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ABSTRACT: The control and prediction of the self-assembly process in multi-component supramolecular gels is challenging 
because the structure and properties rely mostly on the geometry and spatial arrangement of the building blocks. The under-
standing of non-covalent interactions between the individual gelators at molecular level will enable us to tune the gelation 
properties of multi-component gels. We have studied the self-assembly process of multi-component gel based on enantiomers 
and report the first crystallographic evidence of specific co-assembly in mixed enantiomeric gel, which is supported by scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM) images. The mode of interactions between the individual 
gelators from molecular to macroscopic level, which are responsible for co-assembled fibers was identified by single crystal 
X-ray diffraction. We have proved that specific co-assembly leads to enhanced mechanical and thermal stability in the mixed 
gel compared to the meso and individual enantiomeric gels. 

INTRODUCTION 

Self-assembly is an ubiquitous process in life science and 
nature has been successful in self-assembling simple build-
ing blocks to complex functional architectures with unique 
functions and properties.1 The concept of supramolecular 
chemistry2, 3 has enabled chemists to mimic nature's self-as-
sembly principles resulting in functional materials with tai-
lored properties4-6 but it is often challenging to control the 
structure and mechanism of such self-assembled structures 
and their formation in real-time. Stimuli-responsive supra-
molecular systems7-10 offer better control of the self-assem-
bly/reassembly process, which can be either switched 
on/off by an external stimulus such as anions, heat, light, 
sound etc. Supramolecular low molecular weight gelators 
(LMWGs)11-19 based on multi-component systems have 
emerged as an important class of stimuli-responsive soft 
materials due to their potential applications in tuning gel 
state properties.20-25 Multi-component gels obtained by 
mixing individual gels offer a good platform to analyze the 
supramolecular assembly of individual gels. For example, 
the individual gelator molecules interact either construc-
tively or destructively to form well-ordered fibers contain-
ing individual gelators (self-sorting), both gelators (specific 
co-assembly, Scheme 1) or a mixture of both (random co-
assembly).24, 25 Multi-component self-assembled gels ob-
tained by mixing enantiomers25-37 display interesting prop-
erties due to the interaction between pure enantiomers, 
which facilitates the formation of mixed enantiomeric gels 

with intriguing properties that are not achieved by individ-
ual enantiomeric gels. These interactions will lead to more 
favorable packing in mixed enantiomeric gels,25-37 presum-
ably due to the interaction of the individual enantiomers ei-
ther constructively or destructively. Recently, we have 
shown that mixing enantiomeric bis(urea) compounds 
tagged with a phenylalanine methyl ester led to a multi-
component gel with enhanced thermal and mechanical 
strength.30  

 
Scheme 1: Self-sorting and specific co-assembly of enantio-
mers in mixed gels. 

One of the main challenges in mixed gel systems is the 
prediction of the self-assembly process, because it is hard to 
control the interactions between the individual gelators 
from molecular to macroscopic level during the formation 
of fibrous networks.25, 38, 39 The self-assembly process at the 
molecular level in multi-component gels have been ana-
lyzed by various spectroscopic40-46 and microscopic tech-
niques.47-51 Efforts have been made to unravel the self-as-
sembly process of multi-component enantiomeric gels by 
analyzing the physical properties using spectroscopic 
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methods such as UV-vis, NMR and IR and other methods 
such as differential scanning calorimetry (DSC) and rheol-
ogy.52-59 We have studied the self-assembly process in 
mixed enantiomeric gels using SEM, AFM and solid-state 
NMR and showed that the resulting network is a mixture of 
self-sorted and co-assembled networks.30 Recent develop-
ments in high-resolution X-ray diffraction has enabled re-
searchers to differentiate self-sorted and co-assembled net-
works and identify the key parameters in the formation of 
multi-component gel networks.24, 48, 59-63 Adams and co-
workers used fiber X-ray diffraction to show self-sorting in 
naphthalene-functionalized dipeptide hydrogelators.59 
Nisbet et al showed that the small angle X-ray scattering 
(SAXS) data of co-assembled system was different from the 
individual components.60 Adams et al proved that the indi-
vidual components in multi-component dipeptides gels are 
self-sorted by isolating the single crystals of one the dipep-
tides in the gel network.24  

Single crystal X-ray diffraction (SCXRD) has been used to 
identify the key interactions in the solid-state structure of 
LMWGs,64-71 which may provide some insight into the pack-
ing modes of these molecules in gel fibers. This approach 
was used by Pfeffer and co-workers to explain the gelation 
behavior of the enantiomers compared to the non-gelator 
racemate.72 However, the analysis of the self-assembly pro-
cess in multi-component gels based on enantiomers using 
single crystal X-ray diffraction is not reported till date due 
to the lack of crystal structures of all possible stereoiso-
meric forms and the mixed enantiomers. The combination 
of single crystal X-ray structure of the gelator and powder 
diffraction pattern of either the native gel or the xerogel will 
enable us to correlate the intermolecular interactions ob-
served in the single crystal structure with the molecular ag-
gregation in the gel state. Although, the removal of solvent 
to prepare a xerogel can result in artefacts due to dissolu-
tion, recrystallisation and changes in morphology or poly-
morphic phase transition, but this approach still remains as 
one of the practical methods to get insight to self-assembly 
process in LMWGs.12, 19, 71, 73, 74 Interestingly, this approach 
has not been explored for enantiomeric multi-component 
gels due to the high scattering factor of the gel systems and 
also the non-availability of the structural information for 
comparison. In this work, we have used X-ray diffraction to 
correlate the solid-state structures of multi-component gel 
based on bis-amides of terephthalic acid and amino acid de-
rivatives with the dried gel state. To the best of our 
knowledge, this is the first example correlating the self-as-
sembly process of the gelator with its crystal structure in 
multi-component gels based on enantiomers.  

