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Observation of the synergic gelation effect (SGE) in two-component gels is reported. An

equimolar mixture of (S,S)-bis(LeuOH) oxalamide [(S,S)-1] and (S,S)-bis(leucinol) oxalamide

[(S,S)-2] is able to gel up to 7 times larger a volume of p-xylene than an equal mass of each

component and up to 5 times larger a volume than an equal mass of the (S,S)-1 + (R,R)-2 or

(S,S)-1 + rac-2 equimolar mixtures. The homochiral (S,S)-1 + (S,S)-2 combination of gelators is

capable of hardening a volumes up to 5 times larger of certain solvents than the heterochiral

(S,S)-1 + (R,R)-2 combination. Experimental evidence provided by determination of gelation

efficiency, by 1H NMR, TEM and XRD studies, by determination of phase transition diagrams

and calculations of thermodynamic parameters for gel melting processes shows that synergism

depends on the chirality of the components, on the solvent properties and on the gel morphology.

It was found that each component tends to form reversed bilayers in lipophilic solvents which

then interact and organize into gel unit fibers. The unit fibers formed by interaction of the (S,S)-1

and (S,S)-2 bilayers and of the (S,S)-1 and (R,R)-2 bilayers are distereoisomeric. In certain

solvents, such diastereomeric unit fibers give different gel morphologies which in turn results by

different thermal stabilities of the gels, and in some cases by dramatically different gelling

efficiencies of gelator mixtures. The latter observation is denoted as the synergic gelation

effect (SGE).

Introduction

The gelation of various fluids by low molecular weight organic

compounds represents a topic of fast increasing interest.1

Numerous applications of gels as ‘‘smart’’ soft materials are

possible, relying on the controlled gel-to-sol phase transition,

which can be triggered by various external or internal stimuli

such as temperature, light, pH or recognition of a specific

solute.2–6 Applications include new drug delivery systems,7

tissue engineering,8 treatment of fluid waste9 and, more re-

cently, preparation of nano-dimensional inorganic materials

by sol–gel processes.10,11 It has been shown that gels form by

the self-assembly of gelator molecules into fibrous aggregates

through highly specific intermolecular interactions.12–14 When

the aggregates are sufficiently long, they entangle into a three-

dimensional network capable of immobilizing the solvent.15–19

The most recent interest is directed toward the development of

two-component gelling systems based on constitutionally dif-

ferent non-gelling molecules capable of gelling upon mixing.20

Such two-component gels endow supramolecular systems of

higher level of complexity and hence open new ways of control

and modulation of gel properties or phase transition processes.

We have recently found that bis(amino acid) 1 and bis

(amino alcohol) oxalamides 2 are efficient gelators of various

organic solvents and water.21 Both types of gelators tend to

self-assemble by forming b-networks of cooperative hydrogen
bonds between oxalamide units in one direction and between

terminal carboxylic or hydroxyl groups in the second in-plane

direction. The lipophilic amino acid groups and the polar

terminal groups (COOH or OH) are located above and below

the oxalamide plane, respectively. Such separation of lipophi-

lic and polar groups leads to a bilayer type of organization in

the third dimension (Fig. 1).21a,c

Since both types of structurally closely related gelators

exhibit the same type of self-assembly, the following questions

could be raised: (1) could gels form by mixing two constitu-

tionally different gelators; (2) would the properties of two-

component gels be different from those formed by the single

components; (3) if gels were formed do the gelator molecules

form composite assemblies, and if so, would they form hybrid

bilayers consisting of both components or composite assem-

blies consisting of interacting single-component bilayers; (4)

what would be the role of chirality in such two-component

systems? If the gels containing composite assemblies of the

constitutionally different gelator molecules could form, this

would present the supramolecular (non-covalent) variant of

molecular (covalent) copolymerization and may give gels of

considerably different properties than those formed by each

single component. In such a case, new and more complex

gelation systems could be obtained opening new ways of

control of the properties or phase transitions, which in turn
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may result in various new applications as dynamic and con-

trollable soft materials.

In this work we report on the discovery of a synergic

gelation effect (SGE) showing that the defined mass of the

homochiral 1 : 1 molar mixture of constitutionally different

gelators 1 and 2 is capable of gelling impressively larger

volumes of certain solvents than an equal mass of each of

the components or an equal mass of the heterochiral mixture.

Results of systematic studies of synergic and non-synergic

two-component gels by TEM, 1H NMR and X-ray powder

diffraction (XRPD), together with thermodynamic parameters

determined from their phase transition diagrams, reveal that

the observed synergic phenomenon is clearly solvent and

chirality dependent, and that it originates from a diastereo-

meric relationship between gel assemblies, which form by

interaction of reversed bilayers of the components, and that

is finally expressed in different gel morphologies.

