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The amide-group containing amphiphile 4-N-octanoyl-aminobenzoic acid sodium salt is able to

thermoreversibly form supramolecular hydrogels in aqueous solutions of alkanine sodium salts. The

supramolecular assemblies can be transferred without destruction by a mold-casting/drying process

into self-supporting macroscopic supramolecular nanofiber mats. These mats are thermally and

mechanically stable, resistant to a large variety of organic solvents and therefore interesting for

potential applications such as templating of inorganic materials and filtration. The nanotubular multi-

walled morphology of the underlying supramolecular assemblies was revealed using field-emission

scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), X-ray scattering

(XRD) and Fourier-Transform infrared spectroscopy (FT-IR).
Introduction

Fibers with sub-micron diameters, so-called nanofibers, have

gained a lot of attention in material science.1 Their increased

aspect ratio and high surface area make nanofiber-based mate-

rials very promising for a broad spectrum of applications such as

templating of inorganic materials,2 textile applications,3

filtration4 and catalysis.5 Furthermore, nanofibers can be used in

medical applications, for example as matrices for tissue engi-

neering,6 wound healing,7 and for transport and release of drugs.8

For the preparation of nanofibers, ‘‘top-down’’ and ‘‘bottom-

up’’ approaches are known. Technically applied ‘‘top-down’’

methods include melt blow processes,9 centrifugal spinning10 and

electrospinning.11 Nanofibers prepared by ‘‘bottom-up’’

approaches such as molecular self-assembly12 are in general not

self-supporting and therefore require stabilizing scaffold struc-

tures to be manageable and applicable.13

Here we present a straightforward and reliable method based

on self-assembly of a tailored low-molecular weight amphiphile

enabling the preparation of stable, free-standing nanofibrillar

fiber mats of macroscopic dimensions.
Results and discussion

Thermoreversible hydrogel formation

Out of a series of amphiphilic N-amidated 4-aminobenzoic acid

sodium salts, we found that a few are able to form stable

hydrogels. The underlying structural motif of this class of

amphiphiles includes, in addition to the polar headgroup and the

hydrophobic tail, an amide linkage next to an aromatic moiety.

Eleven derivatives of N-amidated 3- and 4-aminobenzoic acids
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with linear alkyl chains ranging between 3 and 13 methylene

units were synthesized and tested with respect to their gelation

behavior in basic aqueous media. Within the investigated series

of compounds, especially the 4-(octanoylamino) benzoic acid

sodium salt (1Na) showed exceptional hydrogel formation

exclusively in aqueous solutions of alkaline sodium salts like

sodium hydroxide, sodium hydrogen carbonate and sodium

carbonate (Fig. 1). For example, mixing of the free acid 1 with

aqueous sodium hydroxide solution (40 g L�1 of NaOH) at

elevated temperatures results in a homogeneous solution of the

corresponding sodium salt 1Na. Upon cooling, self-assembly via

several hierarchical levels takes place, resulting in a three-

dimensional fibrillar network structure which subsequently gels

the solvent. Due to the non-covalent intermolecular interactions,
Fig. 1 Chemical structure of 4-(octanoylamino) benzoic acid 1 and the

corresponding sodium salt 1Na. Optical images of the sol state at 85 �C

(left) and the gel state at room temperature (right) of 1Na in aqueous

NaOH solution (initial concentration of 1: 10 g L�1, 40 g L�1 of NaOH).