EXPERIMENTAL SECTION 

Materials and methods 

All the starting materials and reagents were commercially 
available (Sigma Aldrich and TCI Europe) and used as sup-
plied. Enantiomeric (S or R)-methyl valinate was purchased 
as hydrochloride salt and the racemate in acid form. Deion-
ized water and freshly distilled ethanol were used for gela-
tion and CD experiments. Dichloromethane (DCM) was dis-
tilled over CaH2 prior to use in synthesis. Methyl rac-
valinate was synthesized following similar reported proce-
dure.75 SS-TAV is reported,76 RR-TAV and TAV were 

synthesized in similar fashion. The mono tert-butyl ester of 
terephthalic acid (1) was synthesized according to the liter-
ature.77 1H and 13C NMR spectra were recorded on a Bruker 
Advance 400 spectrometer. ATR-FTIR and CD was meas-
ured in a Nicolet iZ10 and a Jasco J-1100 CD spectrometer 
respectively. SEM and AFM were performed on a Leo Supra 
25 microscope and a Bruker MultiMode 8 respectively. Sin-
gle crystal X-ray diffraction (SCXRD) and PXRD was carried 
out using a Bruker D8 venture and Bruker D8 Focus instru-
ment. High-Performance Liquid Chromatography (HPLC) 
was performed on a Shimadzu Prominence LC-20A HPLC 
system to confirm purity of the compounds. 

 

Synthesis 

Methyl rac-valinate: rac-valine (3.0 g, 25.6 mmol) was dis-
solved in 50 mL of methanol and 4 mL (6.5 g, 55.0 mmol) of 
thionyl chloride was added dropwise. The solution was re-
fluxed at 65 °C for 8 hours and then cooled to room temper-
ature. Methanol was evaporated and the white oil obtained 
was stirred with 2% NaHCO3 solution. The solution was ex-
tracted with dichloromethane (3 × 50 mL), the combined 
organic layers were dried over Na2SO4 and evaporated to 
yield the ester as colorless oil. Yield: 2.6 g, 77%. 1H NMR 
(400 MHz, CDCl3): δ [ppm] = 3.71 (3H, s), 3.29 (1H, d, J = 
5.2), 2.01 (1H, m), 1.42 (2H, bs), 0.96 (3H, d, J = 6.8), 0.90 
(3H, d, J = 6.8). 13C NMR (100 MHz, CDCl3): δ [ppm] = 176.10, 
60.08, 51.82, 32.32, 19.40, 17.32. 

SS-TAV and RR-TAV: Terephthaloyl dichloride (1.0 g, 4.9 
mmol) and corresponding (S or R)-methyl valinate hydro-
chloride (1.7 g, 10.0 mmol) were taken in 2-neck RB flask 
under dry N2 atmosphere at 0 °C, and 40 mL freshly distilled 
DCM was added to it. A solution of 3 mL (2.1 g, 21.5 mmol) 
triethylamine in 30 mL dry DCM was added dropwise to the 
above solution, and the mixture was stirred overnight at 
room temperature. The clear solution was washed with 
3.0% NaHCO3, 0.05 N HCl followed by brine. The organic 
layer was dried over Na2SO4 and evaporated to yield the de-
sired amide as white solid.  

SS-TAV: Yield 1.9 g, 98.5%. 1H NMR (400 MHz, CDCl3): δ 
[ppm] = 7.87 (4H, s), 6.67 (2H, d, J = 8.4), 4.78 (2H, dd, J = 
8.8, 5.0), 3.79 (6H, s), 2.29 (2H, m), 1.02 (6H, d, J = 6.8), 1.00 
(6H, d, J = 7.2). 13C NMR (100 MHz, CDCl3): δ [ppm] = 172.50, 
166.30, 137.00, 127.40, 57.56, 52.33, 31.63, 18.99, 18.00. 
HRMS (APCI) calculated for C20H28N2O6Na [M+Na]+ 
415.1840; found 415.1831. 

RR-TAV: Yield 1.88 g, 97.5%. 1H NMR (400 MHz, CDCl3): δ 
[ppm] = 7.87 (4H, s), 6.69 (2H, d, J = 8.4), 4.78 (2H, dd, J = 
8.8, 5.0), 3.78 (6H, s), 2.29 (2H, m), 1.02 (6H, d, J = 6.8), 1.00 
(6H, d, J = 7.2). 13C NMR (100 MHz, CDCl3): δ [ppm] = 172.47, 
166.30, 136.98, 127.39, 57.55, 52.32, 31.62, 18.99, 18.00. 
HRMS (APCI) calculated for C20H28N2O6Na [M+Na]+ 
415.1840; found 415.1828. 