Results and discussion

Gelation experiments—the synergism

To investigate if two-component gels could form from 1 and 2,

we prepared 1 : 1 molar mixtures of the (S,S)-bis(LeuOH)

derivative 1 with each of the enantiomers of bis(leucinol)

oxalamide (S,S-2 and R,R-2) and also with its racemate

(rac-2). Gelation capacity of each of the components and their

mixtures was assessed against five aromatic solvents using

in each test an identical weighted amount of pure gelator or

a 1 : 1 molar mixture of the components (Table 1).

Among the three mixtures, the (S,S)-1 + (S,S)-2 two-

component system is capable of immobilizing impressively

larger volumes of p-xylene, m-xylene and toluene than the

same amount of each single component or the heterochiral

(S,S)-1 + (R,R)-2 and (S,S)-1 + rac-2 mixture.

For example, 1 mg of (S,S)-1 + (S,S)-2 is capable of gelling

a 7 times larger volume of p-xylene than 1 mg of (S,S)-1 and a

4 times larger volume than 1 mg of (S,S)-2; the example shows

that mixing two constitutionally different gelators of the same

chirality may result in an impressive increase in the gelation

efficiency compared to that of each of the single components.

However, 1 mg of (S,S)-1+ (S,S)-2 is also able to gel a 5 times

larger volume of the same solvent than 1 mg of the hetero-

chiral combination (S,S)-1 + (R,R)-2, and more than 5 times

larger volume than 1 mg of the (S,S)-1+ rac-2mixture. These

results show that SGE occurs only in the case of the homo-

chiral combination of chiral components. Pronounced SGE’s

are observed in p-xylene, m-xylene and toluene (Table 1),

however, they are only very slight in benzene and o-xylene.

The gelation results from Table 1 clearly show that SGE is (a)

solvent dependent, showing dramatic differences between the

five aromatic solvents tested (compare o- and p-xylene), and

(b) exhibited only by the homochiral combination of the

components and not by the heterochiral and diasteromeric

ones.

To determine whether interactions between (S,S)-1 and

(S,S)-2 or (R,R)-2 induce thermal stabilization of the two-

component gel, the Tgel measurements with different ratios of

the two gelators were carried out. In p-xylene the maximum

Tgel was measured for a (S,S)-1 : (S,S)-2 1 : 1 molar ratio

showing a stabilization of 20–26 1C for the homochiral

combination (Fig. 2) and, of 15–21 1C for the heterochiral

(S,S)-1/(R,R)-2 combination (Supp. Inf. Fig. 1w) compared to

Tgel of the gels formed by the same concentration of the single

components. These results clearly show that the interaction

between the gelators 1 and 2 results in thermal stabilization of

the two component gels.

TEM investigation

The gel formed by (S,S)-1+ (S,S)-2 in toluene at the maximal

volume of gelled solvent (1.42 mL mg�1, Table 1) gives the

TEM image showing many tiny curved fibers with diameters in

the range of 10–80 nm (Fig. 3a). However, the TEM image of

Fig. 1 Structures of 1 and 2 and the organization of gel assemblies by

the hydrogen bonding network (left; shown for 2) and lipophilic and

polar interactions (right) between i-Bu (large circles) and OH or

COOH groups (small circles), respectively, in reversed bilayers formed

in lipophilic solvents.

Table 1 Results of the gelation testsa for (S,S)-1, (S,S)-2b and rac-2 and the 1 : 1 mixtures of 1 and 2

Solvent (S,S)-1 (S,S)-2 rac-2 (S,S)-1 + (S,S)-2 (S,S)-1 + (R,R)-2 (S,S)-1 + rac-2

Toluene 0.28 0.50 1.50 1.42 0.48 0.28
Benzene 0.10 1.00 0.80 0.81 0.46 0.33
p-xylene 0.52 0.85 0.20 3.72 0.72 0.70
m-xylene 0.36 0.95 0.15 2.28 0.72 0.53
o-xylene 0.42 1.40 0.86 0.70 0.56 0.30

a Gelation efficiency expressed as mL of a solvent gelled by 1 mg of a single component or by 1 mg of a 1 : 1 molar mixture of the components.

Gelation tests were performed in test tubes with 10 mm inner diameter. b (R,R)-2 has the same gelation properties as (S,S)-2.

1412 | New J. Chem., 2006, 30, 1411–1419 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 1

2 
Se

pt
em

be
r 

20
06

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

60
96

42
E

View Article Online

http://dx.doi.org/10.1039/b609642e


the (S,S)-1 + (R,R)-2 toluene gel also taken at the maximal

volume of gelled toluene (0.48 mL mg�1, Table 1) is comple-

tely different: the network consists of large fiber bundles

(Fig. 3b).