This journal is ª The Royal Society of Chemistry 2011
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Table 1 Influence of the sodium salt concentration on the gelation
behavior of 1Na in aqueous solutions. Initial concentration of 1 ¼ 5 g
L�1. Note: the free acid 1 is transformed in situ into the gelator 1Na due to
the alkaline aqueous media

Aq. Na2CO3 sol.a Aq. NaHCO3 sol. Aq. NaOH sol.

c (salt)/g L�1 c (salt)/g L�1 c (salt)/g L�1

50 s 10 s 0.5 s
100 g (1 d) 20 s 1 s
150 g (15 min) 30 s 5 s
200 g (10 min) 40 g (1 d) 10 s
300 g (10 min) 50 g (35 min) 15 s
400 p 60 g (20 min) 20 g (35 min)
500 p 70 g (15 min) 25 g (20 min)
600 p 80 g (15 min) 30 g (15 min)
700 i 90 g (10 min) 35 g (15 min)
800 i 100 g (10 min) 40 g (10 min)

a Na2CO3� 10H2O was used for the preparation of the solution. Note: s:
clear solution after heating and cooling; g: homogeneous gel (time for
gelation); p: only partially soluble at 90 �C; and i: insoluble at 90 �C.
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the hydrogels are thermoreversible and can be transformed from

the gel state at room temperature to the sol state by heating and

vice versa. The system has a gel–sol transition temperature (Tgel)

which depends on the gelator concentration.

The influence of the gelator concentration on Tgel shows

a typical behavior for supramolecular hydrogels (Fig. 2). At very

low concentrations, the amount of gelator is too low to provide

a stable three-dimensional network, so no macroscopic gel is

formed. When the critical gelation concentration is reached, this

results in the formation of a gel sample with a defined Tgel. Upon

further increase of the gelator concentration, Tgel shifts to higher

values, as the supramolecular network density increases. Finally,

a plateau of Tgel is reached.

Not only the gelator concentration but also the type and

content of salt in the aqueous solutions used for hydrogel prep-

aration has a significant influence on the gel formation (Table 1).

When we investigated the behavior of 1Na in different aqueous

solutions of alkaline sodium salts, we found that a certain

amount of sodium salt is necessary for hydrogel formation.

Furthermore, the time for complete gelation of the sample

decreases with increasing salt content from days to a few

minutes. This indicates a pronounced ‘‘salt effect’’ during the gel

formation and can be utilized to perform salt-induced supra-

molecular hydrogel formation (Fig. 3). For example, an aqueous

mixture of 20 g L�1 of 1 in an aqueous sodium hydroxide solution

(5 g L�1 of NaOH) appears as a clear fluid solution after heating

to 85 �C and cooling to room temperature and is stable for

several days without showing any gel formation. If we now

increase the sodium salt content, for example by the addition of

saturated sodium hydrogen carbonate solution, the whole

sample is transformed into a opaque hydrogel within seconds to

few minutes, depending on the type and amount of sodium salt.
Preparation of nanofiber mats

We discovered that the fibrillar assemblies within the gel samples

are stable and it is possible to remove the solvent without
Fig. 2 Influence of the initial concentration of 1 on the gel–sol transition

temperature Tgel of the corresponding hydrogel (solvent: aqueous NaOH

solution, 40 g L�1 of NaOH). Note: the free acid 1 is transformed in situ

into the gelator 1Na due to the alkaline aqueous media.

This journal is ª The Royal Society of Chemistry 2011
destroying the network structure, resulting in free-standing and

self-supporting nanofibrillar fiber mats. The adopted preparation

steps are illustrated in Fig. 4. A mixture comprising 10 g L�1 of 1

and aqueous sodium hydroxide solution (40 g L�1 of NaOH) is

heated under stirring to 85 �C yielding a homogeneous solution.

This hot solution is poured into a Teflon� mold (diameter:

65 mm, filling height: 5–10 mm). The mold is covered with a glass

plate in order to prevent evaporation of the solvent. During the

cooling process, gelation occurs very rapidly. After ten minutes,

the entire sample is sufficiently stable to be completely removed

and transferred on top of a plaster disc covered with a thin layer

of paper pulp. A second plaster/paper pulp disc was put on top,

resulting in a sandwich-type setup. Gentle compression is applied

and the sodium hydroxide solution is almost completely removed

by capillary forces.

