigned to a crystalline state that coexists in a small proportion with the 
mesophase. 

In summary, all the Li-doped materials present locally a liquid 
crystalline lamellar structure. Moreover, in all the cases the layer 
spacings (82.2 Å for Li-TEG-B1-0-14, 91.8 Å for Li-TEG-Bi-0-14, and 
107.9 Å for Li-TEG-Bazo-0-14) are larger than the estimated lengths of 
the EO-based bent-core amphiphiles (63.0 Å for TEG-B1-0-14 and TEG- 
Bazo-0-14, and 60.5 Å for TEG-Bi-0-14), but smaller than twice this 
value. This suggests the formation of bilayer structures together with a 
partial intercalation of the flexible chains, and/or a tilt of the bent-core 
units. A close sight into the electronic density maps calculated from the 
XRD patterns as explained in the SI [95] reveals three differentiated 
regions (Fig. 3 and S10): a series of maxima related to the aromatic BC 
systems, a series of local minima associated to the EO chains, and a series 
of global minima assigned to the alkyl chains. According to this, each 
fraction of the molecule can form segregated sublayers, being the 

Table 1 
Phase transition temperatures, liquid-crystalline behaviour and degradation 
temperatures of the TEG-based bent-core compounds and the lithium-doped 
materials.  

Compound Phase transitions 
◦C (kJ/mol) a 

Degradation ◦C 
b 

TEG-B1-0-14 Cr 74 (53.1) I / I 67 (52.6) Cr 267 
TEG-Bi-0-14 Cr 102 (56.2) I / I 68 (56.2) Cr 346 
TEG-Bazo-0-14 Cr 92 (55.3) I / I 89 (61.1) Cr 325 
Li-TEG-B1-0- 

14 
Cr 81 (14.9) SmCP 100 * (1.1) I / I 92 * (2.0) 
SmCP 60 (15.9) Cr 

261 

Li-TEG-Bi-0-14 Cr - HNF 99 * (36.5) I / I 98 (30.9) HNF 319 
Li-TEG-Bazo-0- 

14 
Cr + HNF 96 (32.5) I / I 90 (34.0) HNF + Cr 324 

a) Data determined by DSC. Temperatures at the onset or (*) maximum of the 
peaks from second heating and cooling cycles at a scanning rate of 10 ◦C min− 1. 
Cr: crystal phase, SmCP: smectic C polar mesophase, HNF: helical nanofilament- 
type mesophase I: Isotropic liquid. b) Data determined by TGA. 2% mass loss 
temperature. 
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Fig. 1. (left) POM mesophase textures of Li-TEG-B1-0-14 at 80 ◦C and of Li-TEG-Bi-0-14 at 94 ◦C, obtained on cooling. (right) Comparative DSC thermograms of 
compound TEG-Bi-0-14 and complex Li-TEG-Bi-0-14. Second heating/cooling cycles at a scanning rate of 10 ◦C min− 1. 

Fig. 2. (top) Small-angle region of the XRD of TEG-B1-0-14 (black line) and Li-TEG-B1-0-14 (red line) at 80 ◦C. A larger lamellar periodicity for the Li-doped 
compound is evident. (bottom) XRD of Li-TEG-B1-0-14 at 80 ◦C, and of Li-TEG-Bi-0-14 at 60 ◦C, after cooling from the isotropic phase. The wide-angle region 
shows simply a diffuse halo for Li-TEG-B1-0-14. However, for Li-TEG-Bi-0-14 a more complex (hk0) reflections is clearly visible. 
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bilayers formed by two BC mesogens in a head-to-head disposition. The 
core distance through the EO sublayers are around 23 Å, 28 Å and 43 Å 
for Li-TEG-B1-0-14, Li-TEG-Bi-0-14 and Li-TEG-Bazo-0-14, respec
tively. These values are much smaller than the above-mentioned esti
mated molecular lengths and suggest a strong intercalation of the 