Apparently, close to the minimal gelation concentrations

the morphologies of the (S,S)-1 + (S,S)-2 and the (S,S)-1 +

(R,R)-2 gels are different. The AFM images (Fig. 3c and d)

taken on the same diluted gels also showed clearly different

morphologies for the two systems: much thinner fibers for the

homochiral combination and thick and straight fiber bundles

for the heterochiral one were observed. Interestingly, the TEM

image of the (S,S)-1 + rac-2 toluene gel also taken at the

maximal volume of the solvent (0.28 mL mg�1) represents a

combination of the two former images showing the presence of

two different morphologies, the tiny curved fibers and large

fiber bundles. The TEM investigation explains the observed

SGE in toluene. For the same quantity of the (S,S)-1 + (S,S)-

2 and the (S,S)-1 + (R,R)-2 two-component mixture, the

former gives much thinner fibers than the latter. Hence, the

first mixture gives ‘‘more’’ fibers being capable of immobilizing

a larger volume of toluene. In contrast, the (S,S)-1 + (R,R)-2

gives thick fiber bundles and is hence capable of hardening a

smaller volume of toluene.

In the TEM images of (S,S)-1 + (S,S)-2 and (S,S)-1 +

(R,R)-2 p- and m-xylene gels, also taken at maximal volumes

of the solvents (Table 1), the same differences in morphology

were also observed. The homochiral combinations exhibiting

pronounced synergism give very dense gel networks consisting

of thin fibers with diameters between 15 and 80 nm (Fig. 4a

and c), while the heterochiral ones give many pronounced

straight and thick fiber bundles having diameters in the range

of 100–280 nm (Fig. 4b and d).

The o-xylene gels showing only slight SGE for the homo-

chiral combination were also investigated by TEM. The Pd

shadowed images of the (S,S)-1 + (S,S)-2 and (S,S)-1 +

(R,R)-2 gels, both taken at the maximal volume of the solvent,

show practically identical morphologies with many curved

tiny fibers having in both cases diameters of around 20 nm

(Fig. 5a and b).

The morphologies of the single component [(S,S)-1 and

(S,S)- and rac-2] toluene and p-xylene gels exhibit tiny curved

fibers with diameters of 10–80 nm for the first component, and

straight and thick fiber bundles with diameters of 50–180 nm

Fig. 2 Tgel as function of the molar ratio of (S,S)-1 to (S,S)-2 in

p-xylene gels.

Fig. 3 TEM images of Pd shadowed (a) (S,S)-1+ (S,S)-2; (b) (S,S)-1

+ (R,R)-2. AFM images of (c) (S,S)-1 + (S,S)-2 diluted gel, fiber

heights 10–20 nm and (d) (S,S)-1 + (R,R)-2 diluted gel, fiber heights

26–143 nm (scale bars = 1 mm).

Fig. 4 TEM images of Pd shadowed (a) (S,S)-1 + (S,S)-2 p-xylene

gel; (b) (S,S)-1 + (R,R)-2 p-xylene gel, (c) (S,S)-1 + (S,S)-2 m-xylene

gel; (d) (S,S)-1 + (R,R)-2 m-xylene gel (scale bars = 0.5 mm).

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1411–1419 | 1413
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for the (S,S)- and rac-2 (Supp. Inf. Fig. 2 and 3w). It should be

noted that the morphologies observed for the homo- and

hetero-chiral mixtures (Fig. 3–5) always show the presence

of only one type of fiber, being either tiny curved ones or

straight fiber bundles, and not the simultaneous presence of

both fiber types. Hence, it can be concluded that in the two

component gels the network consists of composite fibers and

not of the independent fibers of each component.

TEM investigation also suggests that the SGE observed for

the homochiral combination of 1 and 2 and lack of it for the

heterochiral combination is a consequence of different gel

morphologies in the two systems and that in o-xylene gels,

where only very slight SGE is observed for the homochiral

combination, both combinations practically give identical

morphologies.

1H NMR investigation

Heating of gel samples is known to result in an increase of

gelator 1H NMR signals due to disaggregation of the gel

network into smaller, dissolvable aggregates observable by

NMR.21,22 To check the thermal behaviour of the toluene gels

of the synergic, homochiral and the non-synergic, heterochiral

gelator mixtures their temperature–dissolution profiles were

determined.

