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Magnetic-field alignment of lyotropic nematic gels and their 
memory-effect 

Michael Herbst, a Max Oliver Dombrowki, a Cosima Stubenrauch a and Frank Giesselmann *a 

Many potential applications of anisotropic hydrogels, such as media for tissue engineering and drug delivery, as well as 

biomimetic actuators, require gels that are macroscopically aligned over macroscopic length scales. Micellar lyotropic 

nematic gels, a relatively new class of anisotropic hydrogels, may provide a rather simple and robust approach to 

macroscopically aligned anisotropic hydrogels if the long-range orientational order of the surfactant-based lyotropic liquid 

crystal is transferred to the order of the gel network segments. Here, we report a kinetically controlled process by which we 

have successfully fabricated centimeter-long sample films of macroscopically aligned nematic gels. This was achieved by 

growing a self-assembling fibrillar network (SAFIN) of the gelator 3,5 bis (5-hexylcarbamoyl-pentoxy)-benzoate acid hexyl 

ester (BHPB-6) in a magnetically aligned lyotropic nematic liquid crystal of rod-like micelles formed by the surfactant 

N,N-dimethyl-N-ethyl-1-hexadecylammonium bromide (CDEAB). Once the gel network is fully formed after typically 

10 hours, the macroscopic alignment of the sample is (i) preserved also after removal of the magnetic field and (ii) even 

recovered after melting and re-forming the nematic liquid crystal. The fibrillar network thus appears to have a remarkable 

memory-effect that stabilizes the anisotropy of the gel and results in very robust anisotropic hydrogels. Follow-up studies 

will address the responsiveness of the aligned nematic gels.

1. Introduction 

Among the various examples of lyotropic liquid crystal (LLC) 

gels, ranging from the long-known lamellar gel phases Lβ and 

Lβ' 1,2 to the anisotropic suspensions of percolating rod-shaped 

nanoparticles,3–6 micellar LLC gels7,8 are a relatively new class of 

liquid crystalline networks that combine two very different 

structures (Fig. 1 c-f). On the one hand, we have an anisotropic 

LLC phase consisting of long-range ordered surfactant micelles 

or bilayers. On the other hand, we have a network of gel fibers. 

If the gel is a physical gel – as opposed to a chemical gel – its 

formation and destruction is reversible.9,10 The gel fibers may 

consist of polymers such as gelatin11 or of low molecular weight 

gelator (LMWG) molecules.12 In the latter case, the molecules 

self-assemble via non-covalent interactions, inducing one-

dimensional fiber growth.9,12–14 These fibers, in turn, intertwine 

to form a three-dimensional network called a self-assembled 

fibrillar network (SAFIN).15,16 The SAFIN immobilizes the LLC and 

the resulting LLC gel thus combines the anisotropy of a micellar 

LLC with the mechanics of a physical gel. These new micellar LLC 

gels provide relatively easy and versatile access to 

macroscopically anisotropic hydrogels, but the first example of 

a micellar nematic LLC gel was not reported before 2021.17 For 

the sake of simplicity, when we refer to "nematic LLC gels" in 

the following, we mean precisely these physical gels consisting 

of a SAFIN and a micellar nematic LLC consisting of rod- or disc-

shaped surfactant micelles in water.  

Anisotropic hydrogels are becoming increasingly important 

because of their potential use in biomedical applications.18 

Some surfactant-based lyotropic liquid crystalline structures 

even occur naturally in biological systems, such as the cell 

membrane.19 It is therefore obvious that they can be used to 

deliver drugs or to embed proteins. As regards the gel, a 

physical gel has a decisive advantage over a chemical gel 

because it can be destroyed or formed on demand by changing 

e.g. the concentration, the pH, or the temperature.20–22 In 

addition to biomedical applications, LLC gels are, in a sense, also 

the lyotropic counterparts of thermotropic liquid crystalline 

elastomers (LCE),23,24 which became the workhorse for 

biomimetic actuators and soft robotics.25–27 In both cases, a 

change in the macroscopic shape of the network is necessary in 

response to a phase transition of the enclosed liquid crystal that 

is triggered by external stimuli.28–30 

Unlike thermotropic liquid crystals (TLCs), which are relatively 

easy to align using electric and magnetic fields or rubbed 

surfaces,25 the macroscopic alignment of LLC samples is more 

challenging. This difference is due to the fact that the building 

blocks of LLCs are micelles in an isotropic solvent, whereas in 

TLCs the building blocks are single molecules.31,32 For the 

alignment of LLC phases several approaches were developed: 