TAV: The ternary mixture consisting of racemate and meso 
form (TAV) was synthesized in similar procedure except 
rac-methyl valinate (1.3 g, 10.0 mmol) was used in amine 
form and 1.5 mL (1.1 g, 11.0 mmol) triethylamine was 
added during the reaction. Yield: 1.89 g, 98.0%. 1H NMR 
(400 MHz, CDCl3): δ [ppm] = 7.86 (4H, s), 6.75 (2H, d, J = 
8.4), 4.77 (2H, dd, J = 8.8, 5.0), 3.77 (6H, s), 2.28 (2H, m), 1.01 
(6H, d, J = 7.2), 0.99 (6H, d, J = 6.8). 13C NMR (100 MHz, 
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CDCl3): δ [ppm] = 172.51, 166.51, 137.02, 127.56, 57.70, 
52.45, 31.71, 19.12, 18.15. HRMS (APCI) calculated for 
C20H28N2O6Na [M+Na]+ 415.1840; found 415.1829. 

tert-butyl (S)-4-((1-methoxy-3-methyl-1-oxobutan-2-
yl)-carbamoyl)benzoate (2): 4-(tert-butoxycar-
bonyl)benzoic acid (1)77 (2.2 g, 10 mmol), 3 mL (4.9 g, 41.3 
mmol) of thionyl chloride and 5 mL dry DCM was stirred at 
in a RB flask under nitrogen at 45.0 °C overnight. The clear 
solution obtained was evaporated under reduced pressure 
to remove the volatile impurities leaving tert-butyl-4-
(chlorocarbonyl)benzoate as white solid and 50 mL dry 
DCM was added. Methyl S-valinate hydrochloride (1.7 g, 
10.0 mmol) was added to this mixture and was cooled to at 
0 °C under N2 atmosphere followed by the dropwise addi-
tion of a solution of 3.5 mL (2.5 g, 25.1 mmol) triethylamine 
in 50 mL dry DCM. The mixture was stirred overnight at 
room temperature, then washed with 3.0% NaHCO3, 0.05 N 
HCl and brine. The organic layer was dried over Na2SO4 and 
evaporated to yield the mono-amide mono-tert-butyl ester 
(2) as pale yellow solid. Yield 2.7 g, 80.6%. 1H NMR (400 
MHz, CDCl3): δ [ppm] = 8.04 (2H, d, J = 8.8), 7.83 (2H, d, J = 
8.4), 6.68 (1H, d, J = 8.4), 4.78 (1H, dd, J = 8.6, 5.0), 3.78 (3H, 
s), 2.28 (1H, m), 1.60 (9H, s), 1.01 (3H, d, J = 6.8), 0.99 (3H, 
d, J = 7.2). 13C NMR (100 MHz, CDCl3): δ [ppm] = 172.50, 
166.52, 164.82, 137.48, 134.85, 129.66, 126.90, 81.67, 
57.54, 52.33, 31.65, 28.13, 18.99, 18.01. HRMS (APCI) calcu-
lated for C18H25NO5Na [M+Na]+ 358.1625; found 358.1615. 

(S)-4-((1-methoxy-3-methyl-1-oxobutan-2-yl)car-
bamoyl)-benzoic acid (3): To a solution of 2 (2.7 g, 8.0 
mmol) in 16 mL DCM, 8 mL (11.9 g, 10.4 mmol) of trifluo-
racetic acid (TFA) was added. The reaction mixture was 
stirred overnight at room temperature, volatile impurities 
were evaporated, and the residue was passed through a col-
umn (silica gel, DCM/MeOH 4:1). The product was obtained 
as white solid. Yield 2.1 g, 93.8%. 1H NMR (400 MHz, CDCl3): 
δ [ppm] = 1H NMR (400 MHz, CDCl3): δ [ppm] = 10.12 (1H, 
bs), 8.07 (2H, d, J = 8.4), 7.84 (2H, d, J = 8.8), 6.99 (1H, d, J = 
8.8), 4.78 (1H, dd, J = 8.8, 5.2), 3.78 (3H, s), 2.30 (1H, m), 1.02 
(3H, d, J = 6.8), 1.00 (3H, d, J = 6.4). 13C NMR (100 MHz, 
CDCl3): δ [ppm] = 173.02, 169.74, 166.93, 138.41, 132.16, 
130.31, 127.20, 57.70, 52.46, 31.41, 18.98, 17.99. HRMS 
(APCI) calculated for C14H17NO5Na [M+Na]+ 302.0999; 
found 302.1000. 

RS-TAV (4): To a suspension of mono carboxylic acid 3 
(2.1 g, 7.5 mmol) in 5 mL dry DCM, 2.2 mL (3.6 g, 30.3 mmol) 
of thionyl chloride was added under N2 atmosphere and the 
reaction mixture was stirred at 45.0 °C overnight. A clear 
solution was observed, and the solvents were removed to 
yield the acid chloride methyl (4-(chlorocarbonyl)benzoyl)-
S-valinate as white solid powder. 50 mL dry DCM was 
charged to the acid chloride and methyl R-valinate hydro-
chloride (1.3 g, 7.5 mmol) was subsequently added to a mix-
ture under N2 atmosphere. A solution of 2.6 mL (1.9 g, 18.7 
mmol) triethylamine in 50 mL dry DCM was added drop-
wise to the mixture at 0 °C and stirred overnight at room 
temperature. The solution was washed with 3.0% NaHCO3, 
0.05 N HCl and brine. The organic layer was dried over 
Na2SO4 and evaporated to yield RS-TAV as pale brown solid. 
Yield 2.7 g, 93.3%. The purity of the meso compound was 
confirmed by chiral HPLC (see Supporting Information, Fig-
ure S22)1H NMR (400 MHz, CDCl3): δ [ppm] = 7.87 (4H, s), 

6.68 (2H, d, J = 8.8), 4.78 (2H, dd, J = 8.4, 4.8), 3.79 (6H, s), 
2.29 (2H, m), 1.02 (6H, d, J = 7.2), 1.00 (6H, d, J = 7.2). 13C 
NMR (100 MHz, CDCl3): δ [ppm] = 172.46, 166.29, 136.99, 
127.38, 57.55, 52.43, 31.63, 18.91, 17.99. HRMS (APCI) cal-
culated for C20H28N2O6Na [M+Na]+ 415.1840; found 
415.1834. 