flexible EO chains in the mesophase. On the other hand, the core-to-core 
distances though the aliphatic chains are 57 Å, 63 Å and 64 Å for Li-TEG- 
B1-0-14, Li-TEG-Bi-0-14 and Li-TEG-Bazo-0-14, respectively. This in
dicates that intercalation of the alkyl chains is only significant for Li- 
TEG-B1-0-14, in good agreement with the reported differences from 
SmCP vs HNF organizations. [48,50] According to this, the difference 
between the experimental lamellar distance and the estimated length of 
the bilayer can be explained as a certain degree of intercalation of the 
flexible chains. However, some contribution from a possible tilt of the 
bent-core systems cannot be ruled out. 

2.2.2. Gel self-assemblies of bent-core amphiphiles 
The gelation properties of the compounds TEG-Bx-0-14 and their Li- 

doped materials Li-TEG-Bx-0-14 were assessed in solvents of different 
nature and polarity. For this purpose, initially 1% wt mixtures of these 
bent-core based solids and the selected solvent were heated to a tem
perature 5 ◦C below the boiling point of the liquid and left to cool to 
room temperature. Then, a vial inversion test was carried out to check the 
gelation properties of the materials. While liquids such as toluene, 
dioxane and DMF solve all these solids, they were insoluble in water and 
ethanol. In contrast, all pure amphiphiles TEG-Bx-0-14 and hybrid 
materials Li-TEG-Bx-0-14 were able to form gels in 1-octanol. Addi
tionally, stable gels in n-dodecane are formed in the case of TEG-Bx-0- 
14, showing the good tendency of these materials to form gels in these 
non-polar solvents. Furthermore, prospective concentration studies 
were performed with TEG-B1-0-14 in 1-octanol, demonstrating that 
stable gels are formed from 0.2% wt to 2% wt (Fig. 4a) revealing its 
supergelator character. According to this, it is reasonable to think that in 
the gel state the molecules of solvent may establish strong interactions 
with the hydrocarbon-chains of the bent-core amphiphiles. 

TEM experiments were performed in order to study the morphology 
of the three-dimensional network of these organogels. A selection of the 
pictures is shown in Figs. 5-7. All the gelators self-assemble into fibrillar 
nanostructures of few nanometres in width and several microns in 

Fig. 3. Charge density map of Li-TEG-Bazo-0-14 at room temperature. Yellow, 
blue and red regions in the scheme above represent the aromatic BC structure, 
the TEG chains and the alkyl tails respectively. Distances revealing the bilayer 
character of the structure are indicated. z is the coordinate along the smectic 
layer normal. 

Fig. 4. a) Photography of the inverted vials with gels of TEG-B1-0-14 at 0.2% wt, 0.5% wt, 1% wt and 2% wt in 1-octanol. b) XRD estimated charge density map for 
the gel of TEG-B1-0-14 at 1% wt in 1-octanol. Maxima and minima are associated with the different parts of the molecule and the presence of solvent. z is the 
coordinate along the lamellar layer normal. c) Schematic representation of the bilayer organization of the amphiphilic BC molecules proposed for the helical fibers 
and hollow tubes that constitute the network of organogels based on TEG-Bx-0-14 amphiphiles or on hybrid materials Li-TEG-Bx-0-14. 
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Fig. 5. TEM pictures of the gels of TEG-B1-0-14 at 1% wt in dodecane and in 1-octanol, and of Li-TEG-B1-0-14 at 1% wt in 1-octanol. The width of some of the fibers 
is indicated by w. 