the best results so far were obtained by combining magnetic 

fields and surface interaction.33–35 The alignment of LLC gels 

becomes even more challenging since after the gel network has 

formed, the LLC phase is immobilized and a macroscopic 

alignment is no longer possible. Thus, the LLC phase must be 

macroscopically aligned before it becomes immobilized by the 
a. Institute of Physical Chemistry, University of Stuttgart, 70569 Stuttgart, Germany. 
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gel network. This is a major challenge, particularly if the LLC 

clearing temperature is below the SAFIN sol-gel temperature. 

However, if we were able to obtain a macroscopically aligned 

LLC before the gel network forms, at least two important 

questions would emerge: The first question is whether the gel 

network, when growing in this anisotropic medium, also 

acquires macroscopic anisotropy (in the sense that, for 

example, more of its chain segments run parallel to the LLC 

director than perpendicular to it)? And the second question is, 

what happens to the anisotropy of the gel network when the 

LLC loses its anisotropy, for instance by heating above the 

clearing temperature to the isotropic LLC state? If the gel 

network likewise loses its anisotropy, we should expect a 

macroscopic change in the shape of the sample, as required for 

actuation applications. However, if the network retains its 

anisotropy, it could serve as a kind of internal memory that 

restores the alignment of the LLC even without external forces 

when the LLC is again cooled below its clearing temperature. 

This would lead to very robust anisotropic hydrogels, the 

macroscopic alignment of which is stabilized and restored by 

the gel network as long as the sol-gel temperature has not been 

exceeded. 

In the present study we describe a kinetically controlled process 

with which we have indeed successfully fabricated 

macroscopically aligned anisotropic hydrogels which have 

exceptional properties, including the remarkable memory-

effect outlined above. Our lyotropic liquid crystalline system 

consists of an aqueous solution of the surfactant N,N-dimethyl-

N-ethyl-1-hexadecylammonium bromide (CDEAB). In a 

concentration range of 31 to 34 wt% surfactant and a 

temperature range of T = 20 – 29 °C, a calamitic nematic 

(NC-phase) phase is formed (Fig. 1a). The clearing temperature 

range of the NC-phase (Tcl1 = 29 °C to Tcl2 = 32 °C) is lower than 

the sol-gel temperature range (Tsg1 = 55 °C to Tsg2 = 78 °C), 

which, as previously mentioned, is crucial for applications. The 

sol-gel temperature can be further analyzed as function of the 

gelator concentration (Fig. 1b). The combination of the NC-

phase (Fig. 1c) with a SAFIN (Fig. 1d) results in a polydomain LLC 

texture and a random gel network structure (Fig. 1e).33,36 

However, as described in the study at hand, we were able to 

obtain a macroscopically aligned anisotropic hydrogel (Fig. 1f).  

2. Experimental 

2.1. Materials and Sample Preparation 

In this study, we used the surfactant N,N-dimethyl-N-ethyl-1-

hexadecylammonium bromide (CDEAB, Merck KGaA, 98%) (Fig. 

2a) and double distilled water. This surfactant is able to form a 

lyotropic nematic phase (NC-phase) consisting of rod-like 

micelles at room temperature (Fig. 1a). The low molecular 

weight gelator (LMWG) 3,5-bis(5-hexylcarbamoyl-pentoxy)-

benzoic acid hexyl ester (BHPB-6) (Fig. 2b) was synthesized in 

collaboration with the Mésini group.37 Three different gelator 

mass fractions were used to gel the NC-phase 1.0, 1.5, and 

2.0 wt%, with the gelator mass fraction always referring to the 

total mass of the sample. All three components were weighed 

into a screw-cap glass and tightly sealed (Fig. 2c d). The mixture 

was then placed in a thermoshaker (Hettich MHR 23) at 

T = 130°C for 10 minutes and afterwards cooled down to room 

temperature. This procedure was repeated twice to ensure full 

homogenization. Afterwards the samples were filled into 

borosilicate capillaries (Electron Microscopy Sciences) with a 

height of 0.30 mm, width of 3.0 mm and a wall thickness of 

0.300 mm. The capillaries were then flame-sealed and again 

heated to T = 130 °C for homogenization. 