Gelation Details  

Gelation test: The required amount of the gelator was 
taken in a standard 7.0 mL vail, and 1.0 mL of appropriate 
solvent was added. The (RR+SS)-TAV gel was prepared by 
mixing equimolar ratio of individual RR-TAV and SS-TAV 
compounds, followed by the addition of the solvent/solvent 
mixture. The vial was closed, and the mixture was heated 
until a clear solution was observed. The solution was left 
undisturbed for gelation and gel formation was confirmed 
by inversion test.  

Minimum Gel Concentration (MGC): Various amount of 
the gelator was weighted and gelation experiment was car-
ried out as described above. The minimum amount of the 
gelator required to form gel after 24 hours was noted as 
minimum gel concentration (MGC). 

Tgel Experiment: 40.0 mg of the gelator was taken in a 
standard 7.0 mL vial and 1.0 mL of appropriate solvent was 
added. The mixture was heated to form a clear solution and 
kept undisturbed. After 24 h, a small spherical glass ball 
(54.0 mg) was carefully placed on the top of the gel. The vial 
was immersed in an oil bath equipped with a magnetic stir-
rer and a thermosensor. Temperature of the oil bath was 
gradually increased by ~10 °C per minute. The temperature 
at which the glass ball touched the bottom of the vial was 
recorded as Tgel. 

Rheology: Rheological measurements for m-xylene gels 
were carried out using MCR 102 Anton Paar modular com-
pact rheometer using a 25.0 mm stainless steel parallel 
plate geometry configuration. The gels RR-TAV, SS-TAV 
and RS-TAV were prepared by dissolving 80.0 mg of corre-
sponding gelator in 2.0 mL of m-xylene. The (RR+SS)-TAV 
gel was prepared by dissolving a mixture of 40.0 mg RR-
TAV and 40.0 mg SS-TAV in 2.0 mL of m-xylene. Experi-
ments were performed by scoping a ~2.0 mL portion of gel 
on the plate. Viscoelastic properties were evaluated by os-
cillatory measurements at a constant temperature of 25.0 
°C. Amplitude sweeps were performed with constant fre-
quency (f) of 1.0 Hz and log ramp strain (γ) = 0.01 – 100% 
and frequency sweeps were carried out between 0.1 and 
10.0 Hz within the linear viscoelasticity domain (0.1% 
strain). Rheology measurements for EtOH/water gels were 
made on an Anton Paar MCR 302 rheometer using a 25 mm 
stainless steel parallel plate geometry configuration and an-
alyzed using the RheoCompass 1.24 software. Typical rhe-
ology measurements involved casting the sol (550 µL, 4.0 
wt% in EtOH: H2O (1:1, v/v)) onto one of the stainless-steel 
plates, lowering the other plate to the measurement posi-
tion (1 mm) and for most of the cases the gels were formed 
in 3 hours. Then gels were allowed to form followed by ap-
plying constant frequency (f) = 1 Hz and strain (γ) = 0.2% 
until a plateau in the storage modulus was observed. To 
avoid evaporation and maintain a temperature of 25.0 °C for 
frequency and amplitude sweeps, we used a Peltier temper-
ature control hood. Frequency sweeps were undertaken 3 
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times with a log ramp frequency (f) = 0.01 – 10 Hz in con-
stant strain (γ) = 0.2%. Amplitude sweeps were also per-
formed with constant frequency (f) = 1 Hz and log ramp 
strain (γ) = 0.1 – 100%. 

Scanning Electron Microscopy (SEM): All gels were pre-
pared at 4.0 wt% and filtered after 24 h. The residue was 
dried in air and a small portion of the xerogel was placed on 
a pin mount with carbon tab on top and was coated with 
gold for three minutes. Morphologies of the dried gels were 
examined on a Leo Supra 25 microscope with in-lens detec-
tor at an operating voltage of 3 kV, with a working distance 
between 3 to 4 mm.  

Atomic Force Microscopy (AFM): Solutions were pre-
pared at 0.25 wt% in a 1:1 EtOH/water (v/v) mixture and 
cast onto a freshly cleaved mica substrate, followed by 
spreading of the drop over the mica using a glass slide, with 
the excess liquid wicked away using capillary action. These 
samples were left to dry in air overnight. Imaging was un-
dertaken on a Bruker Multimode 8 atomic force microscope 
in Scanasyst mode in air, whereby the imaging parameters 
are constantly optimized through the force curves that are 
collected, preventing damage of soft samples. Bruker 
Scanasyst-Air probes were used, with a spring constant of 
0.4 - 0.8 N/m and a tip radius of 2 nm. 

Circular Dichroism (CD): The data were collected using a 
Jasco J-1100 CD spectrometer between wavelengths of 190 
and 350 nm at 20 nm per minute rate, bandwidth of 1 nm 
and continues scanning mode. All gels were prepared at 5.0 
wt% in EtOH/water (1:1 v/v). After 24 h, the gels were dis-
persed in EtOH/water (1:1 v/v) to obtain various concen-
trations (0.025, 0.03 and 0.05 wt%) and 0.03 wt% was 
found to be the optimum concentration. CD experiments in 
solution state were performed by dissolving 10.0 mg of the 
gelator in 3.0 mL of absolute EtOH and diluting 10 times in 
the same solvent. 

