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Organocatalytic gels based on the dipeptide sequence L-Pro-L-Val have been studied by two different

FTIR techniques. This suggests a different arrangement of the gelator molecules in the self-assembled

fibers depending on the organic solvent employed. In acetonitrile and nitromethane the structure of the

supramolecular aggregates is similar and provides similar catalytic properties (supramolecular

enhancement of basicity). In contrast, the self-assembled fibers obtained in toluene clearly presented a

different molecular arrangement consistent with its different catalytic behaviour (enamine-based

catalysis). In addition these gels have been studied by microscopy and rheology.
A. Introduction

Supramolecular gels are materials formed by the one-dimen-

sional assembly of low molecular weight compounds. In these

materials, the gelator molecules are able to interact precisely with

others via non-covalent interactions (directional in nature such as

hydrogen bonding or p–p stacking or directionally non-specific

such as hydrophobic interactions) yielding fibrillar assemblies.1,2

The crosslinking of these elongated assemblies produces the

formation of a three-dimensional network that is able to trap the

solvent. These materials offer unique chemical properties that are

related to their supramolecular nature (including reversibility,

sensitivity to external stimuli, self-healing ability, etc.). The non-

covalent nature of these supramolecular gels has attracted the

attention of the scientific community and in recent years several

functional materials based on supramolecular gels have been

reported. For instance supramolecular gels with application as

biomaterials, smart materials and as templates for nano-

structured materials have been described.3

One of the less studied applications of supramolecular gels is in

catalysis, where to date only a limited number of systems have

been reported.4 Supramolecular gels can be considered as inter-

mediates between homogeneous and heterogeneous catalysts and

shares some advantages from both, for example, a high active

surface like in a porous solid along with precise control of the

structure of the catalytic moiety. Recently, research has focussed

on catalytic metallogels but organocatalysis in supramolecular
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gels remained as an unexplored area. In fact, aggregation is often

avoided in organocatalysis because the catalytic sites could be

modified upon interaction with other molecules, thus decreasing

their reactivity or stereoselectivity.5 Nevertheless, there are a few

reported examples in which the self-assembly of the organo-

catalyst serves to improve its catalytic properties.6 For example

Inoue described that the aggregation of a peptide-based catalyst

notably improved the stereoselectivity of the asymmetric addi-

tion of hydrogen cyanide to m-phenoxybenzaldehyde.6a–c This

precedent prompted us to design organocatalytic gelators and to

study their catalytic properties in solution as well as in the gel

phase.

Organogelators 1a–cwere designed and prepared with L-prolyl

groups at both ends of the molecule. L-Pro was chosen as the

functional group as a result of its well-known use as a stereo-

selective organocatalyst for enamine-based reactions.7 A L-Val

residue was introduced in the gelator design as the assembling

fragment, promoting the one-dimensional assembly through

hydrogen-bonding between the amide groups (Fig. 1). This

assembling fragment has been extensively employed in our group

to design functional organogelators with a general bola-amphi-

philic structure.8

Compounds 1a–c were able to form gels in different organic

solvents at low concentrations (see Table S1 in the ESI†). One of

the most interesting properties of these gels is the dramatic effect

that the solvent had in the catalytic properties. While gels of 1a–c

in acetonitrile and nitroalkanes exhibited basic catalytic
Fig. 1 Chemical structure of organogelators 1a–c.
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Fig. 2 Models of possible orientation of the hydrogen bonding arrays in

self-assembled fibers.
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properties,9 the gels in toluene revealed enamine-type catalytic

activity.10

In this paper, we report an exhaustive analysis of the structure

of these gel systems in order to understand the different catalytic

properties. First, we will discuss the results obtained via infrared

spectroscopy in order to gain a better knowledge of the self-

assembly properties of these gelators. In addition the nanoscopic

and microscopic aspect of these gels have been characterized by

optical and electron microscopy and their macroscopic behav-

iour quantified by rheology.