To investigate how the gel network responds to the clearing 

transition (the transition from the anisotropic nematic to the 

isotropic phase) of the embedded NC-phase, the latter should 

have a clearing temperature range well above room 

temperature on the one hand and clearly below the sol-gel 

temperature range (Tsg1 = 55 °C) on the other. Based on these 

criteria, we chose a surfactant mass fraction of 32 wt% to water 

mass fraction 68 wt% such that the resulting NC-phase 

Fig. 1 (a) Temperature dependent phase diagram of the binary system water and 

surfactant N,N-dimethyl-N-ethyl-1-hexadecylammonium bromide (CDEAB) as function 

of the surfactant mass fraction 𝜙CDEAB. Shown are the nematic phase (NC), the isotropic 

phase (Iso), and the hexagonal phase (H1) with two-phase regions between the phases. 

The dotted red line indicates the surfactant mass fraction used in this study. The clearing 

of the NC-phase is from Tcl1 = 29°C to Tcl2 = 32°C. Redrawn after.26 (b) Schematic 

illustration of the sol-gel temperature (Tsg) as function of the gelator concentration. 

Based on.25 (c-d) Schematic illustrations of the NC-phase (c) and of the SAFIN (d). (e) 

Combination of a non-aligned NC-phase and an isotropic gel network. (f) Combination of 

an aligned NC-phase and a gel network with a preferential direction, resulting in a 

macroscopically aligned anisotropic hydrogel. Based on.27 
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transforms into the isotropic phase between Tcl1 = 29 °C to 

Tcl2 = 32 °C. This surfactant mass fraction was kept constant in 

all our samples. In Fig. 1b, the composition is indicated by the 

dashed red line. Unavoidable losses from the evaporation of 

water cause the effective surfactant concentration to rise 

slightly by approx. 0.5 to 1.0 wt% during sample preparation. 

This effect was analyzed for more than 50 samples to obtain a 

representative value. 

 
2.2. Methods 

The samples were examined in transmission by polarized optical 
microscopy (POM) using a Leica DMLP microscope with a digital 
camera (Nikon D5300) mounted on the phototube of the 
microscope. Typical examples of POM images are shown in Fig. 
2e-f. While the nematic LLC shows a typical large-scale schlieren 
texture (Fig. 2e) with characteristic half- and integer-numbered 
singularities ("brushes"), a small-scale and less characteristic 
polydomain texture is observed in the gelled sample (Fig. 2f), 
which is probably a result of the disturbance of the pristine 
nematic order by the gel network (Fig. 1e). 
Freeze fracture electron microscopy (FFEM) was carried out 
using a Leica EM BAF060 freeze fracture and etching system. 
The FFEM images in Fig. 2e and 2d show a coarse-grained 
texture indicative of the nematic phase. In the gelled sample 
(Fig. 2d), the gel fiber appears as a flat band embedded within 

the coarse texture. The observed fiber widths ranged from 22 
to 130 nm, with an average width of 46 nm. Mésini et al. also 
described the fiber as flat ribbons,38 reporting an average 
ribbon width of 42 nm in cyclohexane.39 
Time- and temperature-dependent transmission 
measurements were made by replacing the camera on the 
phototube of the POM by a photodiode, the photovoltage 
(proportional to the transmitted light intensity) of which was 
digitized by a LabJack U12 data acquisition device. The sample 
temperature was set by a temperature controller (Linkam TMS 
94 and LNP 94/2) and a Linkam hot stage mounted on the 
microscope stage. The LabJack U12 and the Linkam TMS 94 
were connected to a computer to control and record automated 
transmission measurements using a self-written Python script. 
For alignment experiments, an electromagnet (Bruker B-E 25v) 
with power supply (EA-PS 8000 3U) and a magnetic field 
strength of 1.0 T was used. Samples were placed in a home-
made sample holder, the temperature of which was controlled 
by a temperature controller (JUMO cTRON). A detailed 
description of the alignment procedure is given in Section 3.2. 