Crystallography 

Single-crystal X-ray Diffraction (SCXRD): The compound 
(approximately 30.0 mg) was dissolved in 2.0 mL of suitable 
solvent and left in an open vial for crystallization. X-ray 
quality single crystals were isolated from mother liquor and 
quickly immersed in cryogenic oil and then mounted. The 
diffractions were collected using CuKα radiation (λ = 1.542 
Å) on a Bruker D8 Venture (Photon100 CMOS detector) dif-
fractometer equipped with a Cryostream (Oxford Cryosys-
tems) open-flow nitrogen cryostats at a temperature of 
120(2) K for the meso compound and all other compounds 
were collected at 150(2) K. The unit cell determination, data 
collection, data reduction, structure solution/refinement 
and empirical absorption correction (SADABS) were car-
ried out using Apex-III (Bruker AXS: Madison, WI, 2015). All 
structure was solved by direct method and refined by the 
full-matrix least squares on F2 for all data using OLEX278 and 
SHELXTL79 software. All non-disordered non-hydrogen at-
oms were refined anisotropically except for both the enan-
tiomers. In these cases, the aromatic carbon atoms and the 
methoxy carbon atom of ester moieties were disordered 
and the free variables were refined by FVAR instruction. All 
the hydrogen atoms were placed in the calculated positions 
and refined using a riding model. Crystallographic data for 
the structures have been deposited to Cambridge 

Crystallographic Data Centre as supplementary publication 
(CCDC no: 1975764-1975767). 

Powder X-ray Diffraction (PXRD): The bulk compounds 
as synthesized were grinded to make a fine powder, and 
PXRD was performed on a Bruker D8 Focus instrument be-
tween 2θ value of 4.0 to 60.0. PXRD was also performed on 
the xerogels obtained similar way for SEM analysis. 

RESULTS AND DISCUSSION 

The chiral and achiral bis-amide compounds such as enan-
tiomeric and meso forms were synthesized and character-
ized using standard analytical techniques including single 
crystal X-ray diffraction (SCXRD). Chiral LMWGs have 
emerged as a special class of soft materials due to their po-
tential applications in chiral nanomaterials, chiral recogni-
tion and asymmetric catalysis.28, 47, 80-82 The molecular chi-
rality of a particular enantiomer is often translated into gel 
fibres.36, 83 We have selected terephthalic amide of an amino 
acid ester (methyl valinate) owing to their ability to form C2-
symmetric chiral LMWGs.84-90 

 
Scheme 2: Synthesis of RR-TAV, SS-TAV and TAV. 

The terephthalic amide of amino acid ester is an ideal can-
didate for multi-component gels based on enantiomers due 
to their availability in both enantiomeric and racemic forms, 
inexpensive starting materials, crystalline nature and ease 
of modification.91, 92 The hydrogen bonding interactions be-
tween the amide groups and π−π interaction of the phe-
nylene ring play an important role in the self-assembly pro-
cess.87-90 The diamides will display β-tape type self-assem-
bly to form a well-defined fibrous network resulting in the 
formation of various organo/hydrogels similar to the self-
assembly process in peptides. The self-assembly mode of 
the amide group is preserved by introducing the ester de-
rivatives, which will interfere the hydrogen bonding be-
tween amide and carboxylate functionalities.93  

 
Scheme 3: Synthesis of RS-TAV; (i) KOH & tBuOH, (ii) SOCl2, S-
methyl valinate hydrochloride, Et3N and DCM, (iii) TFA & DCM 
and (iv) SOCl2, R-methyl valinate hydrochloride, Et3N and DCM. 

Thus, we have synthesized enantiopure R−R-, S−S- and 
R−S-TAV based upon the valine methyl ester and tereph-
thalic acid. Enantiopure RR-TAV and SS-TAV compounds 
were synthesized by reacting terephthaloyl dichloride and 
the corresponding R- or S-methyl valinate hydrochloride in 
dichloromethane (Scheme 2) in presence of triethylamine 
(Et3N). The meso form RS-TAV with R−S configuration was 
synthesized by reacting mono ester protected terephthalic 
acid chloride and S-methyl valinate hydrochloride to form a 
mono ester terephthalic amide with S-configuration, which 
was hydrolyzed, converted to acid chloride and reacted 
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with R-methyl valinate hydrochloride to form RS-TAV 
(Scheme 3). We have also synthesized TAV for comparison 
from terephthaloyl dichloride and racemate methyl 
valinate, which is expected to be a 1:1:2 mixture of R−R, S−S 
and R−S isomers. The compounds were characterized by 
NMR, IR, mass spectroscopy and single crystal X-ray diffrac-
tion (SCXRD). The chirality of the compounds was con-
firmed by circular dichroism (CD) experiments and the ge-
lation properties were analyzed in a series of solvents using 
standard gelation techniques.  

 
Figure 1: Gels obtained from TAV gelators- (left) in m-xylene 
and (right) in EtOH/water (1:1 v/v). 