B. Experimental section

1. Materials

The synthesis and properties of gelators 1a–c have been previ-

ously described.11 The basic chemical structure of the molecules

used in this study is shown in Fig. 1. The organic solvents used

for this investigation were acetonitrile, nitromethane, nitro-

ethane and toluene. All solvents of high purity grade were

purchased from Aldrich and were used without further

purification.

2. Techniques

I. FTIR spectroscopy. Spectra were recorded using a Nexus-

FTIR spectrometer equipped with a DTGS detector and a

multiple reflection ATR system. Transmission FTIR measure-

ments were performed using a CaF2 plate, while grazing angle

FTIR experiments were done using a gold plate. For both

transmission and grazing angle configurations, small aliquots of

gels (1.5 wt%) were deposited on the corresponding plate and

allowed to dry, providing a solid film of dry gel (xerogel). Spectra

were scanned 64 times and 128 times for transmission and

grazing angle geometries respectively.

II. Cryo-SEM. Experiments were performed using a FEI

Quanta FEG 600 Scanning Electron Microscope which is

equipped with a Quorum PP2000T Cryo Stage. Usually a small

quantity of a gel sample was placed on a copper grid and then it

was cooled in nitrogen at �210 �C under high vacuum. After the

frozen sample was transferred into the cryo stage (�140 �C), it
was broken with a knife and sublimed at (�90 �C) for 10 minutes.

Then the temperature decreased to �140 �C and the sample was

coated with Pt at 10 mA for 20 s (the argon pressure was 4� 10�2

mbar). Finally the sample was transferred to the microscope.

III. Polarized optical microscopy. POM was performed using

an Olympus CX-41 polarized microscope. The samples were

prepared in screw-capped vials. After gelation and stabilization

at a given temperature, a small amount of gel (30 mM) was

placed on a glass cell. No differences were found in the POM

images after the film formation. The solvated films of gel were

then studied.

IV. Rheology. The rheological properties of the systems were

determined using a controlled stress AR-2000 rheometer from

TA Instruments. A cone and plate geometry (10 mm diameter,

gap of 26 mm) was used for all samples. Frequency sweeps were

performed in the angular frequency range 0.1–100 rad s�1 with
8866 | Soft Matter, 2012, 8, 8865–8872
the instrument in oscillatory mode at 25 �C. To ensure that the

moduli were independent of strain, preliminary strain sweeps

were performed for each sample.

C. Results and discussion

1. FTIR spectroscopic studies

The xerogels of compounds 1a–c were investigated using FTIR

spectroscopy. These gelators are formed by the peptide sequence

L-Val-L-Pro and thus most informative frequency regions are

related to the corresponding amide groups: (i) 3500–3200 cm�1,

corresponding to the N–H stretching vibration (amide A), (ii)

1800–1600 cm�1 corresponding to the C]O stretching vibrations

of the amide groups (amide I) and (iii) 1500–1570 cm�1 associ-

ated primarily to the out of plane bending of the NH unit of the

amide groups (amide II). As evident in Table S2 in the ESI†, in all

cases values around 3500–3400 cm�1 were found for the N–H

stretching vibration, suggesting that the N–H units are in a

hydrogen-bonded state. The values found for the amide I band

for these xerogels are in the range of 1636–1641 cm�1 and for

amide II, values in the range of 1539–1566 cm�1 were found.

These frequency values suggest a model of aggregation similar to

the b-sheet arrangement found in peptides.12 This model of self-

assembly is in agreement with the aggregation models proposed

previously for gelators 1a–c.10,11

The comparison of transmission (T) and grazing incidence

(GI) FTIR data has already been used by Hartgerink and co-

workers in order to determine the orientation of the intermo-

lecular hydrogen bonding with respect to the main axis of the

fibril in peptide amphiphiles with b-sheet arrangements.13a The

main differences between these two experiments is the angle of

incidence of the incoming IR laser beam with respect to the

sample (90� for transmission mode and 10� for GI mode) and the

surface where the sample is deposited (CaF2 for T and gold for

GI mode). Comparing the relative intensity of amide I and amide

II obtained by the two different FTIR techniques, it is possible to

determine if the b-strands are aligned parallel or perpendicular to

the main axis of the fibril (model I and model III in Fig. 2).
This journal is ª The Royal Society of Chemistry 2012
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Intermediate assemblies can also be observed (model II in Fig. 2).