We determined by elemental analysis in combination with

thermogravimetric analysis that this process removes 98% of the

sodium hydroxide solution. The sample is mechanically stable

enough to be lifted off without destruction. To remove traces of
Fig. 3 Salt-induced hydrogel formation of 1Na. (a) Suspension of 20 g

L�1 of 1 in aqueous NaOH solution (5 g L�1 of NaOH) before heating; (b)

homogeneous sample at 85 �C; (c) homogeneous solution (stored for 24 h

at room temperature); (d) hydrogel sample 1 min after addition

of saturated NaHCO3 solution (100 g L�1 of NaHCO3) at room

temperature.

Soft Matter, 2011, 7, 1058–1065 | 1059
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Fig. 4 Preparation of supramolecular nanofibrillar fiber mats: (a) mold-

casting of the solution of the sodium salt 1Na at 85 �C; (b) self-assembly

induces gelation during cooling; (c) removal of the gel sample from mold;

(d) removal of the solvent by compression between paper pulp and plaster

slides (only one half of the sandwich-type setup is shown); (e) lifting off

the sample; and (f) supramolecular fiber mat after oven drying.

Fig. 5 Stress-elongation diagram of supramolecular nanofiber stripe

(1Na, prepared from 10 g L�1 of 1 in aqueous NaOH solution, 40 g L�1 of

NaOH). Inset: optical image of nanofiber stripe.
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water, the sample was air-dried for 30 min at 80 �C. The thickness

of the resulting samples directly depends on the initial filling

height of the mold. In the case of 5 mm height of the gel sample

we obtained a dried fiber mat with a thickness of 0.06 mm. A

filling height of 10 mm resulted in a fiber mat with a thickness of

0.12 mm. During the drying step under compression the two-

dimensional shape is maintained and only the thickness is

reduced. The specific surface area of the fiber mats was investi-

gated by Brunauer–Emmett–Teller (BET) experiments. A

surface area of about 26 m2 g�1 was determined. This demon-

strates the porous structure of the samples.
Mechanical stability of nanofiber mats

In order to get a first information on the mechanical stability of

the nanotubular assemblies, we prepared supramolecular nano-

fiber stripes with defined dimensions and carried out some stress–

strain experiments (Fig. 5). The results show that the nanofiber

stripes are mechanically quite robust, with an elongation at break

of approx. 1% at a stress of 0.53 MPa.
1060 | Soft Matter, 2011, 7, 1058–1065
Solvent resistance of nanofiber mats

The stability against solvents of the fiber mats was tested by

immersing small samples (diameter: 10 mm, thickness: 0.06 mm)

in different solvents at room temperature. Due to their salt-like

nature, the fiber mats keep their integrity in several organic

solvents including dichloromethane, chloroform, tetrahydrofur-

ane, ethyl acetate, acetone, butanol, isopropyl alcohol and

ethanol. In aqueous media, the stability depends on salt content

and pH value. Under acidic conditions or at low salt concen-

tration, disintegration takes place. At higher pH values and

higher salt content, the fiber mat samples are macroscopically

stable for weeks. Furthermore, heating the dried fiber mats in

aqueous sodium hydroxide solution (40 g L�1 of NaOH) fol-

lowed by cooling to room temperature leads back to hydrogels

with the initial macroscopic properties.
Thermal stability of nanofiber mats

In literature, other amphiphilic systems are reported which are

able to form tubular morphologies via self-assembly in aqueous

media.14 Nanotubular structures were found for example with

phospholipids, glycolipids, peptidic amphiphiles and bolaam-

phiphiles, all of them featuring relatively long apolar chains. The

here presented tubular morphologies based on the anionic

amphiphile 1Na have the advantage of a substantial enhanced

thermal stability. This increased thermostability is caused by the

combination of a shorter alkyl chain, strong intermolecular

interactions by hydrogen-bonds and by the salt-type headgroup.