3. Results and discussion 

3.1. Time-dependent studies on the formation of LLC- and 

SAFIN structures 

In the studied system, as in many other LLC gels, the sol-gel 

temperature range Tsg is above the phase transition 

temperature range (clearing temperature Tcl) from the 

anisotropic (nematic) to the isotropic micellar phase.8 When 

cooling slowly from the sol state below Tsg, the SAFIN thus grows 

in the isotropic micellar phase of the surfactant solution. With 

further cooling down to Tcl, the NC-phase forms within the 

already existing gel network. The NC-phase is thus immobilized 

by the network from the very beginning and cannot be 

macroscopically aligned by external force fields. However, the 

growth of the fibers and the subsequent formation of the fiber 

network proceeds relatively slowly, often much more slowly 

than the transformation from the isotropic to the nematic 

phase. This raises the question of whether very rapid cooling 

("quenching") from the sol state to Tcl leaves enough time to 

align the NC-phase before the SAFIN has fully formed. To answer 

this question, we carried out time-dependent (kinetic) thermo-

optical investigations in which we can selectively monitor the 

formation of the LLC phase and the formation of the SAFIN, 

respectively. 

These investigations are based on time- and temperature-

dependent transmission measurements using polarized optical 

microscopy (POM) since the transmission of the nematic gel 

sample between crossed polarizers is dominated by the optical 

birefringence of the nematic phase, while the transmission of 

the same sample without polarizers is determined by the 

scattering of light at the fiber network and its inhomogeneities. 

Abrupt changes in sample transmission between crossed 

polarizers thus clearly indicate the appearance or 

disappearance of the birefringent liquid crystalline structure.40 

Transmission changes of the sample measured without 

polarizers indicate the scattering losses due to the formation of 

Fig. 2 Chemical structures of the surfactant (a) and the gelator (b) molecules. (c, d) Two 

gelled samples of the nematic NC-phase, which becomes turbid when the gelator 

concentration increases from 1.0 to 1.5 wt%. Polarized optical microscope images show 

a well-developed and characteristic schlieren texture of the nematic LLC (e), and a 

disturbed schlieren texture for the nematic gel with 1.5 wt% gelator (f). Both samples 

are encapsulated in flat capillaries (0.3 mm thick). Freeze-fracture electron microscopy 

(FFEM) images (g, h) correspond to the samples in (e) and (f), respectively. A flat gel fiber 

is clearly visible in the nematic gel (h). 
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the fiber network. Examples of these measurements are shown 

in Figs. 3 and 4. 

Since surfactant-based nematic LLCs are known for their low 

birefringence,41,42 the effective optical path difference is small 

compared to the wavelengths of visible light, and we see greyish 

first-order interference colors. As a result, the transmission 

decreases monotonically as the birefringence decreases with 

temperature and finally reaches a constant minimum value (at 

least close to zero transmission) in a completely isotropic 

sample. This allows us to unequivocally monitor the nematic-

isotropic phase transition in our samples by means of thermo-

optical transmission measurements. Fig. 3a shows the 

temperature dependent transmission of a nematic LLC between 

crossed polarizers. We start at T = 25 °C with a nematic gel that 

has a polydomain texture whose birefringent nematic domains 

appear brighter or darker depending on the orientation of their 

respective director with respect to the polarization plane of the 

incident light. Overall, the intensity of the transmitted light is 

high and the sample appears bright. The sample is then heated 

to T = 40 °C at a rate of +1 K∙min-1. Since the birefringence of a 

nematic phase decreases slightly and continuously with 

increasing temperature, the transmission of the sample also 

decreases slightly upon heating. However, between T = 32.7 °C 

and T = 34.9 °C, we observe an abrupt drop in transmission to 

practically zero. This is the transition of the NC-phase via the 

corresponding two-phase region into the non-birefringent 

isotropic micellar phase, which appears completely black 

between crossed polarizers. After reaching the target 

temperature of T = 40 °C and a certain equilibration time of 

5 min, the sample is cooled down to T = 25 °C at a rate 

of -1 K∙min-1. The NC-phase returns between T = 32.8 °C and T = 

30.1 °C. Compared to heating, a temperature shift of about 3 °C 

is observed due to supercooling. However, the corresponding 

change in transmittance is much less than in the heating run, 

and the pristine transmittance (prior to heating) is not reached 

again. The reason for this is the formation of a much finer 

polydomain texture (see insets in Fig. 3a), which has a much 

darker appearance. However, after a few days of aging and 

coarsening, the initial texture and transmission are recovered. 