These experimental techniques have been employed by several

authors in different self-assembling systems13 and it can be useful

in order to investigate the differences in the self-assembly of

gelators 1a–c depending on the solvent employed.

The gels of 1a–c are formed by a three dimensional network of

long fibers and they possess a microcrystalline distribution

(a high aspect ratio in the fibers and a crystalline nature is

required for the study). From a practical viewpoint, a relative

decrease of the amide I intensity in GI mode (with respect to the

intensity obtained via transmission mode) indicates that the

average direction of the b-sheet is parallel to the axis fiber

(Fig. 3A). In the opposite case (the intensity of amide I is higher

in GI mode) it can be considered that the average orientation of

the intermolecular hydrogen bonding array lies perpendicular to

the fiber axis (Fig. 3B).

The results obtained indicate that there are important differ-

ences concerning the orientation of the intermolecular hydrogen

bonding depending on the solvent employed for organogelators

1a–c (Table 1, Fig. S1 and S2†). In acetonitrile gelators 1a and 1c

seem to follow model I because a relative decrease in the intensity

of the amide I absorbance in GI mode was observed. In the case

of compound 1b clear differences were not observed between the

two types of irradiation mode, suggesting a kind of intermediate

orientation (for example model II in Fig. 2).

In nitromethane similar results were found. The average

orientation of the b-sheets in the fibers seems to be similar to

model I for 1a and 1c and it is not possible to distinguish a clear

fiber model for compound 1b in this solvent too. Interestingly

distinct results were found in toluene (Fig. 3B and S2†). In this

solvent a clear increase of the intensity of amide I in the GI mode

was found, suggesting a packing of fibers similar to model III for

compounds 1b and 1c. In this kind of aggregation the b-sheets

are oriented perpendicular to the fiber axis. In the xerogel of
Fig. 3 Transmission vs. grazing angle ATR FTIR spectra for xerogels of

compound 1a in acetonitrile (A) and compound 1b in toluene (B).

Table 1 Orientation models of the hydrogen bonding array in the self-
assembled fibers of 1a–c in different solvents

Entry Compound Solvent Model

1 1a CH3CN I
2 1b CH3CN —
3 1c CH3CN I
4 1a CH3NO2 I
5 1b CH3NO2 —
6 1c CH3NO2 I
7 1a Toluene —
8 1b Toluene III
9 1c Toluene III

This journal is ª The Royal Society of Chemistry 2012
compound 1a a clear difference between the two modes of FTIR

experiments was not evident for this solvent. The ability of these

compounds to self-assemble in different organic solvents into

fibrilar aggregates is associated with their molecular properties

(flexible bola-amphiphilic design), allowing different types of

molecular distributions into the self-assembled structures.

Therefore, the same average orientation of the hydrogen-bond

array and thus a similar arrangement of the molecules 1a–c were

observed in acetonitrile and nitromethane. This is in accordance

with the similar catalytic properties of the self-assembled fibers

found in these two solvents (basic catalysis). The close proximity

of the pyrrolidinic residues on the surface of the fibers (that

follow model I) and the participation of its NH in the formation

of hydrogen bonds (rigidity of the pyrrolidinic moieties was

found in previous HRMAS-NMR studies14) allow the non-

covalent synthesis of a proton relay system, and as a conse-

quence, an enhancement of its basic catalytic properties.