Fig. 6. TEM pictures of the gels of TEG-Bi-0-14 at 1% wt in n-dodecane and at 2% wt in 1-octanol, and of Li-TEG-Bi-0-14 at 1% wt in 1-octanol. The yellow and red 
lines indicate the left- and right-handed helical arrangements, respectively, with pitch p. The width of some of the fibers and the diameter of some of the tubes are 
indicated by w and Φ respectively. 
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length (Table 2). 
In n-dodecane, the gel of TEG-B1-0-14 is formed by long fibers as 

shown from TEM pictures (Fig. 5) that could be identified as a tubular 
morphology. Additionally, the gels of TEG-B1-0-14 and Li-TEG-B1-0-14 
in 1-octanol show fibrillar aggregates that formed a dense network 
(Fig. 5). In both cases, the BC amphiphiles self-assembled in flat nano
fibres with widths ranging from 20 to 60 nm. No remarkable differences 
between the gels of TEG-B1-0-14 and Li-TEG-B1-0-14 in 1-octanol were 
observed, suggesting that, unlike in the case of the liquid-crystalline 
properties, the presence of lithium cations do not significantly affect 
the gelation properties of the molecules. 

On the other hand, gels in 1-octanol based on molecules containing 
both the Bi- and Bazo-based lateral structures, TEG-Bi-0-14, Li-TEG-Bi- 
0-14, TEG-Bazo-0-14 and Li-TEG-Bazo-0-14, revealed the formation of 
right and left-handed helical fibres, once again with no remarkable 
differences between the gels without or with lithium-doping (Figs. 6 and 
7). The dimensions of the fibres, from 30 to 60 nm in width and helical 
pitches ranging from 60 to 120 nm, are in good agreement with those 
reported for the helical nanofilaments in other liquid-crystalline phases 
[50,73] and also similar to the values described for helical and twisted- 
shaped arrangements in solvent of other BC molecules previously re
ported. [65,89,96–98] This observation, together with the fact that both 
Li-TEG-Bi-0-14 and Li-TEG-Bazo-0-14 favour HNF-like mesophase or
ganizations, lead us to think that the wound fibrillar network of the 
corresponding gels is composed of HNF-like fibres surrounded by sol
vent molecules. [96,98]. 

Moving on to the gels of TEG-Bi-0-14 and TEG-Bazo-0-14 in n- 
dodecane (Figs. 6 and 7), two different types of fibrillar assemblies were 
clearly observed in TEM pictures: helical filaments and tubules. While 
the former show helicity of both handedness, no evidence of supramo
lecular chirality was associated to the nanotubes, in contrast to the case 
of other compounds, including BC-molecules reported in the literature 
[8,89] (Figs. 6 and 7). 

XRD experiments for gels were performed in order to study the 
molecular disposition within the fibrillar networks (Fig. 8, S11, S12 and 
S13). As a general rule, no significant differences were observed 

Fig. 7. TEM pictures of the gels of TEG-Bazo-0-14 at 1% wt in n-dodecane and in 1-octanol, and of Li-TEG-Bi-0-14 at 1% wt in 1-octanol. The yellow and red lines 
indicate the left- and right-handed helical arrangements, respectively, with pitch p. The width of some of the fibers and the diameter of some of the tubes are 
indicated by w and Φ respectively. 

Table 2 
Morphology and dimensions of the three-dimensional network of the gels of the 
TEG-based BC compounds and the lithium-doped materials. [w: width of fibers; 
L: length of fibers, Φ: diameter of nanotubes; p: pitch of twisted fibers. a) 
Measured from TEM pictures. b) Calculated from XRD patterns. C) Bent-core/ 
Bent-core distance through EO tails calculated from XRD patterns].  