The gelation test was carried out by heating the gelator 
and the particular solvent in a sealed vial until a clear solu-
tion was obtained. The solution was sonicated prior to cool-
ing in some cases to induce gelation, left undisturbed and 
the gel formation was confirmed by a vial inversion test 
(Figure 1). Gelation was mostly observed in aromatic sol-
vents for all compounds (see Supporting Information, Table 
S1) such as benzene, toluene, o-xylene, m-xylene, p-xylene, 
and mesitylene, which may be attributed to the π−π inter-
actions between the phenylene rings of the gelator and the 
aromatic solvents. In chlorobenzene, the meso compound 
(RS-TAV) did not form a gel but the enantiopure RR-TAV 
and SS-TAV formed a gel at 5.5 wt% (wt% refers to w/v% 
in all cases). Interestingly, gelation was not observed in var-
ious aliphatic solvents (<6.0 wt%) such as DCM, chloroform, 
1,2-dichloroethane, acetone, butanone, THF, 1,4-dioxane, 
acetonitrile, methanol, ethanol, isopropanol and butanol. 
The higher solubility of the gelator in these solvents may be 
attributed to the presence of strong hydrogen bonding mo-
tifs or polar moieties, which hinders β-tape formation. The 
compounds were unable to form hydrogels due to their in-
solubility in water. This prompted us to check the gelation 
properties of these compounds in mixed solvent systems 
(1:1, v/v) by dissolving the compound in polar solvents (ei-
ther methanol, ethanol, isopropanol and tert-butanol) fol-
lowed by the addition of water. The resulting aqueous solu-
tions were heated, cooled and left undisturbed, and gels 
were formed in all cases (see Supporting Information, Table 
S2).  

The minimum gel concentration (MGC) of the gelators 
were evaluated in benzene, toluene, o-xylene, m-xylene, p-
xylene and mesitylene (Table 1). The MGC for meso form 
(RS-TAV) was found to be higher compared to enantiopure 
RR-TAV and SS-TAV. The slow transformation of the RS-
TAV gel network into crystalline materials indicate that the 
crystalline nature is predominant in the meso form. We also 
checked the MGC of TAV, which is a statistical mixture of 
RR-TAV, SS-TAV and RS-TAV for comparison and found 
that the MGC was lower compared to the meso and enantio-
meric forms. The strong gelation ability of TAV may be at-
tributed to the presence of enantiomers (RR-TAV & SS-

TAV) and the meso form (RS-TAV) in the ternary mixture 
(TAV). Recently, we have shown that the mixed gel of enan-
tiopure R,R- and S,S-hexyl bis(urea) tagged with methyl 
phenylalaninate displayed enhanced thermal and mechani-
cal stability compared to enantiopure gels as well as race-
mic mixture.30  

Table 1: Minimum gelator concentration (MGC in wt%) 

This prompted us to analyze the gelation property of the 
multi-component gel (RR+SS)-TAV obtained by mixing 
equimolar ratio of enantiopure gels RR-TAV and SS-TAV. 
The gelation property of the mixture (RR+SS)-TAV was an-
alyzed in various solvents and the mixture formed gels in 
various aromatic solvents such as benzene, toluene, o-xy-
lene, m-xylene, p-xylene, mesitylene and chlorobenzene 
(see Supporting Information, Table S1). The MGC of 
(RR+SS)-TAV (Table 1) was lower compared to the corre-
sponding enantiomers and meso gels but matched with the 
MGC of TAV mixture, indicating that the presence of enanti-
omeric mixtures increases the gelation ability in multi-com-
ponent gels (see Supporting Information, Table S3). 

Table 2: Sol-gel transition temperature (Tgel) 

The thermal stabilities of the gel network were evaluated 
by gel to solution phase transition temperature test (Tgel) 
using “dropping ball” method. The gels were prepared at 4.0 
wt% in benzene, toluene, o-xylene, m-xylene, p-xylene, me-
sitylene and ethanol/water mixture (1:1, v/v). The analysis 
of Tgel revealed that RR-TAV and SS-TAV had similar ther-
mal stability (Table 1), which was not surprising because fi-
bres should have identical strength with different optical 
rotation. The meso compound RS-TAV displayed signifi-
cantly low Tgel indicating thermally weaker network com-
pared to enantiomers. Interestingly, the mixture (RR+SS)-
TAV showed consistently high Tgel values in various sol-
vents compared to both enantiopure (RR-TAV and SS-TAV) 
and meso compound (RS-TAV) (Table 2). This clearly indi-
cates that mixing two enantiomers leads to a different self-
assembly mode, resulting in enhanced thermal stability. We 

Solvent RR-TAV SS-TAV RS-TAV RR+SS-
TAV 

Benzene 2.3 2.3 - 2.0 

Toluene 3.0 3.0 - 2.0 

o-xylene 2.5 2.5 3.5 2.0 

m-xylene 2.5 2.5 3.0 1.5 

p-xylene 2.5 2.5 3.5 2.0 

Mesitylene 1.5 1.5 2.0 1.2 

Chlorobenzene 5.5 5.5 - 4.0 

EtOH/water (1:1) 4.0 4.0 4.0 3.5 

 

Solvent 

Tgel (°C) 

RR-TAV SS-TAV RS-TAV (RR+SS)-
TAV 

p-xylene 87.2  87.6 60.0 106.2 

m-xylene 90.4  90.2 76.0 102.0 

o-xylene 85.2 85.0 63.0 96.3 

Mesitylene 100.2 103.1 88.0 116.2 

EtOH/water 
(1:1) 

59.1 60.0 52.0 62.5 
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also determined Tgel for TAV for comparison (see Support-
ing Information, Table S5), which was found to be similar to 
the (RR+SS)-TAV gel. This corroborates well with fact that 
the existence of both enantiomers is a key factor and plays 
an important role in the thermal stability of gel network. 
The Tgel experiments of the hydrogels performed for enanti-
omers, meso, ternary mixture and the mixed enantiomeric 
gels did not show drastic differences, which may be at-
tributed to the predominant crystalline nature of these 
compounds over the gel state in hydrophilic systems. The 
Tgel experiments of the mixed gels at 4.0 wt% performed by 
varying the concentration of both RR-TAV and SS-TAV in m-
xylene and mesitylene revealed that the thermal stability of 
the mixed gel depends on the concentration of the enantio-
mers (see Supporting Information, Table S6).  