Thermogravimetric analysis (Fig. 6) revealed that the fiber mats

of 1Na contain only small amounts of water (about 2 wt%). The

onset of weight loss is around 310 �C. The corresponding acid 1

contains practically no water and is less stable. The onset of

weight loss occurs already around 250 �C. Annealing experi-

ments of the fiber mats were carried out in air at 155 �C. SEM

investigations of the annealed samples demonstrated that the

tubular morphology of the fibers is unchanged.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 TGA curves (nitrogen atmosphere, heating rate 10 �C min�1) of

acid 1 and the corresponding sodium salt 1Na as fiber mat (prepared from

10 g L�1 of 1 in aqueous NaOH solution, 40 g L�1 of NaOH).

Fig. 7 SEM images (a–c) of supramolecular fiber mats of 1Na prepared

from 10 g L�1 of 1 in aqueous NaOH solution (40 g L�1 of NaOH)

(superposition of two images with different focus); (a) edge view and (b)

top view of the fractured nanofibrillar fiber mat; (c) cryo-fractured

sample showing the circular cross-section and the hollow interior of

a nanofiber; and (d) TEM image of a piece of a single nanotubular fiber.Pu
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Morphology of nanofiber mats

Scanning electron microscopy images of the supramolecular fiber

mats are shown in Fig. 7. Image (a) shows an edge view of

a fractured sample, proving that an uniform fibrillar morphology

exists throughout the whole interior of the sample. Image (b)

shows the top view of a sample revealing the fibrillar structure

with fiber lengths of several tens of micrometres. An image of

a cryo-fractured sample (c) shows that the nanofibrillar fiber

mats consist of uniform fibers with a well-defined circular cross-

section and indicates a hollow interior of the nanofibers. In all

cases, we did not observe residual salt on the fiber surfaces. In

order to finally prove the nanotubular morphology, TEM

experiments of pieces of single fibers were carried out. Fig. 7(d)

clearly shows the morphology of a hollow nanofiber. The

nanofibers are very uniform with respect to the inner and outer

diameter. A statistical evaluation of about 50 individual fiber

pieces resulted in an average outer diameter of 88� 14 nm and an

average inner diameter of 22 � 3 nm.
Structural investigations of the nanofibers

In order to get more information on molecular arrangement of

1Na in the supramolecular assemblies, we carried out XRD and

FT-IR experiments. In Fig. 8 the XRD pattern of a hydrogel

sample prepared from 10 g L�1 of 1 in aqueous sodium hydroxide

solution (40 g L�1 of NaOH) is shown. A sharp peak at 2.36� (2q)

corresponding to a d-spacing of 3.74 nm is observed. Addition-

ally, a weak peak (indicated by an arrow) at 7.12� (2q) can be

found. Both peaks can be retrieved when examining a dried fiber

mat, thus indicating that the structure is retained during the

drying process. The XRD analysis of the dried fiber mat yields

a stronger diffraction pattern due to much higher concentration

of scattering material in the Mark-tube compared to the gel

sample. As the 2q values of the peak series behave like

1 : 2 : 3 : 4 : 5, this clearly indicates a highly ordered multilayer

superstructure composed of bilayers.

Together with additional WAXS experiments of dried fiber

mats of 1Na, an indexing of the Bragg peaks is possible

and proposes an orthorhombic elementary cell with a ¼ 3.6 nm,
This journal is ª The Royal Society of Chemistry 2011
b ¼ 1.2 nm and c ¼ 0.5 nm. Considering the molecular dimen-

sions of 1Na, we assume a multi-walled tube structure for the

nanofibers with the walls consisting of bilayers of the amphiphile.

Considering the results from the TEM experiments on inner and

outer diameter of the nanotubes, the estimated average number

of bilayers in a nanotube is around 9 to 10.

The tendency of 1Na to form bilayer assemblies is also

expressed by the fact that platelet crystals slowly precipitate from

solutions of 1Na in aqueous sodium hydroxide solution under

certain conditions. If a mixture of 1 and aqueous sodium

hydroxide solution (10–20 g L�1 of 1, 5 g L�1 of NaOH) is heated

to 85 �C and cooled down to room temperature subsequently,

spherical micelles of 1Na are initially formed and can be visual-

ized by cryo-TEM methods (Fig. 9(a)). After standing at room

temperature for several weeks, platelet crystals of 1Na can be

recognized (Fig. 9(b)). By cryo-TEM experiments and in situ

small-angle electron diffraction (SAED) of these platelets

(Fig. 9(c) and (d)), we could prove that these macroscopic ‘‘flat’’

platelet crystals of 1Na consist of stacks of flat bilayers.