The different orientation of the bola-amphiphilic gelators

found in toluene, especially in the case of the organogelator 1b,

could explain the different catalytic behaviour of these fibers

(enamine based catalysis with enantioselectivity inversion). This

model of aggregation seems to give more conformational

freedom to the pyrrolidic moieties in the fibers (HRMAS-NMR

studies14) allowing them to react with ketones and to form

enamines. The higher mobility of the catalytic groups could

explain the absence of a proton relay system in this solvent

(an increase of basicity upon gelation was not detected).

It can be concluded that the different structural pattern of the

organogelator molecules 1–c in the one-dimensional aggregates

has a remarkable effect on the accessibility and mobility of the

catalytic groups and thus into their final catalytic properties.
2. Microscopic studies

Microscopy techniques provide insight into the micro and

nanostructure for a given gel. Optical microscopy does not

require sample handling and allows the observation of the native

nature of the aggregates, although it has a low resolution. On the

other hand, electron microscopic techniques, i.e. scanning (SEM)

and transmission (TEM) electron microscopies have resolutions

around 0.2 nm, providing valuable information about the

morphology of the aggregates that form the gel. The typical

operating conditions for these techniques (high vacuum) require

a complete drying of the samples. The process of drying a gel can

cause morphological changes in the aspect of their nano-objects

due to the phenomena of polymorphism, precipitation or crys-

tallization, and then the images obtained could present artefacts

not found in the original gel when it was solvated.15a One

accessible way to investigate the micro and nanostructure of

supramolecular gels without these inconveniences involves

cryogenic techniques such as cryo-TEM and cryo-SEM.15b In

these methodologies the gels are frozen and afterwards they are

carefully lyophilized, keeping the real morphology of the native

aggregates. In this process the solvent is eliminated and the

solvent pools are converted into cavities. Cryo-TEM provides a

higher resolution than cryo-SEM and it is preferred, for example,

in the study of the individual supramolecular aggregates that

form a gel comprising single nanofibers, nanotubes or nano-

wires.16 In these studies the samples typically present
Soft Matter, 2012, 8, 8865–8872 | 8867
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concentrations below the minimum gel concentration (MGC) in

order to obtain dispersed nano-objects.

For a network of a given supramolecular gel, cryo-SEM is

more favourable for different reasons: (1) this imaging technique

provides an improved three-dimensional view of the network

after lyophilisation; (2) the time required to prepare a sample is

significantly lower and (3) it allows the use of different organic

solvents with small changes in the preparation method.

I. SEM vs. cryo-SEM studies. To study possible differences

between the morphology of the aggregates observed previously

by SEM (on xerogels) and those in the solvated state, we studied

by cryo-SEM the gels of 1a–c. In Fig. 4 a clear difference between

the two microscopic techniques is evident for 1a. In the cryo-

SEM images, the three-dimensional network of the gel can be

seen while in the conventional SEM it is only possible to see the

surface obtained after collapse of the fiber network.

In a previous study11 we showed that the gelator 1a forms gels

in acetonitrile with different properties as a function of the

cooling method employed (spontaneous or controlled cooling).

The SEM images obtained showed that the fibers of the xerogel

corresponding to the gel obtained by controlled cooling (steps of

5 �C min�1) possess a higher diameter, causing the macroscopic

translucent aspect of the gel. In the cryo-SEM study of these gels

obtained under the same conditions, it was found that both of

them are formed by a fibrillar network. In addition, it can be seen

in Fig. 4 that the material obtained by slow cooling seems to

present a better defined network of fibres with respect to the

kinetically trapped material, in which the network seems more

amorphous. In the case of kinetically trapped gel, the fibres are

thinner (around 200 nm in width) than those obtained via

controlled conditions (around 600 nm). The different size of the

fibres explains the different macroscopic aspect of these gels

(kinetically trapped gels are transparent and those obtained

under controlled conditions are translucent). In addition, it was

found that the pore size obtained by the spontaneous cooling

method is considerably smaller (500 nm) as a result of the higher

branching phenomena in the gel formation.
Fig. 4 SEM (top) and cryo-SEM (bottom) images of gels of compound

1a (32 mM) obtained via different gelation protocols. Gels of compound

1a in acetonitrile obtained via spontaneous cooling (left) and by

controlled cooling (right).