Overall, from the results shown in Fig. 3a, we can conclude that 

the transition from the isotropic to the nematic phase is 

reversible and takes place within a few minutes. 

Figure 3b shows the same experiment, now repeated with the 

nematic gel containing 1.5 wt% gelator. Even though the 

measurements in Fig. 3a and 3b look very similar, the absolute 

transmissions differ significantly. The transition now takes place 

between 32.2 °C and 34.3 °C and is only slightly shifted to lower 

temperatures by the presence of the network. During the 

cooling cycle, the nematic phase begins to reappear at 34.3 °C, 

with practically no supercooling, and is fully returned around 

three minutes later at 31.1 °C. In addition, the pristine 

transmission (prior to heating) is almost fully restored and the 

corresponding textures of the nematic gels (see insets in Fig. 3b) 

are almost identical with more or less all details of the pristine 

nematic texture being exactly reproduced after the return from 

the isotropic state. Apparently, the gel network has some kind 

of restoring effect which does not exist in the case of the 

nematic LLC sample in Fig. 3a. This observation will be revisited 

and further investigated in Section 3.3. 

Fig. 4 shows the results of the temperature quenching 

experiments to investigate the kinetics of the SAFIN formation. 

Nematic gel samples with different gelator concentrations (1.0, 

1.5 and 2.0 wt%) are first heated to 130 °C into the sol state. The 

samples are then rapidly quenched to T = 25 °C < Tcl. We recall 

that the lower limit of the two-phase region is at Tcl = 30 °C and 

after about 2 to 3 minutes, the NC-phase is completely formed. 

The light intensity transmitted through the sample is measured 

without polarizers as a function of time. Looking at the sample 

with a gelator concentration of 1.5 wt% (green curve in Fig. 4), 

we see that the transmission remains constant for about 10 h 

and then decreases quite rapidly, later more slowly, to a 

saturation value which is not fully reached even after 50 h. We 

Fig. 3 Thermo-optical measurements of sample transmission between crossed polarizers 

vs. temperature during time-linear heating (red curves) and cooling (blue curves) of (a) 

the nematic LLC and (b) the nematic gel. Abrupt changes in the slopes of these curves 

indicate the transition temperature ranges between the birefringent nematic (high 

transmission) and the non-birefringent isotropic states (low transmission), see the 

dashed vertical lines. Note that the absolute transmission differs strongly between (a) 

and (b), and the heating and cooling curves are vertically shifted to each other for better 

visualization. Thin extrapolation lines are guides to the eye. Insets show the 

corresponding texture images in the POM. 

Page 4 of 11Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/8

/2
02

5 
9:

09
:5

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5TC01659B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01659b


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

argue that the intensity is constant at the beginning because 

nuclei have to be formed first (nucleation period). Then the 

fibers begin to grow, and as they grow, the transmitted intensity 

begins to decrease. The light falling on the sample is scattered 

by the gel fibers, causing the sample to appear increasingly 

cloudy. However, as gel formation progresses, the liquid phase 

becomes increasingly immobilized, which in turn makes mass 

transport more difficult and slows further fiber growth. At a 

higher gelator concentration of 2.0 wt% (blue curve in Fig. 4), 

the nucleation period is shortened and the subsequent drop in 

transmission is much faster. Obviously, the formation of the gel 

network is complete after about 30 h and thus proceeds on the 

same time scale as the coarsening of the nematic domains. At a 

lower gelator concentration of 1.0 wt% (red curve in Fig. 4), 

there is no significant drop in transmission even after 60 h. The 

gelator concentration is so low that it takes days for a gel 

network to form. 

From the results shown in Fig. 4, we conclude that for the 

subsequent experiments on the macroscopic alignment of 

nematic gels, it is best to choose a gelator concentration of 

about 1.5 wt%, since this provides a time window of a few hours 

between the appearance of the nematic phase and the 

formation of the gel network. This time window may be 

sufficient to align the nematic phase in an external magnetic 

field before the gel network is formed. 
 