Fig. 6a and b show the increase of 1 and 2 concentrations by

heating (S,S)-1 + (S,S)-2 (a) and (S,S)-1 + (R,R)-2 (b)

toluene gel samples (each containing known concentrations

of 1,1,2,2-tetrachloroethane as an internal standard), as calcu-

lated from the increase of gelator signals (similar profiles of the

o-xylene gels are included in the Supp. Inf. as Fig. 4w); the
dissolution slopes (mmol 1C�1) determined for each compo-

nent in the six gels are shown in Table 2.

The profiles show much better dissolution of the alcohol

component with increasing temperature in all of the six gels

examined. For the toluene gels, the component (S,S)-2, (S,S)-1

and (R,R)-2, (S,S)-1 dissolution rates are 67.2, 2.9 and 78.7,

12.6 mmol 1C�1, respectively (Table 2).

So, the dissolution rates of both the alcohol and the acid

component are significantly higher for the heterochiral than

for the homochiral gelator combination which suggests that

the assemblies in the two systems should be different. Such

conclusion is also in accord with observation of different

morphologies for homo- and heterochiral toluene gels by

TEM and AFM. However, in o-xylene gels the dissolution

rates for (S,S)-2, (R,R)-2, and (S,S)-1 of the homochiral and

hereochiral mixtures are practically identical (Table 2 and

Supp. Inf. Fig. 4w). This again stands in accord with the

TEM observation of similar gel morphologies for the homo-

and heterochiral combination, which is reflected in similar

component dissolution rates for both combinations of the

gelators.

In the 1H NMR spectrum of the (S,S)-1 + rac-2 toluene-d8
gel, the (S,S)-2- and (R,R)-2-NHs are clearly non-equivalent,

appearing at d 7.89 and 7.70 ppm respectively (Fig. 7).

Heating of the gel sample leads to disaggregation of the

assemblies and the two signals of the non-equivalent rac-2

NHs practically merge into a single one (Fig. 7), showing that

upon disaggregation the NHs have become almost equivalent.

The temperature induced changes are fully reversible and

cooling of the sample restores the starting NMR spectrum.

These results clearly show that the non-equivalency of the

(S,S)-2 and (R,R)-2 NHs must be a consequence of their

interaction with (S,S)-1, resulting in diasteroisomerism at the

supramolecular level. Hence, different morphologies and tem-

perature–dissolution profiles observed for (S,S)-1 + (S,S)-2

Fig. 5 TEM images of Pd shadowed (a) (S,S)-1 + (S,S)-2 and (b)

(S,S)-1 + (R,R)-2 o-xylene gels (scale bars = 0.2 mm).

Fig. 6 Gelator concentration increases with increasing temperature

in the 1H NMR spectra of (a) (S,S)-1 (E) + (S,S)-2(’); (b) (S,S)-1

(E) + (R,R)-2(’), toluene gels: c = c1 + c2 = 4.4 � 10�2 mol dm�3.

Table 2 Dissolution slopes (mmol 1C�1) of the components of the
(S,S)-1 + (S,S)-2 and (S,S)-1 + (R,R)-2 mixed toluene and o-xylene
gels and the single component (S,S)-1– and (S,S)-2–toluene gels

(S,S)-1 + (S,S)-2 (S,S)-1 + (R,R)-2

(S,S)-1 (S,S)-2 (S,S)-1 (R,R)-2

Toluene 2.9 67.2 12.6 78.7
o-Xylene 12.1 44.5 11.6 44.8

(S,S)-1 (S,S)-2

Toluene 13.5 35.3 — —

1414 | New J. Chem., 2006, 30, 1411–1419 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006
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and (S,S)-1 + (R,R)-2 toluene gels should be the result of

diastereomeric assemblies existing in these systems at the

certain level of supramolecular organisation. However, not

only in the spectra of the (S,S)-1 + (S,S)-2 and (S,S)-1 +

(R,R)-2 toluene gels exhibiting distinct morphologies and

SGE, but also in the spectra of the o-xylene gels showing very

similar morphologies, the chemical shifts of the enantiomeric

alcohol NHs are different (Supp. Inf. Fig. 5w). The latter

observation suggests that formation of diastereoisomeric

(S,S)-1–(S,S)-2 and (S,S)-1–(R,R)-2 assemblies also occurs in

o-xylene, which, however, do not result in different morphol-

ogies, different temperature–dissolution profiles and observa-

tion of SGE. These results bring into focus the specific

solvation properties of gelled solvent and its specific interac-

tions with gel assemblies, which in certain cases (toluene and

m- and p-xylene) result in significantly different solvation of

diastereomeric assemblies and leads to different gel morphol-

ogy, while in other solvents (benzene and o-xylene) both

diastereomeric assemblies are similarly solvated, which results

in similar morphology and absence of SGE’s.