8868 | Soft Matter, 2012, 8, 8865–8872
In the case of gels 1b and 1c in nitromethane the morphologies

observed by the two techniques were quite similar (Fig. 5A–C).

In both cases it is possible to see well defined long fibres but the

diameter is considerably higher in the solvated state (200 nm by

SEM and 800 nm by cryo-SEM). Furthermore, it can be seen that

by changing the time of lyophilization it is possible to change the

amount of solvent removed. With a lyophilization of 10 minutes

at �90 �C it can be seen that only a small quantity of solvent was

removed on account of the high boiling point of nitromethane

(Fig. 5B). In this case only the surface of the sample is observ-

able. When the time was 15 minutes the quantity of solvent

removed was significantly higher, as revealed in the cross-section

of the sample (Fig. 5C).

Gels in toluene exhibited several differences between the nano-

objects observed by SEM and cryo-SEM. As evident in Fig. 5 the

xerogels of compound 1b in toluene are comprised of fibres with

diameters#300 nm in width. In the study of this sample by cryo-

SEM it was found that the self-assembled network is built by

nano-objects with similar length but with a higher thickness. The

process of drying in this sample seems to produce fibres in the

xerogelswhich present a lower thickness than in the solvated state.

It can be concluded that in some cases the objects observed

previously by SEM in supramolecular gels of 1a–c are not totally

representative of the real nanostructures that produce the gela-

tion. For this reason cryo-SEM is a more reliable technique to

study the three dimensional network of aggregates that form a

supramolecular gel.

II. Structure of fibrillar networks. The most accepted mech-

anism for the formation of a supramolecular gel is nucleation-

mediated branching or ‘‘crystallographic mismatch branching’’.17
Fig. 5 SEM and cryo-SEM images of gels of compounds 1b and 1c. Gel

of compound 1c (18 mM) in nitromethane observed by SEM (A) and

cryo-SEM (B and C). Gel of compound 1b (30 mM) in toluene observed

by SEM (D) and cryo-SEM (E and F).

This journal is ª The Royal Society of Chemistry 2012
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According to this mechanism the formation of the three-

dimensional network initiates from primary nucleation followed

by the growth and branching of fibrous arms. The number of

starting nuclei and the ratio between fibre growing and branching

determines the final properties of a given gel. A fibrillar network

can be classified as a ‘‘single fibre network’’ or as a ‘‘multidomain

fibre network’’. In a single fibre network, the primary nucleation

forms a well interconnected and interlocked 3-D network of

fibres. In some cases, when the branching is very compact, the

formation of spherulites is observed. If they are much more

branched, they will not be able to intercalate with the adjacent

spherulites, yielding a multidomain network. The issue of

spherulites versus fibrillar network formation in molecular gels

has been studied previously, for example, by Weiss.17e

Spherulites are regular birefringent structures with radial

symmetry in three dimensions and a circular symmetry in a thin

section and can be easily observed by polarized optical micros-

copy (POM) Fig. 6.18 They present characteristic Maltese-cross

extinction patterns when observed in a thin section between

crossed polarizers, as a result of the coincidence of the mutually

perpendicular optical axis of the spherulites with the respective

orientations of the polarizer and analyzer. Spherulites are a very

common kind of self-assembly observed during polymer crys-

tallization and their formation is well documented for synthetic

polymers such as polyethylene.18b The formation of these semi-

crystalline objects has been observed in many other systems

including natural polymers as, for example, in carbohydrates

such as cellulose,19 chitin20 and chitosan21 and in proteins such as

bovine insulin.22

Keeping in mind that the self-assembly of compounds 1a–c

presents a model of aggregation similar to the b-sheet arrange-

ment in peptides, they were studied by POM in order to obtain
Fig. 6 Optical microscope (A) and POM (B–F) images. (A) Multido-

main formed by 1c in toluene; (B) multidomain 1c in toluene; (C) gel of 1c

in nitroethane; (D) gel of 1a in toluene; (E) gel of 1c in toluene; (F) gel of

1b in acetonitrile - spontaneous cooling.