3.2. Macroscopic alignment of nematic gels 

In general, the NC-phase has a positive magnetic anisotropy 

∆χ =  𝜒|| − 𝜒⟘ > 0 with a magnetic susceptibility 𝜒|| that is 

larger in the direction parallel to the director n of the rod-like 

micelles than the susceptibility 𝜒⟘ perpendicular to n. As a 

result, a magnetic field B aligns the director of the NC-phase 

parallel to B, provided that the re-alignment of the NC-phase is 

not hindered by other factors, such as the presence of a gel 

network. 

According to the results from Section 3.1, a nematic gel with a 

gelator concentration of 1.5 wt% was chosen and sealed in a flat 

capillary. The sample is not aligned and has a polydomain 

texture. Then the sample is heated into the isotropic sol state at 

T = 130°C and held at this temperature for three minutes. 

Afterwards, it is placed in the magnetic field and quenched to 

T = 25°C. The magnetic field points along the long axis of the 

capillary (Fig. 5a). Gel formation is complete after hours to days. 

The sample capillary is removed from the magnetic field and 

examined using polarized optical microscopy (POM). 

Looking at Fig. 5b, one sees that it was indeed possible to align 

the director n of the nematic gel parallel to the magnetic field B 

and thus parallel to the long capillary axis. If the polarizer P and 

the analyzer A in Fig. 5b are at an angle of ±45° to n, the sample 

has maximum brightness (bright position), while if P and A are 

parallel and perpendicular to n, the sample has maximum 

darkness (dark position). As Fig. 5c shows, an alignment is not 

only found at selected spots of the sample, but uniformly over 

the entire capillary. This means that we have actually succeeded 

in producing centimeter-long sample films of a uniformly 

aligned nematic hydrogel! These films measure 3 cm in length, 

0.3 cm in width, and 0.3 mm in height. 

Fig. 4 Kinetics of gel formation as monitored by measurements of gel sample 

transmission (without polarizers) over time. At time t0 = 0 h, samples with three different 

gelator concentrations were quenched from the sol state at 130°C to room temperature. 

As a result of the light scattering at the growing network, the transmitted light intensity 

decreases and approaches a lower stationary limit when the network formation is 

complete. The halftime of the decay in transmission depends on the gelator 

concentration. At 1.0 wt% of gelator, no network formation is observed within 60 h. 

Fig. 5 (a) Schematic illustration of the magnetic-field alignment setup. (b) Schematic 

illustration of magnetic-field aligned sample with corresponding POM images of a real 

nematic hydrogel sample with aligned director n in the bright and in the dark positions 

of polarizer P and crossed analyzer A. (c) Same as (b) but now showing the entire capillary 

in a stereo microscope. 
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However, it is striking that the textures in Fig. 5b-c, in particular 

those in the bright positions, have a stripe pattern parallel to n 

which might be caused by gel fibers that run parallel to n in an 

ordered manner. In fact, individual fibers (about 40 nm in 

diameter) cannot be resolved with an optical microscope, but it 

is possible that the fibers are clustered into so-called fiber 

bundles.43 This does not destroy the gel network and the 

bundles can reach diameters of up to 1 µm, which, in turn, 

might be seen using POM. A second scenario is that a fiber may 

elastically deform the director field of the surrounding nematic 

phase. Local elastic deformations decay over the length scale 

known as the elastic coherence length, which is typically in the 

range of a few micrometers and is therefore also resolvable in 

the polarized optical microscope. 

In any case, it appears that the aligned NC-phase acts as a 

template, such that the fibers exhibit a preferential (though not 

exclusive) growth along n, resulting in the formation of a 

partially ordered gel network with anisotropic topology. It has 

been previously demonstrated that such template effects exist 

in the case of thermotropic LCs,44 and thus it may be expected 

that they also occur with lyotropic LCs.17 Furthermore, the 

anisotropic gel network appears to also exhibit a template or 

memory-effect, such that it remembers and maintains the 

alignment of the NC-phase originally imprinted by the magnetic 

field. Once aligned, the nematic gels retain their alignment even 

after months outside the magnetic field, provided that the gel 

network is not destroyed. The next Section will examine this 

interesting memory-effect of the gel network in more detail. 