The comprehensive structural characteristics such as 
semi solid-like properties and relative strength of the TAV 
gels were evaluated by rheology. Rheological measure-
ments were performed at 4.0 wt% in m-xylene to evaluate 
mechanical properties of RR-TAV, SS-TAV, RS-TAV and 
(RR+SS)-TAV. Initially, a strain sweep was performed to de-
termine the linear viscoelastic region (LVR), where the elas-
tic modulus (G’) was independent of the applied strain. The 
LVR ensured that the gels undergo reversible deformation 
during the experiments, which will enable us to evaluate the 
exact structural properties of the gels. The strain sweep 
measurement revealed that all the four gels displayed con-
stant G’ up to 0.1% of strain (see Supporting Information, 
Figure S1). The crossover points at which the gel networks 
collapsed to liquid phase were found at around 0.5-3.0% of 
strain. Oscillatory frequency sweep experiment was per-
formed between 0.1 to 10.0 Hz at 0.1% of strain. All organo-
gels showed constant elastic (G’) and viscous (G’’) moduli 
under varying frequency corroborating gel-like behavior 
(Figure 2).  

 

Figure 2: Frequency sweep of TAV gels (4.0 wt%) in m-xylene 
at 25.0 °C measured at a constant strain of 0.1%. Color codes: 
G’ RR-TAV (■), G’’ RR-TAV (□), G’ SS-TAV (▲), G’’ SS-TAV (△), 

G’ RS-TAV (●), G’’ RS-TAV (○), G’ (RR+SS)-TAV(★) and G’’ 

(RR+SS)-TAV (☆). 

The enantiopure and meso gels RR-TAV, SS-TAV and RS-
TAV displayed similar G’ values in frequency sweep meas-
urements. Interestingly, (RR+SS)-TAV gel showed dis-
tinctly higher G’ and G’’ values compared to the enantiopure 

and meso gels, which indicate that the mixed gel displayed a 
relatively rigid network compared to other gels. Rheological 
measurements were also performed in EtOH/water (1:1, 
v/v) at 4.0 wt% for all gelators using a heat-cool method 
(see Supporting Information, Figure S2-S3). The maximum 
storage modulus values (G’) from frequency sweep meas-
urements in EtOH/water indicate that the RR-TAV and SS-
TAV gels were stiffer (>100 kPa) than the other gels (<30 
kPa). The mechanical strength of the gels in EtOH/water 
compared to m-xylene gels were different presumably due 
to the favorable interactions of the enantiomers with hydro-
gen bonding solvents. 

The recent advances in microscopic techniques such as 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), cryogenic transmission electron micros-
copy (cryo-TEM), atomic force microscopy (AFM) and con-
focal laser scanning microscopy (CLSM) enabled research-
ers to visualize the morphology of self-assembled fibers in 
multi-component gels.47-51 Scanning electron microscopy 
(SEM) is one of the best techniques to visualize the mor-
phology of the fibrous network in LMWGs, which could be 
used to differentiate self-sorted or co-assembled fibers in 
multi-component systems. For example, fibers with similar 
morphologies as individual components were mostly ob-
served in self-sorted systems but it is possible to visualize 
fibers with different morphologies in co-assembled sys-
tems. The organogels were prepared at 4.0 wt% in various 
solvents and the hydrogel was obtained from EtOH/water 
(1:1, v/v) at 5.0 wt%. The gels were filtered after 24 hours 
and dried overnight. The xerogels were placed on a carbon 
tab and gold coated for 3 minutes. The morphologies of the 
gels analyzed by SEM revealed typical fibrous morphologies 
in most of the cases (Figure 3 and see Supporting Infor-
mation Figure S4-S7).  

 
Figure 3: SEM images of (a) RR-, (b) SS-, (c) RS- and (d) 
(RR+SS)-TAV xerogels in m-xylene at 4.0 wt%.  

The enantiopure RR-TAV and SS-TAV displayed right-
handed and left-handed twisted fibers respectively, indicat-
ing that the molecular chirality has been translated into the 
hierarchical aggregates. The diameter of the thin fibers 
ranged from 250 to 400 nm and the thick fibers were be-
tween 600 nm to 1.0 µm. The optically inactive meso com-
pound RS-TAV showed needle like morphology with diam-
eter ranging from 2.0 to 8.0 µm. The morphology of mixed 
(RR+SS)-TAV xerogel was different from individual 
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enantiomers displaying crystalline needle like fibers in all 
solvents. This indicates the co-assembly of RR- and SS- com-
pounds in the mixed gel, resulting in the cancellation of op-
posite helixes. The width of the needles ranged from 1.1 µm 
to 2.4 µm and these needles did not show helicity across all 
lengths.  