This journal is ª The Royal Society of Chemistry 2012
insight into the aggregation process and possible spherulite

formation.

When the gels of 1a–c in acetonitrile were observed by POM it

was found that the gels obtained by controlled cooling presented

a crystalline texture, whereas those obtained by spontaneous

cooling exhibited significant numbers of spherulites of different

sizes (Fig. S3†). This behaviour has been associated with the

degree of supersaturation at the initial stage of the nucleation–

gelation.23

In the case of compound 1a it was observed that the gel

obtained by controlled cooling comprises an interconnected

network with a crystalline texture. In contrast, under conditions

of spontaneous cooling it was observed that the gel was formed

by individual spherulites with size around 20 mm. This result can

be understood keeping in mind that at low cooling rates crys-

tallographic mismatches are not present yielding long fibres with

low branching (as observed by cryo-SEM). Similar results were

obtained with compounds 1b and 1c in this solvent. The gels

obtained via spontaneous cooling yielded materials with a higher

number of spherulites than those obtained via the controlled

cooling method.

The gels formed in toluene by 1a–c presented different textures

depending on the gelator (Fig. S4†). In the case of compound 1a

coloured spherulites with diameter around 2 mm were found.

These colour phenomena are associated with a different orien-

tation of the molecules within the spherulite, modifying its

refractive index.24 The POM texture suggests a multidomain

network formed by a high number of individual spherulites. In

the case of the gels of compound 1c in this solvent it was observed

that the network is formed by individual spherulites too, but the

size of them is considerably lower (50 mm). In the case of

compound 1b only some dispersed spherulites were observed and

a more crystalline aspect was found. These results are in agree-

ment with the gelation capacity of compounds 1a–c in this

solvent. Compound 1b presents the lowest MGC in this solvent

and forms single fibre network gels with only some small

spherulites. Gelators 1a and 1c formed multidomain networks of

spherulites and presented higher MGC values. The tendency of

gelators 1a–c to form spherulites was found to be lower in

nitroalkanes (Fig. S5†). In nitromethane a large number of

interconnected small spherulites was found in the case of

compound 1a. In the case of the gels of 1b and 1c, which present a

lower MGC in this solvent, the amount of birefringent objects

was considerably lower. In nitroethane only some dispersed big

spherulites were observed.

It can be concluded that gelators 1a–c present a high tendency

to form spherulites as previously detected in the gelation studies

in acetonitrile.11 It was found that compound 1c at concentra-

tions belowMGC is able to self-assemble into discrete spherulites

of around 1 mm in diameter (Fig. S6†). These spherulites pre-

sented an amorphous core from where the self-assembled fibres

started to grow.

The tendency of compounds 1a–c to form spherulites could be

related to their conformational properties. In Fig. 7 a possible

mechanism for the formation of a multidomain fibre network or

a single fibre network is shown depending on the cooling method

employed. In conformational studies it was determined that the

amide groups of these compounds are able to interact in an

intramolecular fashion yielding folded molecules in solution.10,11
Soft Matter, 2012, 8, 8865–8872 | 8869
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Fig. 7 Illustration of fibre network formation depending on the method

of cooling employed.