 

3.3. Memory-effect in aligned nematic gels 

To further study the potential memory-effect of the aligned 

nematic gel, the temperature program shown in Figure 6 was 

applied. First, the sample was prepared and aligned using the 

quenching procedure from (0) to (1) as described in Section 3.2 

under the action of an external magnetic field with B = 1 T. 

Subsequently, the external magnetic field was turned off for all 

following steps from (1) to (5) of the experiment. The aligned 

nematic gel at room temperature (1) was heated to T = 40 °C (2) 

to complete a phase transition from the nematic to the isotropic 

phase (Tcl = 34.2 °C). The sample remains below the sol-gel 

transition temperature (Tsg = 55 °C) such that the gel network 

remains unaffected. The isotropic gel was then cooled to room 

temperature (3) to reform the nematic phase. The nematic gel 

was then heated to T = 130 °C (4), causing both a phase 

transition from the nematic phase to the isotropic phase and a 

melting of the gel network. Finally, the sample was cooled to 

room temperature (5) to allow the nematic phase and gel 

network to reform. After each step of the temperature 

program, images of the samples were recorded under a 

microscope with and without crossed polarizers. For the images 

taken with crossed polarizers two positions were chosen, one in 

the bright position of the aligned sample and one in its dark 

position, in order to check the state of alignment during the 

different stages of the experiment. 

The microscopy images (a-c) as well as schematic drawings (d) 

of each stage (1-5) of the experiment described in Fig. 6 are 

shown in Fig. 7. The samples between crossed polarizers can be 

seen in (a) the bright position and (b) the dark position. For the 

third row (c) the crossed polarizers were removed and only the 

gel network remains visible. A schematic drawing representing 

the anticipated structure of the sample in each stage of the 

experiment was added in the fourth row (d) which shows the 

micelles (grey) and water (blue) as well as the topology of the 

network (brown). In the first column (1) the initial alignment of 

the nematic phase (a1, b1) and the gel network (c1) are shown. 

Comparing the bright (a1) and dark (b1) position, one sees the 

macroscopic alignment of the nematic phase. Analogous to the 

nematic phase, the alignment of the gel network (c1) can be 

observed, which possesses the same preferred direction as the 

nematic phase. The second column (2) shows the sample after 

having been heated to T = 40 °C. The bright (a2) and dark (b2) 

position between crossed polarizers are both black, showing a 

phase transition from the nematic phase to the isotropic phase 

and the loss of the alignment. The gel network (c2), however 

retains the alignment after the heating. In the third column (3) 

the sample was cooled to room temperature and the nematic 

phase was reformed. The bright (a3) and dark (b3) position 

between crossed polarizers is virtually indistinguishable from 

(1) and the nematic phase follows the same director as the gel 

Fig. 6 Temperature program to study templating- and memory-effects between LLC and 

SAFIN. Initially, the sample was magnetically aligned at B = 1 T during quenching from (0) 

to (1) (see Section 3.2). The magnetic field was then removed for all subsequent stages. 

The nematic gel (1) is heated above the clearing temperature range Tcl to transfer the 

nematic into an isotropic phase while the gel network is conserved (2). Cooling back into 

the nematic gel state (3) and (4) heating above the sol-gel temperature range Tsg into an 

isotropic sol. Cooling again into the nematic gel state (5). 
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network (c3) which has remained unchanged. The fourth 

column (4) shows the sample at T = 130 °C with both bright (a4) 

and dark (b4) position being black and the gel network (c4) 

being completely dissolved. In the fifth and final column (5) the 

initially bright (a5) and dark (b5) positions show no significant 

difference with both containing bright and dark spots indicating 

multiple polydomains as opposed to an overall alignment. The 

gel network (c5), likewise, reforms without a preferred 

direction. Schematic drawing of the individual stages of the 

experiment are shown in the fourth row (d). It must be noted 

that over the course of this experiment no external stimuli that 

(re)aligns the nematic phase were applied. As such the driving 

force for the realignment must be the gel network which 

provides a sort of “memory” that allows the nematic phase to 

reform in its original orientation. Importantly, the heating cycle 

(1-3) can be repeated three times without a significant loss of 

the orientation of the nematic phase (Fig. SI1). This memory-

effect works similarly to the templating effect of the nematic 

phase on the gel network. As described in Section 3.2, after 

cooling from an isotropic sol the nematic phase forms first and 

can be aligned with a magnetic field. This aligned nematic phase 

then works as a template allowing the gel network to be aligned 

alongside the same director as the nematic phase. The aligned 

gel network can then, in turn, induce the aligned formation of 

the nematic phase from the isotropic phase (1-3) along its 

director as long as the sample is not heated above the sol-gel 

transition temperature (Tsg = 55 °C) where the gel starts to 

dissolve and loses its memory-effect. 