Material Morphology Dimensions 
a 

Layer 
spacing b 

dBC- 

EO- 

BC 
c 

Compound Solvent     

TEG-B1-0- 
14 

n- 
dodecane 

tubular 
nanofibers 

L: several µm 
w or Φ: 30- 
60 nm 

– – 

1-octanol nanofibres L: several µm 
w: 20-30 nm 

180 Å 65 Å 

Li-TEG-B1- 
0-14 

1-octanol nanofibres L: several µm 
w: 40-60 nm 

180 Å 60 Å 

TEG-Bi-0- 
14 

n- 
dodecane 

helical 
nanofibres 
and 
tubular 
nanofibers 

L: several µm 
w: 40-50 nm 
p: 60-80 nm  

Φ: 30-50 nm 

280 Å   

65 Å 

1-octanol helical 
nanofibres 

L: several µm 
w: 30-50 nm 
p: 100-110 
nm 

270 Å  
80 Å 

Li-TEG-Bi- 
0-14 

1-octanol helical 
nanofibres 

L: several µm 
w: 30-50 nm 
p: 70-100 nm 

290 Å  
85 Å 

TEG-Bazo- 
0-14 

n- 
dodecane 

helical 
nanofibres 
and 
tubular 
nanofibers 

L: several µm 
w: 60 nm 
p: 60-120 nm  

Φ: 50-60 nm   

300 Å   65 Å 

1-octanol helical 
nanofibres 

L: several µm 
w: 40-50 nm 
p: 100-110 
nm 

290 Å  
75 Å 

Li-TEG- 
Bazo-0- 
14 

1-octanol helical 
nanofibres 

L: several µm 
w: 40-50 nm 
p: 60-90 nm 

300 Å  
85 Å  
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between the gels derived from gelators TEG-Bx-0-14 and those from Li- 
doped materials, showing that in these soft materials the influence of the 
lithium cations on the nanostructured organizations is less relevant that 
in the neat materials. 

Depending on the solvent used, the XRD reflections of the gels had 
superimposed intense broad peaks at different angles, which were 
indicative of some characteristic sizes of the solvent molecules. Thus, for 
gels based on 1-octanol an intense peak was observed at around 19⁰, 
which corresponds to the width of the solvent molecules (Fig. 8). This 
signal overlaps with the diffuse halo and prevents the assignment of the 
(hk0) reflections observed in some of the mesophases. Another less 
intense diffuse peak at around 6⁰ was also observed, which is related to 
the length of the molecules of 1-octanol. In the gels with n-dodecane 
some peaks at angles characteristic of the size of the solvent molecules 
were also observed (Figure S13). Some of those reflections take place in 
the wide-angle region, also hiding any information about the gel from 
reflections in this angular range. 

The relevant information for the gels is found in the small angle zone. 
That region was studied separately with measurements carried out with 
an x-ray goniometer specific for low angles, given the large character
istic distances involved in these materials (Figures S11 and S12). In all 
gels XRD patterns showed a series of periodic peaks corresponding to a 
layered disposition of the BC molecules. In some samples, the reflections 
reached up to the fifth harmonic as in the gel of TEG-Bazo-0-14 in 1- 
octanol (Figure S11), which indicates that the layers present a non- 
trivial internal structure. The layer spacings calculated from this data 
are summarized in Table 2 revealing spacings much larger than those 
previously obtained for the same materials in the mesophase. This 
means that there is a great intercalation of the solvent molecules within 
the layer structure. To analyze the lamellar structure we undertook 
studies of electronic density, which was deduced from the intensities of 
(00l) peaks (see the details of the procedure followed in the SI). [95] In 
all cases the density curves allowed to identify the segregation of the 
three parts of the gelator, i.e., the BC units, the EO tails, and the aliphatic 
chains together with the molecules of solvent. Fig. 4b shows a repre
sentative example for the gel TEG-B1-0-14 in 1-octanol in which the 
three regions were easily identified. As pointed out, the incorporation of 
solvent molecules in the aliphatic chain region is necessary to explain 

the large size of the small-density region deduced, which is always much 
larger than twice the length of the chains. This is especially noticeable 
for the cases with the largest lamellar spacing, because the core-to-core 
distance through the EO sublayers (dBC-EO-BC) is roughly similar in all the 
cases, as shown in Table 2. 