Furthermore, SAED experiments of such aggregates

(Fig. 9(d)) indicate an orthogonal arrangement of the
Soft Matter, 2011, 7, 1058–1065 | 1061

http://dx.doi.org/10.1039/C0SM00456A


Fig. 8 Top: XRD patterns of 1Na in a hydrogel and a dried fiber mat

(prepared from 10 g L�1 of 1 in aqueous NaOH solution, 40 g L�1 of

NaOH). Note: the hydrogel curve was magnified for more clarity. The

arrow indicates a weak second Bragg peak. Bottom: molecular model of

1Na and the proposed arrangement of two molecules within the unit cell

determined by XRD indexing methods.

Fig. 9 Supramolecular assemblies of 1Na in aqueous NaOH solution

(10 g L�1 of 1, 5 g L�1 of NaOH). (a) Cryo-TEM image of a micellar

solution of 1Na after 1 d at 25 �C); (b) polarized optical microscope image

of platelet crystals of 1Na after standing at 25 �C for several weeks; (c)

cryo-TEM image and (d) small-angle dark-field electron diffraction

image of a platelet crystal of 1Na.

Fig. 10 FT-IR spectra of acid 1 and the corresponding sodium salt 1Na

as crystallized platelets (prepared from 10 g L�1 of 1 in aqueous NaOH

solution, 5 g L�1 of NaOH) and as dried fiber mat (prepared from 10 g L�1

of 1 in aqueous NaOH solution, 40 g L�1 of NaOH). The inset illustrates

the flat bilayer stack morphology of the acid 1 and of 1Na platelets and

the proposed multi-walled morphology of the tubular nanofibers.
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amphiphiles within the stacked bilayers. The corresponding

d-spacings were calculated as 1.2 and 0.5 nm, which fit very well

with the proposed values from the XRD indexing results

(compare Fig. 8). Additionally, the proposed molecular

arrangement of the amphiphile 1Na is in good agreement with

reported results where the bulk structure of several N-alkanoyl

p-aminobenzoic acids was investigated in detail.15 These amphi-

philes form dimers via the carboxylic moieties. In addition, the

amide groups interact via hydrogen bonds, thus enforcing

a lateral stabilization of the supramolecular structure.

The difference between a flat bilayer stacking and a furled

multi-wall nanotubular arrangement can be visualized using

FT-IR methods. Within flat bilayers, all amphiphiles are

spatially equal, resulting in only one type of amide group. The

acid 1 exhibits a sharp peak at 3318 cm�1 (n(N–H)) which indi-

cates a single species of hydrogen-bonded aromatic amide groups

(Fig. 10). The platelet crystals of 1Na also show only one sharp

peak at 3322 cm�1. In contrary, the FT-IR spectrum of a dried

fiber mat shows two broadened and overlapping peaks at

3324 cm�1 and 3280 cm�1. We propose that the bending of the

bilayers in the nanotubular assemblies results in a kind of

differentiation into inner (compression) and outer (expansion)

surface of the bilayer, being expressed in two amide peaks.

Furthermore, the radius of curvature changes from the inside to
1062 | Soft Matter, 2011, 7, 1058–1065
the outside of the nanotube, thus leading to slightly different

environments of the amphiphiles and consequently resulting in

broadening of the peaks.