Phase diagrams and thermodynamic parameters for gel melting

processes

The difference in the thermally induced dissolution behavior of

toluene (S,S)-1+ (S,S)-2 and (S,S)-1+ (R,R)-2 gels observed

by 1H NMR is also found in their phase transition diagrams

(Fig. 8a).

The gel melting temperature (Tg) vs. c1 + c2 (the sum of the

component concentrations) curves are distinctly different for

(S,S)-1 + (S,S)-2 and (S,S)-1 + (R,R)-2 toluene gels (Fig. 8a)

and the difference in Tg increases with increasing concentra-

tion. The results show that the latter gel is thermally less stable

than the former. The phase diagrams obtained for the o-xylene

gels (Fig. 8b) show less different curves, being almost parallel

in contrast to those in the first diagram, also in o-xylene, the

heterochiral combination gives a thermally less stable gel than

the homochiral combination.

The thermodynamic parameters DH1 and DS1 can be calcu-

lated using gel melting temperatures Tg and molar fractions

x1,2 (x1,2 = n1 + n2/n1 + n2 + n0 where n1 and n2 are the

amounts of components 1 and 2 and n0 is the amount of the

solvent. Since n1 + n2 { n0 , x1,2 = n1 + n2/n
0) according to

eqn (1).23

ln x1,2 = �DH1/R � 1/Tg + DS1/R (1)

The DH1 and DS1 values for the toluene and o-xylene gel

melting processes, calculated from the linear ln x1,2 vs. 1/T

plots (Fig. 9), are collected in Table 3.

The free energy changes (DG1) for the gel melting processes

of the two-component and mono-component toluene and

o-xylene gels give close values, indicating a similar stability

of the gels. However, the enthalpy and entropy changes for the

composite gels significantly differ from the sum of the enthalpy

and entropy changes for mono-component gels, which

strongly suggests that interactions between the components

occur in the former systems.

Comparison of the enthalpy and entropy differences for the

homochiral and heterochiral gelator combinations of toluene

and o-xylene gels show that the differences for toluene gels are

almost twice as large as those calculated for the o-xylene gels:

D(DH1) 7.4 kJ mol�1 toluene; D(DH1) 3.5 kJ mol�1 o-xylene

and D(DS1) 29.6 J K�1 mol�1 toluene; D(DS1) 15.6 J K�1

mol�1 o-xylene. The somewhat larger energy difference be-

tween the homochiral and heterochiral assemblies of toluene

gels suggests their different supramolecular organization.

However, the difference between the enthalpy changes for

the homochiral (S,S)-1 + (S,S)-2 and the heterochiral (S,S)-

1 + (R,R)-2 toluene combinations is rather small [D(DH1)

Fig. 7 The temperature induced changes of the chemical shifts of the

(S,S)-1 NH (d 8.5–8.6 ppm) and the two nonequivalent rac-2 NHs

(d 7.6–7.95 ppm) in the toluene-d8 gel of the (S,S)-1+ rac-2 1 : 1 molar

mixture.

Fig. 8 Phase transition diagrams of (S,S)-1+ (S,S)-2 (’), (S,S)-1+

(R,R)-2 (E) toluene (a) and o-xylene (b) gels.

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1411–1419 | 1415
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7.4 kJ mol�1]. This suggests that the difference in supramole-

cular organization is not a consequence of different organiza-

tion involving strong intermolecular interactions, such as

hydrogen bonding between oxalamide units or polar car-

boxylic acid or hydroxyl groups of the gelator molecules,

but that it is more likely a consequence of different interactions

involving weaker van der Waals interactions between the

aggregates or between the aggregates and solvent molecules.

X-Ray powder diffraction (XRPD) of xerogels

As previously reported, the crystal structure of (S,S)-2 shows

bilayered organization and the XRPD’s of both the ground

single crystals and the xerogel prepared from toluene show

identical major diffraction peaks at 2Y 5.7, 11.4, 17.1 and

22.81 having the periodicity characteristic of a lamellar orga-

nization.21c The d spacing of 15.5 Å at 2Y of 5.71 corresponds

to the thickness of the (S,S)-2 bilayer found in the crystal

structure. Thus, in toluene gel, (S,S)-2 is organized in the

reversed bilayers. The tendency of (S,S)-1 to form reversed

bilayers in lipophilic solvents was strongly suggested by the

results of previous 1H NMR studies.10a The XRD of the (S,S)-

1 xerogel prepared from toluene gel shows the most intensive

peaks at low angles (2Y 4.8, 8.5 and 9.71), corresponding to d

spacings of 18.3, 10.4 and 9.0 (Fig. 10a), the appearance of the

broad band in the wide-angle region could be a consequence of

the slightly disordered structure of the organogel.24

The fully minimized conformation of (S,S)-1 was generated

by molecular modeling using a systematic conformational

search and the dimer with mutually hydrogen bonded car-

boxylic groups as the minimal fragment of a reversed bilayer

was constructed. The thickness of the bilayer measured from

the CPK model is 18.2 Å and the distance between oxalamide

planes gives the value of 10.4 Å (Supp. Inf. Fig. 6w), thus both
values nicely correspond to d spacings calculated for the two

most intensive peaks in the XRD diagram (Fig. 10a).