At first glance, these results would seem to indicate that there is a 
remarkable correlation between layers formed by two BC units through 
a very thick layer formed essentially by solvent molecules. It should be 
noted however that the experimental data do not necessarily lead to this 
conclusion. Indeed, in the small-angle diffractometer used in our mea
surements, the correlation length ξ (obtained from the width of the 
Bragg peaks Δθ of a standard crystalline sample, ξ ≈ λ/Δθ is around 400 
Å (λ is the x-ray wavelength)). [99] Although ξ is large enough in most 
situations of practical interest, it only represents a pair of smectic planes 
in our case. In other words, the resolution of the diffractometer does not 
allow to determine if there are more than two repeating units in some of 
the measurements. Then, the structure might actually be composed by 
only two repeating units in some cases. Therefore, considering the width 
w and diameter Φ dimensions estimated form TEM figures and gathered 
in Table 2, the conclusion could be that these repeating units are just the 
two walls of the hollow tube. The repetition distance is indicated in the 
right most diagram in Fig. 4c. Then we would simply have structures 
(hollow tube or helical fibers) in which the walls are formed by the two 
BCs joined by the chains of EO, with the alkyl tails facing to the 
hydrocarbon-based solvents. Thus, the inside and outside of the tube or 
helical fibers would consist of aliphatic chains and solvent molecules 
(see Fig. 4). In this way, the very long core-to-core distances through the 
aliphatic chains would simply contribute to the diameter of the tubular 
or of the helical fibers. Other possibilities of self-assembly involving 
several smectic layers in the usual way can also be operative to give rise 
to the fibers. [89,98] Presumably the wound morphology in some gels 
(e.g. TEG-Bi-0-14, Li-TEG-Bi-0-14, TEG-Bazo-0-14 and Li-TEG-Bazo- 
0-14) is inherited from that of Li-TEG-Bi-0-14 and Li-TEG-Bazo-0-14 
displaying HNF-type phases. 

3. Conclusions 

The liquid crystalline phases and organogels, of three new BC 
amphiphilic molecules [TEG-Bx-0-14] which incorporate a short polar 
TEG moiety directly grafted to the rigid-core are reported. In addition, 
their [1/1] lithium ion containing materials [Li-TEG-Bx-0-14] are also 
studied. 

Interestingly, while none of the TEG-bent core amphiphiles induce 
liquid crystal assemblies, all the Li-doped materials were able to stabilize 
BC mesophases (SmCP or HNF). In the case of Li-TEG-Bi-0-14 the 
mesophase even appears at room temperature. Alternatively, all these 
compounds, even at very low concentrations, form organogels of non- 
polar solvents such as 1-octanol and n-dodecane. Depending on both 
the gelator and the solvent, the morphology of the three-dimensional 
network of the gels provide highly demanded supramolecular nano
structures, from platelet or helical-fibers to tubules. 

These studies demonstrate that TEG-decorated BC compounds are 
suitable amphiphiles for functional supramolecular materials chemistry, 
not only in bulk but also in solvents. Besides, EO-based BC amphiphiles 
provide a facile route to prepare nanostructured soft-materials. The self- 
assembly of non-chiral BC molecules gives rise to conformational 
chirality, which can be transferred to different nanostructures, even in 
the presence of lithium cations. Furthermore, by a subtle balance be
tween molecule/solvent interactions the morphology of the aggrega
tions can be regulated. 

These novel findings contribute to the understanding of supramo
lecular self-aggregation process of BC amphiphiles, and will surely help 
to a better comprehension on how and why symmetry breaking occurs in 
this type of systems. Moreover, these compounds can be used towards 
appealing soft-materials, with potentials in various applications such as 
soft-electrolytes and chiral recognition or sensing. These are the subjects 

Fig. 8. XRD pattern for 1% wt gel of Li-TEG-Bi-0-14 in 1-octanol. Two broad 
reflections at about 6◦ (red arrow) and 19◦ connected with the dimensions of 
the solvent molecule are observed. At the small-angle region, enlarged in the 
inset, a series of periodic peaks appear, which correspond to a layer structure of 
the gel. 
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of our current research projects, including photo-processes for 
azobenzene-based soft-materials. 
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