Proposed gel formation mechanism

Summarizing all the experimental results, the self-assembly and

hydrogel formation behavior of 1Na can be explained as follows
This journal is ª The Royal Society of Chemistry 2011
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(Fig. 11). In the first step, 1 is mixed with the aqueous solution of

alkaline sodium salt. During heating the free acid 1 is trans-

formed into the corresponding sodium carboxylate 1Na. The

following steps during cooling to room temperature depend on

the amount of sodium salt in the initial solution. At a low sodium

salt content, spherical micellar aggregates are formed which are

stable for several days. If the amount of sodium salt is increased,

i.e. by mixing with a saturated aqueous solution of sodium

hydrogen carbonate, fast hydrogel formation takes place.

Otherwise, the initial spherical micelles transform into ribbons

and platelets consisting of multiple stacks of bilayers of 1Na

within weeks. In contrary, if a higher sodium salt content is used

to prepare the initial mixture, upon cooling the hot solution

transforms very quickly into a supramolecular hydrogel con-

sisting of multi-walled tubular nanofibers of 1Na. Interestingly,

both of these gel formation procedures result in hydrogel samples

featuring the same morphology and size of the supramolecular

aggregates of 1Na, and both hydrogels are fully

thermoreversible.

The sensitivity of the hydrogel formation of 1Na towards the

content of sodium salt can also be explained. As mentioned

above, we found that 1Na is able to form stable hydrogels in

aqueous solutions of sodium hydroxide, sodium hydrogen

carbonate and sodium carbonate. In contrary, no gel formation

was observed using the corresponding lithium or potassium salts.

This ‘‘sodium effect’’ on the gel formation can be explained by

a sodium ion aided ‘‘crosslinking’’ of micellar assemblies of the

sodium carboxylate amphiphiles. As it has been demonstrated

very recently experimentally and by molecular mechanics

calculations,16 only sodium ions seem to be able to ‘‘bridge’’

carboxylate headgroups between micellar structures, thus

leading to hierarchical aggregation and the formation of super-

lattices. In our case, the bilayer units in the multi-walled nano-

tubes can be held together by this sodium-ion bridging

interactions. This also explains why at a high sodium salt

content, hydrogel formation takes place immediately, whereas at

low content, isolated micellar aggregates can be found. Addi-

tionally, the high sodium salt content results in a ‘‘salting-out’’

Hofmeister effect, as hydrophobic intermolecular interactions

are strengthened, thus also leading to enforced molecular

aggregation. In summary, three main forces are guiding the
Fig. 11 Proposed salt-content dependent molecular self-assembly of 1Na in

a thermoreversible supramolecular hydrogel.

This journal is ª The Royal Society of Chemistry 2011
molecular self-assembly of the carboxylate amphiphile 1Na:

hydrophilic/hydrophobic interactions lead to the formation of

spherical micelles. Intermolecular attraction by hydrogen

bonding via the amide moieties results in the transformation of

the micelles into less curved bilayer structures. Finally, bridging

of the carboxylate-decorated bilayers by sodium ions yields

stacked aggregates. In the case of lower sodium salt content,

platelet crystals are formed very slowly. At higher sodium salt

content, multi-walled nanotubes are formed, leading to the fast

formation of a macroscopic hydrogel.
Experimental details

General methods and materials

All chemicals were used as received (Sigma-Aldrich) without

further purification.
Synthesis of 4-(octanoylamino) benzoic acid (1)