The diffraction diagram of the (S,S)-1 + (S,S)-2 xerogel

prepared from the toluene gel is shown in Fig. 10b. The

diagram clearly represents the sum of (S,S)-1 and (S,S)-2

diffraction diagrams containing peaks of both components.

This shows that the bilayers of each component are simulta-

neously present in the toluene gel.

Fig. 9 Plots of ln x1,2 vs. 1/Tg for the (S,S)-1 + (S,S)-2 (’) and

(S,S)-1 + (R,R)-2 (E) toluene (a) and o-xylene (b) gels (r2 4 0.9).

Table 3 Thermodynamic parameters (DH1/kJ mol�1and DS1/J K�1

mol�1)a obtained from the ln x1,2 vs. 1/Tg plots and calculated free
energy changes (DG1 at 300 K/kJ mol�1) of the two-component
(S,S)-1 + (S,S)-2, (S,S)-1 + (R,R)-2 and mono-component (S,S)-1
and (S,S)-2 toluene and o-xylene gels

Toluene o-Xylene

DH1 DS1 DG1 DH1 DS1 DG1

(S,S)-1 + (S,S)-2 +43.2 +72.4 +21.5 +56.7 +110.2 +23.6
(S,S)-1 + (R,R)-2 +50.6 +102.0 +20.0 +60.2 +125.8 +22.5
(S,S)-1 +54.5 +110.0 +21.5 +57.1 +112.7 +23.3
(S,S)-2 +89.0 +207.5 +26.8 +85.9 +201.2 +25.5

a Accuracy on DH1 and DS1 is �10%.

Fig. 10 X-ray powder patterns of xerogels prepared from the toluene

gels of (a) (S,S)-1 and (b) (S,S)-1 + (S,S)-2. The diagram (b) contains

the diffraction peaks of (S,S)-1 and (S,S)-2 at 2Y of 4.8 and 8.51 and

5.7, 11.4, 17.1 and 22.81, respectively, indicating the simultaneous

presence of bilayers of both components in the (S,S)-1 + (S,S)-2

toluene gel.
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Discussion

To explain the observed SGE effects, the experimental results

are interpreted in relation to the possible assembly motifs

between (S,S)-1 and (S,S)-2 and (S,S)-1 and (R,R)-2 at

different levels of organization: particularly, a possible stereo-

chemical influence on the assembly of the component gelators

at the primary, and at higher levels of organization found to

exist in gel, is considered.1b

At least four levels of organization (I–IV) could be antici-

pated for these types of gelators: the primary level (I), resulting

from the unidirectional and cooperative intermolecular hydro-

gen bonding between self-complementary oxalamide units; the

secondary level (II), comprising from bilayered aggregates; the

tertiary level (III), comprising unit fibers composed of inter-

acting bilayers; and the quaternary level (IV), consisting of

bundles of different size formed by interactions between unit

fibers (Fig. 11).

At the primary level (I), the intermolecular oxalamide–

oxalamide hydrogen bonding between homochiral (S,S)-1

and (S,S)-2 gives assemblies with clearly separated lipophilic

and polar parts, resembling ampiphilic aggregates and hence

favoring formation of reversed bilayers (level II) in the lipo-

philic solvents (Fig. 12a).

It should be noted that such hydrogen bonding between

heterochiral (S,S)-1 and (R,R)-2, would give the primary

assemblies with alternating positions of lipophilic and polar

parts, which can not form bilayers (Fig. 12b and vi). At the

secondary level (II), the hybrid bilayers consisting of hydrogen

bonded (S,S)-1 and (S,S)-2 (Fig. 12, i) or those built up from

(S,S)-1 and (S,S)-2 (ii) or (S,S)-1 and (R,R)-2 (v) primary

assemblies may form. If any of the hybrid bilayers (i), (ii) or (v)

would form, the thermally induced disaggregation would give

smaller, NMR observable aggregates consisting of equal

proportions of both components; in other words the NMR

signals of 1 and 2 would show similar increases in intensity

with increasing temperature. The NMR dissolution profiles

(Fig. 6) clearly show that this is not the case in any of the

toluene and o-xylene gels, since the alcohol component 2 in

each case gives much higher dissolution slopes than the acid

component 1. Thus, formation of hybrid bilayers (i), (ii) or (v)

can be ruled out on the basis of the dissolution profiles.