To determine whether this memory-effect is a general 

phenomenon of nematic gels, the experiment was repeated 

using the ternary system H2O – N,N,N-trimethyl-1-

tetradecylammonium bromide (C14TAB) – n-decanol. The 

results are shown in Fig. SI2. We found that the ternary system 

behaves similarly to the binary system, with a memory-effect 

being observable as long as the Tsg was not crossed. However, 

noticeable differences were observed as regards the initial 

alignment of the gel network (1) as well as the formation time 

of the nematic phase after cooling from T = 130 °C (5). As 

regards the gel network formation, the gel network of the 

ternary system does not align as neatly as the binary system 

under the same conditions. This is due to the fact that the 

nematic phase of the ternary system forms much slower than 

Fig 7 Results of the experiment shown in Fig. 6. POM pictures of an aligned nematic gel. The macroscopically aligned nematic gel is shown in bright (a) and dark (b) positions 

with respect to the crossed polarizers. The comparison between the bright and dark positions provides information about the quality of the alignment of the sample. In row 

(c) the sample is shown without polarizers to visualize only the gel network. The aligned nematic gel (1) is heated above the clearing temperature (2), while the gel network 

is conserved (Tsg > Tcl), resulting in an isotropic gel. After cooling the nematic phase has the same alignment as before (3). This memory-effect is based on the aligned gel 

network. Heating the nematic gel to an isotropic sol (4) and cooling down (5) again, no memory-effect can be observed afterwards. 
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that of the binary system due to the delayed incorporation of 

the cosurfactant as discussed in Ref.45 The formation of the 

NC-phase of the ternary system takes up to 3 hours, whereas the 

formation of the NC-phase of the binary system requires merely 

1 minute.45 The long formation of the NC-phase disturbs the 

templating process as the gel network can grow randomly until 

the nematic phase forms. The nematic phase only acts as a 

template for the gel formation if it is aligned. In summary, the 

aligned nematic gels of both the binary and ternary system have 

a memory-effect causing the nematic phase to align along the 

director of the gel network. 

4. Conclusions 

The key result of this work is that centimeter-long sample films 

of macroscopically aligned nematic gels can be generated by 

growing a self-assembling fiber gel network in a magnetically 

aligned lyotropic nematic NC-phase. After the gel network is 

completely formed, the macroscopic alignment of the nematic 

phase is preserved even in the absence of a magnetic field and 

is recovered even after melting and reformation of the 

NC-phase.  

These remarkable alignment and memory-effects are 

apparently the result of the interplay between lyotropic liquid 

crystalline order and gel network topology: On the one hand, 

the macroscopically aligned nematic matrix acts as an effective 

template that directs fiber growth, ultimately resulting in an 

overall anisotropic gel network. On the other hand, the 

anisotropic gel network acts as a kind of "memory" of the 

system, such that the original alignment of the nematic phase is 

maintained in the absence of a magnetic field and is recovered 

after melting and reformation of the NC-phase. 

The recovery of the aligned nematic phase is currently only 

verified using polarized optical microscopy (POM), and the 

alignment of the gel network is only suspected, as some 

samples visually show a preferred direction of the fibers. To 

unambiguously confirm the templating-effect of the LLC on the 

anisotropy of the gel network and, in turn, the memory-effect 

of the anisotropic gel network on the LLC, we have recently 

undertaken neutron scattering experiments, including contrast 

variations that allow the gel network and the LLC to be studied 

selectively. These experiments will be presented and discussed 

in a follow-up publication. 

We are confident that this simple and robust method for 

preparing macroscopically aligned anisotropic hydrogels is an 

important step towards their use in, e.g., biomedical 

applications. 
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