6.00 g of 4-aminobenzoic acid (43.7 mmol) were dissolved in

240 mL of acetone, 9.26 g of sodium carbonate (87.4 mmol) were

added and the mixture was stirred for several minutes. 6.75 mL of

octanoyl chloride (6.43 g, 43.7 mmol) were added slowly while

cooling the mixture in a water bath. While stirring for about 4 h

at ambient temperature, a white solid precipitated. After removal

of the acetone by vacuum distillation the residual solid was

elutriated with 400 mL of distilled water, and concentrated

aqueous HCl was used to adjust the pH value of the suspension

to approximately 3. The mixture was then filtrated using a sin-

tered funnel and the precipitate was washed with 500 mL of

desalted water. The residue was dried in air flow in the sintered

funnel for 30 min, at 70 �C under reduced pressure (rotary

evaporator) for 3 hours and at room temperature in high vacuum

(0.1 mbar) overnight. A white powder was obtained. Yield: 8.66 g

(32.9 mmol, 75%). Mp 238.9 �C. 1H NMR (300 MHz, DMSO-d6,

d) 12.64 (s, 1H, –COOH), 10.14 (s, 1H, –NH), 7.86 (d, J¼ 8.8 Hz,

2H, Ar–H), 7.69 (d, J ¼ 8.8 Hz, 2H, Ar–H), 2.33 (t, J ¼ 7.4 Hz,

2H, –CO–CH2–), 1.59 (m, 2H, –CH2–), 1.25 (m, 8H, –(CH2)4–),

0.86 (t, J ¼ 6.5 Hz, 3H, –CH3) ppm. EIMS (m/z (%)): 263 (7)

[M+], 179 (14), 137 (100), 120 (14), 57 (18), 43 (15), 41 (12).
aqueous solutions of alkaline sodium salts and the resulting formation of

Soft Matter, 2011, 7, 1058–1065 | 1063
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Elemental anal. Calcd. for C15H21NO3: C 68.42, H 8.04, N

5.32%; found C 68.34, H 8.16, N 5.35%.
Melting point

The melting point was measured using a MP90 Melting Point

System (Mettler Toledo) at a heating rate of 10 �C min�1.
NMR experiments

NMR experiments were carried out on a Bruker Avance AC 300

spectrometer at 298 K (300 MHz). The compounds were dis-

solved in DMSO-d6, which also acted as internal reference.
Mass spectroscopy

Mass spectra were recorded on a Finnigan MAT 8500 apparatus

(EI, 70 eV) using direct injection mode.
Elemental analysis

Elemental analysis (C, H, N) was carried out with an EA 3000

instrument (HEKAtech). The amount of oxygen was calculated

assuming that the difference between the measured amounts of

carbon, hydrogen and nitrogen and 100% was the content of

oxygen. The theoretical amount of all four elements was calcu-

lated using Isis Draw.
Determination method for the gel–sol transition temperature

(Tgel)

The gel–sol transition temperature Tgel was determined using the

following ‘‘falling steel ball method’’. For the measurement, one

mL of a hot gelator solution was filled into a screw cap vial (inner

diameter: 12 mm, filling height: 9 mm), sealed and stored at room

temperature overnight. A steel ball (diameter: 2 mm, weight:

33 mg) was put on top of the gel, and the vial was heated slowly in

an oil bath (heating rate: approx. 1 �C min�1). Tgel was defined as

the temperature at which the steel ball reached the bottom of the

vial (average of two measurements). The temperature was

measured in a reference vial filled with one mL of pure water.
Determination of specific surface area

BET measurements were performed by nitrogen physisorption at

77 K on a Quantachrome Autosorb 1 instrument. Approxi-

mately 100 mg of the fiber mat were placed in a sample holder

and degassed at 373 K for 24 h. The value for the specific surface

is the average of the results obtained from two independently

prepared samples.
Mechanical stability of nanofiber stripes

Mechanical stability tests of supramolecular nanofiber stripes

consisting of 1Na were carried out on an Instron Universaltester

equipped with a 10 N load cell at a feed rate of 2 mm min�1. The

nanofiber stripes were prepared by an adapted mold casting

procedure using a silicone mold (60 � 10 � 5 mm) resulting in

nanofiber stripes (60� 10� 0.06 mm). The effective stripe length

for the measurements was 10 mm. An initial concentration of 1 of
1064 | Soft Matter, 2011, 7, 1058–1065
10 g L�1 in aqueous sodium hydroxide solution (40 g L�1 of

NaOH) was used.

Scanning electron microscopic study

The nanotubular fiber assemblies obtained by the mold-casting

and drying method were crushed using a spatula. Fragments of

the fiber mat were mounted on a standard sample holder by

conductive adhesion pad and examined with a Zeiss LEO 1530

(FE-SEM with Schottky-field-emission cathode, in-lens detector)

using an accelerating voltage of 2–4 kV. The samples were

sputtered with platinum prior to SEM imaging.