If the bilayers of a single component form (Fig. 12, iii and

vii) that subsequently organize into separated unit fibers of

each component, the thermally induced disassembly should

give the NMR observable (S,S)-1 and (S,S)-2 (or (R,R)-2)

aggregates in different proportions depending on the solubility

of the components. In such a case, two independent gel

networks would coexist and the maximal volumes of the

solvent gelled by the (S,S)-1 + (S,S)-2 and (S,S)-1 + (R,R)-

2 mixtures should be the same. In other words, no synergism

could be observed in such a case and also, the chemical shifts

of the (S,S)-2 and (R,R)-2 NHs should appear identical in the

NMR spectra of (S,S)-1+ (S,S)-2 and (S,S)-1+ (R,R)-2 gels.

Since chiral synergism is observed for the (S,S)-1 + (S,S)-2/

(S,S)-1 + (R,R)-2 toluene gels, and the (S,S)-2 and (R,R)-2

NHs give distinct signals in the 1H NMR spectra of the (S,S)-1

+ rac-2 toluene and o-xylene gels, organizations iii and vii can

be ruled out as well.

At the tertiary level of organization (Fig. 11, III), the (S,S)-1

and (S,S)-2 (Fig. 12, iv) and also (S,S)-1 and (R,R)-2 (Fig. 12,

viii) bilayer aggregates may interact, giving unit fibers contain-

ing both components: bilayer organizations iv and viii are

diastereomeric and hence the unit fibers must also be different.

This should result in different gelation efficiency and non-

equivalency of the (S,S)-2 and (R,R)-2 NHs in the NMR

spectra of their aggregates with (S,S)-1. The dissolution slopes

in this case should give different values for 1 and 2, depending

on the stability of each single component bilayer. This type of

organization is in accord with all of the provided experimental

results. The thermodynamic parameters (Table 3) show a small

enthalpy difference between the homochiral and heterochiral

Fig. 11 Levels of organization in gels: primary assemblies (I) formed

by unidirectional hydrogen-bonding between oxalamide units of ge-

lator molecules; the secondary level of organization (II) of reversed

bilayers formed by primary assemblies; the tertiary level (III) giving

unit fibers by lipophilic interactions between bilayers; and the qua-

ternary level (IV) of bundles formed by the interacting unit fibers.

Fig. 12 Possible organization motifs of the (S,S)-1, (S,S)-2 and

(R,R)-2 components (abbreviated as S1, S2 and R2) in toluene gels

into hybrid bilayers (i, ii and v), a monolayer assembly (vi), the

separated unit fibers, each containing single component bilayers

(iii and vii), and the composite unit fibers formed by interacting

bilayers of the components 1 and 2 (iv and viii).
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gels. It appears that much weaker supramolecular interactions,

such as lipophilic interactions that occur between interacting

reversed bilayers must be responsible for the observed syner-

gism. The non-equivalency of the (S,S)-2 and (R,R)-2 NHs as

observed in the NMR spectra of gels with rac-2 component

(Fig. 7 and Supp. Inf.w) strongly suggest interaction of the

component bilayers which results in induced diastereoisomer-

ism at the tertiary level of organization.

As shown schematically in Fig. 13, different directionality of

oxalamide hydrogen bonding occurs in the interacting (S,S)-

1–(S,S)-2 and (S,S)-1–(R,R)-2 bilayers, making (S,S)-2 and

(R,R)-2 NHs non-equivalent in such aggregates.

The XRPD of xerogels should give diffraction peaks corre-

sponding to both present bilayers, which indeed have been

observed (Fig. 10). However, the lipophilic interactions be-

tween the bilayers in the unit fibers appear different (Fig. 13)

due to different orientation of i-Bu groups in the (S,S)-

1–(S,S)-2 and (S,S)-1–(R,R)-2 bilayer aggregates. This may

give different packing of (S,S)-1–(S,S)-2 and (S,S)-1–(R,R)-2

bilayers in the unit fibers and also result in different solvation

of such fibers by the same solvent. TEM and AFM investiga-

tions (Fig. 3) revealed different gel morphologies for homo-

and hetero-chiral gelator combinations: formation of thin

fibers in the (S,S)-1 + (S,S)-2 toluene, p- and m-xylene gels

and thick and straight fiber bundles in the (S,S)-1 + (R,R)-2

gels with the same solvents. Apparently, toluene, and m- and

p-xylene are capable of providing highly specific interactions

with diastereomeric gel assemblies, which result in different gel

morphologies. However, benzene and o-xylene are not capable

of specific solvation of diasteromeric assemblies and the

properties and morphologies of homo- and heterochiral gels

are similar. The highly important role of the organic solvent in

determining the gel properties and its direct participation in

the formation of fibers was recently revealed by the AFM

study of the gels of cholesterol–stilbene gelators.25 The results

clearly prove strong gel fiber–solvent interactions and partici-

pation of the solvent molecules in the formation of both unit

fibers and fiber bundles.