Fig. 8 Frequency sweep for a gel in acetonitrile of compound 1a

(32 mM). Representation of the elastic modulus (G0) and viscous modulus

(G0 0) vs. the gelator concentration for gels 1a and 1c in acetonitrile

(spontaneous cooling).
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At high gelator concentrations the molecules switch to an

extended conformation and interact with each other through

intermolecular hydrogen bonding between the amide groups,

yielding one-dimensional aggregates. Thus, the amide groups are

bound in an intramolecular or intermolecular fashion depending

on the concentration. In a typical gelation process, the gelator is

dissolved in a solvent by heating. At high temperatures the

intermolecular interactions that fold these molecules in solution

are broken and the gelator molecules present an extended

conformation. In super-saturated conditions depending on the

rate of cooling the amide groups of these molecules will form an

intra- or inter-molecular hydrogen bond. The gelator molecules

in a folded conformation will present a wrong conformation for

one-dimensional assembly and then they will produce a

mismatch in the fibrillar assembly, producing, for example,

branch phenomena (Fig. 7). If the branching phenomenon is

important, spherulites will be formed and a multidomain

network will be obtained. In the case of a low mismatch in the

one-dimensional assembly, a highly interconnected network of

fibres will be obtained.

3. Rheology

In a supramolecular gel the macroscopic properties are directly

dependent on the microscopic structure of the three-dimensional

fiber network.1,25Usually when the concentration of the gelator is

close to the MGC the number of fibres and their cross-linking is

low, and thus the material is considered as a weak gel. In this

situation the presence of the nanofibres increases the viscosity of

the solution but it is not enough to prevent the liquid flow. At

concentrations higher than the MGC the number and size of the

fibres is higher, yielding a cross-linked three dimensional

network that is able to immobilize the solvent. It is logical to

think that the modulus of a given gel will increase with an

increase of the gelator concentration. This is true until a given

concentration of the gelator. It was found that at high concen-

tration the macroscopic properties of these materials are infe-

rior.26 This behaviour can be ascribed to supersaturation effects

(branching, polymorphism, precipitation, defects in the self-

assembly process, etc.).

The dynamic shear moduli were measured for gels of 1a–c and

2. Gels were subjected to a non-destructive frequency-sweep in

which an initial stress of 3 Pa was allowed to adjust to a constant

strain of 0.01%. As an example, it can be seen in Fig. 8 that a gel

of 1a in acetonitrile presented values of G0 and G0 0 virtually

independent of the oscillation frequency. The value of G0

obtained was at least one order of magnitude higher than G0 0,
8870 | Soft Matter, 2012, 8, 8865–8872
revealing the dominant elastic behaviour of these gels. These two

rheological characteristics are present in all of the gels studied at

moderate concentrations (Fig. S7–S9†).

Studies of G0 and G0 0 vs. concentration of the gelator revealed a

general increase in both moduli values up to a certain concen-

tration, after which the modulus decreased and the values of G0

and G00 became similar, turning the elastic gels into a viscoelastic

material. Fig. 8 shows the concentration dependence on the

values of G0 and G0 0 of 1a and 1c in acetonitrile. It can be seen

that at low concentration the values of G0 and G00 of compound

1c are higher based on its lower MGC and solubility. A gelator

with low solubility (and low values of MGC) presents a low

fraction of gelator molecules in solution in contrast with the

number of molecules present in the solid state (in the fibres).27

Additionally, it can be observed that the values of G0 and G0 0 for
1c achieve a maximum at 35 mM and afterwards there is a

smooth decrease in its rheological properties. This behaviour can

be understood if one considers the positive effect of an increase in

the gelator concentration (higher number and size of fibers) and

the negative effect on the mechanical properties associated with

the supersaturation effects. The lower solubility of this gelator in

acetonitrile suggests that defects in the self-assembly appear

before that in the case of gelator 1a.

At concentrations above 40 mM the difference between G0 and
G0 0 becomes lower in the case of compound 1c while in the gels of

compound 1a it remains equal. This behaviour can be ascribed to

the different solubility of these gelators in acetonitrile. Gelator 1c
This journal is ª The Royal Society of Chemistry 2012
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is able to form well-defined fibres at concentrations lower than 1a

but presents a decrease of the macroscopic properties (related to

super-saturation phenomena) at a lower concentration.