Transmission electron microscopy

The sample was prepared by placing the powdered fiber mat on

top of a carbon-coated copper grid. Excess material was removed

by gentle air flow. The sample was examined using a Zeiss

CEM902 instrument at an accelerating voltage of 80 kV.

(Cryo-)transmission electron microscopy

A mixture of 10 mg of 1 and 1.0 mL of aqueous sodium

hydroxide solution (5 g L�1 of NaOH) was stirred at room

temperature until a homogeneous clear solution was formed.

After standing at room temperature for one day, a drop of the

solution was placed on a ‘‘lazy carbon’’ TEM grid. Excess of the

solution was removed using a piece of filter paper. The sample

was shock-frosted in liquid ethane and investigated using a Zeiss

LEO EM922 Omega instrument.

Optical polarizing microscopy

A few drops of a sample of 1Na in aqueous sodium hydroxide

solution containing macroscopic visible platelet crystals were

placed on a glass microscopic slide and covered with a cover slide

in order to prevent evaporation. Images were taken between

crossed polarizers using a Nikon Diaphot 300 microscope

equipped with a camera.

Thermogravimetric analysis

TGA measurements were performed with a NETZSCH simul-

taneous thermal analysis instrument STA 409 under nitrogen

with a flow rate of 75 cm3 min�1. Approximately 10 mg of the

substance were put in an alumina crucible. The measurements

were performed in the range of 25–600 �C at a heating rate of

10 �C min�1.

XRD measurements

XRD analysis of hydrogels and powdered fiber mats was per-

formed on a Huber Guinier-Diffraktometer 6000, equipped with

a Huber Quartz-Monochromator 611, a Cu-anode (CuKa1-

beam, l ¼ 154 051 pm, X-ray generator from Seifert Company

(Germany)), a Huber SMC 9000 stepping motor controller and

a self-developed gate system, primary beam stopper and sample

oven. XRD analysis of the hydrogel was carried out by filling

pre-heated Mark tubes (outer diameter: 2 mm, wall thickness:

0.01 mm) with a hot solution of 1Na (from 10 g L�1 of 1 in

aqueous sodium hydroxide solution, 40 g L�1 of NaOH). The
This journal is ª The Royal Society of Chemistry 2011
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samples were sealed and stored at room temperature for 24 h

prior to the XRD measurements. For WAXS experiments,

a stack of four dried nanofiber stripes was attached to a metal

sample holder using adhesive tape. XRD spectra were recorded

on a Bruker D8 Advance X-ray diffractometer (CuKa1-beam,

l ¼ 154 051 pm, recording angle 5–80� (2q), angle increment

0.025� (2q), recording time 30 s per angle position). Peak

indexing for the evaluation of the elemental cell type and

dimensions was carried out using ‘‘Powder 3D’’ and ‘‘Crysfire’’

software.

IR measurements

IR spectra were recorded with a Perkin-Elmer Spectrum

100 FT-IR spectrometer in ATR mode. The samples were

powdered prior to the measurements.

Conclusions

We presented a simple, reliable method for the preparation of

supramolecular nanofiber mats which is based on the self-

assembly process of a low-molecular weight sodium salt

amphiphile. The fiber mats consist of multi-walled nanotubes

exhibiting highly uniform inner and outer diameters. Due to the

molecular structure of the underlying amphiphile, these fiber

mats show a good thermal stability and are mechanically stable

without the need of additional scaffold. The fiber mats are

resistant to a variety of common organic solvents. This opens the

door to further applications including templating of inorganic

materials and filtration. Furthermore, it could be demonstrated

that isolated micellar aggregates of the sodium carboxylate

amphiphile can be transformed into hierarchical superstructures

by changing the sodium salt content of the aqueous media,

resulting in the formation of thermoreversible supramolecular

hydrogels.
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