Conclusion

We report on the observation of the synergic gelation effect

(SGE) in two-component gels, which shows that the defined

mass of the equimolar mixture of two constitutionally different

gelators is capable to gel an impressively larger volume of

certain solvents than the equal mass of each of the single

components and that the weighted amount of the homochiral

(S,S)-1 + (S,S)-2 equimolar mixture is capable to gel up to 5

times larger volume of the same solvent than the equal mass of

the heterochiral (S,S)-1 + (R,R)-2 or the (S,S)-1 + rac-2

equimolar mixture. We provide the evidence that synergism

depends on chirality of the component gelators and on the

solvent properties. Formation of composite gels assemblies

from constitutionally different gelator molecules can be con-

sidered as the supramolecular variant of molecular co-poly-

merization. It should be noted that in our systems at lower

organizational levels (I and II, Fig. 11) both components give

self-assembled aggregates and that the co-assembly exempli-

fied by lipophilic interactions between the single component

reversed bilayers occurs only at the III and IV levels of

organization. We believe that the presented results shed more

light on the supramolecular co-assembly in gels and may

endow the preparation of more complex systems with im-

proved properties based on mixtures of constitutionally and

stereochemically different gelator molecules.

Experimental

Compounds 1 and 2 were prepared following procedures

described previously.21a,c

Gelation experiments

A weighted amount of compound 1 or 2 or their 1 : 1 molar

mixture was placed in a test tube and measured volumes

(100–500 mL) of a selected solvent were repeatedly added.

After each addition, the mixture was heated until the sub-

stance dissolved, then allowed to cool spontaneously to room

temperature, and gel formation was checked by test tube

inversion. The procedure was repeated until the sample fluidity

was restored at room temperature.

1
H NMR experiments

All 1H NMR experiments were done on a Bruker AV-300

spectrometer. The temperature dependent 1H NMR spectra of

1 and 2 toluene-d8 and o-xylene-d10 gels (V = 0.65 mL; c1 +

c2 = 0.044 mol dm�3) were recorded at different temperatures

by raising the temperature by 5 1C from 25–80 1C in the

presence of a known concentration of 1,1,2,2-tetrachlor-

oethane, used as an internal standard.

Phase transition temperature measurements

Gelation temperatures (Tg) were determined by the inverse

flow method. The test tube that contained gel was immersed

inversely in a thermostated water bath. The temperature was

raised at a rate of 0.5 1C min�1. The Tg was defined as the

temperature at which the gel turned into the sol phase.

Fig. 13 Interactions between the (S,S)-1–(S,S)-2 and (S,S)-1–(R,R)-2

bilayers lead to diasteromerism at the supramolecular level. Different

directionality of NH� � �OQo hydrogen bonding, indicated by arrows,

results in the non-equivalence of the (S,S)-2 and (R,R)-2 NHs in the
1H NMR spectra of the two aggregate systems.
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TEM measurements

For transmission electron microscopy, a piece of gel was

placed on a carbon-coated copper grid and removed after

1 min, leaving some small patches of the gel on the grid. After

samples were dried at low pressure, they were shadowed at an

angle of 201 with palladium. The samples were examined with

a FEI MORGAGNI 268D transmission electron microscope

operating at 70 kV.

Powder X-ray diffraction

The toluene gels of (S,S)-1 and (S,S)-1 + (S,S)-2 mixtures

were prepared in a sample tubes and frozen by liquid nitrogen.

The frozen specimens were evaporated by a vacuum pump at

0.6 mmHg for 1 day at room temperature. X-ray diffracto-

grams of the xerogels were recorded on X’-PERT Philips 3040

powder diffractometer.

AFM measurements

Atomic Force Microscopy images were recorded under ambi-

ent conditions using a Digital Instrument Multimode Nano-

scope IIIa operating in the tapping mode regime. AFM

samples were prepared by drop casting a dilute solution of

nanostructures (5.0 mL of a toluene gels suspended in

0.100 mL toluene) on freshly cleaved mica (Ted Pella).
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