Similar results were found for gels in nitromethane (Fig. S10†).

Gels of compound 1c in this solvent presented better rheological

properties with respect to the gels obtained with compound 1a at

low concentrations. When the concentration of the gelator was

higher than 30 mM, the properties of the gels of 1a become better

as a result of the formation of a well cross-linked network of

fibres yet worse in the case of 1c in which the super-saturation

phenomena become important.

The effect that the gelation methodology and the presence of

co-solvents have on the rheological properties of the final

materials was examined. Different gels of 1a in acetonitrile were

prepared by spontaneous and controlled cooling methods. It can

be seen in Fig. 9 that the properties of the final materials were

significantly different. At low concentration the gels obtained by

spontaneous cooling presented values for G0 and G0 0 significantly
lower than those obtained with the controlled cooling process.

As shown by cryo-SEM, the gels obtained by fast cooling pre-

sented short and thin fibres with a high degree of branching. The

shape and size of these self-assembled fibres obtained by the

spontaneous cooling method show that the final rheological

properties of the gel are lower with respect to those obtained by

the controlled cooling method.
Fig. 9 Representation of the elastic modulus (G0) and viscous modulus

(G0 0) vs. the gelator concentration. (Top) Gels 1a and 1c in acetonitrile

(spontaneous cooling and controlled cooling). (Bottom) Gel of 1b in

toluene pure and in toluene with 10% of hexane.

This journal is ª The Royal Society of Chemistry 2012
It was found in the gelation studies that the introduction of a

small quantity of hexane increased the modulus of the gels of

compound 1b in toluene. For example, it was found that the gels

formed in a mixture 9/1 toluene–hexane possessed a higher

thermal stability and a lower quantity of gelator molecules in

solution (lower solubility) than the gels obtained in toluene.10 It

can be seen in Fig. 9 that at low concentration the gels obtained

in toluene lead to lower shear modulus values with respect to

those obtained in the presence of 10% of hexane. At high

concentration the super-saturation effects (i.e. precipitation,

branching) are important in the gels obtained in the presence of

hexane and then there is a decrease in its modulus.

This study shows how sensitive the rheological properties of

these supramolecular materials are to small changes in the

concentration of the gelator, gelation conditions and solvent. In

addition, it has been shown that the gelators 1a–c are able to

form supramolecular gels only in a given concentration range.
D. Conclusions

We have studied the gels formed by 1a–c by FTIR spectroscopy

in transmission and in grazing angle modes. The results obtained

suggest aligned self-assembled structures resembling the b-sheet

pattern in peptides. In addition, it was found that the average

direction of these b-sheets with respect to the self-assembled fibre

axis is different depending on the solvent. A similar distribution

was found in the gels of nitromethane and acetonitrile where the

fibres present a supramolecular basicity. In contrast, in toluene a

different orientation of the hydrogen bonding was detected. It

could explain the non-basic catalytic properties of the self-

assembled fibres in this solvent and its ability to form enamines.

These gels were analyzed with cryo-SEM and differences in

morphology were noted with respect to those observed previ-

ously by regular SEM. The differences achieved can be associ-

ated with the phenomena of crystallisation or polymorphism

during the solvent elimination process. POM revealed that the

gelators 1a–c present a high tendency to form spherulites as a

result of their conformational characteristics. In the case of the

gels in acetonitrile it was detected that depending on the cooling

method employed it is possible to switch the properties of the

three-dimensional network. At low cooling rates (controlled

cooling) single fibre networks were obtained while if the samples

are cooled spontaneously the final network is formed by indi-

vidual spherulites.

Finally, rheology was used to quantify the effect that the

gelator concentration, the gelation method employed and the

presence of a co-solvent has in the final macroscopic properties.
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