The SEM images of the dried hydrogels of all the com-
pounds (5.0 wt%) in 1:1 (v/v) ethanol/water displayed 
needle and block shaped morphologies (see Supporting In-
formation, Figure S6), which may be attributed to the strong 
hydrogen bonding interaction between the amide and the 
polar solvents. The enantiomers displayed twisted needle 
like morphology and a mixture of needle and block shaped 
fibers were observed in the meso form. The hydrogel of 
(RR+SS)-TAV displayed block shaped morphology indicat-
ing that the enantiomers interacted each other to form a co-
assembled network, which was confirmed by the absence of 
self-sorted twisted fibers. The SEM image of the TAV in m-
xylene and mesitylene indicated a mixture of tape and 
twisted tape like fibers, which confirms the presence of en-
antiomers, meso and the mixed gels in the ternary mixture 
(TAV) (see Supporting Information, Figure S7). 

Figure 4. AFM images of (a) RR-, (b) SS-, (c) RS- and (d) 
(RR+SS)-TAV gels in EtOH/water (1:1, v/v). Scale bar rep-
resents 300 nm in all images except (c), where the scale bar 
is 1 µm. Samples were spread coated onto freshly cleaved 
mica at 0.25 wt% apart from (RR+SS)-TAV, which was pre-
pared at 0.5 wt%. 

To confirm that the fibrous network morphology and 
handedness observed for all thexerogels from m-xylene 
were also present in 1:1 (v/v) EtOH/water gels, atomic 
force microscopy (AFM) was undertaken on these samples 
(Figure 4). As observed in the SEM images, right and left-
handed twisted fibers were observed for RR- and SS-TAV 
xerogels, respectively. Interestingly, EtOH/water xerogels 
of RS-TAV showed a tightly packed network of smaller fi-
bers which almost appeared braided together, whereas the 
(RR+SS)-TAV xerogel showed long, branched fibers with no 
evidence of handedness. This is in excellent agreement with 
the handedness observed in SEM images and suggests a 

conservation of specific co-assembly mechanism across dif-
ferent solvent systems. Fibre diameters were largely similar 
across TAV xerogels of different handedness, with diame-
ters of 9.7 ± 2.9 nm, 10.8 ± 1.6 nm and 8.4 ± 2.0 nm observed 
for (RR+SS)-, RS- and RR-TAV xerogels respectively. SS-
TAV xerogels yielded slightly larger fiber diameter of 19.0 ± 
6.0 nm, which likely represented a braided arrangement of 
two individual fibrils, as observed in Figure 4b. The discrep-
ancy between fiber diameters measured through SEM and 
AFM can be ascribed to a combination of different gelation 
solvent, coupled with the different concentrations that the 
measurements were performed. At the higher concentra-
tions (4.0 wt%) used for SEM imaging, it is expected that 
more aggregation will occur, leading to larger fiber diame-
ters. 

Circular dichroism (CD) experiments help to elucidate the 
structural information of the assembled hierarchical aggre-
gates. CD provides information about the chirality driven 
self-assembly process, which can be obtained by comparing 
the CD signals of the solution and gel state. The solution 
state CD experiments were performed in EtOH at 0.03 wt% 
to confirm the chirality of these compounds (see Supporting 
Information, Figure S8). The CD experiments of the gels in 
aromatic solvents were not possible due to the background 
absorption of the solvents in CD spectrum. Thus, we have 
selected hydrogels in 1:1 (v/v) ethanol/water mixture for 
the CD experiments, which shows absorption cut off at 
around 190-200 nm. The hydrogels (5.0 wt%) obtained 
from 1:1 ethanol/water (v/v) mixture was dispersed in a di-
lute solution of the same solvent mixture to ensure homog-
enous dispersion of the fibers in the medium. The CD exper-
iments performed at various concentration revealed that 
0.03 wt% was the optimum gelator concentration for these 
experiments.  

 
Figure 5: CD spectra of RR-, SS-, RS- and (RR+SS)-TAV in dis-
persed gel state measured at 25.0 °C. Gels formed at 5.0 wt% in 
EtOH/water (1:1 v/v) were diluted with same solvent system 
to 0.03 wt%.  

The CD spectrum of RR-TAV showed positive and nega-
tive maxima at 225 nm and 250 nm respectively and the 
overall spectra was found to be mirror image of SS-TAV 
(Figure 5). The peaks at 250 nm may be attributed to the β-
sheet like architecture observed in short peptide self-

a b

c d
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assembled gels arising from amide hydrogen bonding and 
– stacking interactions.94-96 The meso compound RS-TAV 
displayed a linear CD signal and the absence of strong ab-
sorption peaks at 225 nm and 250 nm confirmed the can-
celation of the optical rotation due to the presence of oppo-
site stereogenic centers. The CD spectrum of the mixed gel 
of equimolar mixture of RR-TAV and SS-TAV was similar to 
the meso compound (Figure 5). We have performed the CD 
at higher water concentration (EtOH/water, 1:4, v/v) for all 
gels and similar spectra were observed in all cases (see Sup-
porting Information, Figure S9). The experiments were also 
carried out with different RR-TAV and SS-TAV ratios in 
mixed gel. The mixture (RR-TAV and SS-TAV, 75:25) dis-
played positive maxima and the mixture (RR-TAV and SS-
TAV, 25:75) displayed negative maxima in both solution 
(see Supporting Information, Figure S10a) and dispersed 
gel state (see Supporting Information, Figure S10b) due to 
the presence of one of the enantiomers in excess.  

ATR-FTIR spectroscopy has been used to extract infor-
mation about the extent of hydrogen bonding in supramo-
lecular gels43, 46, 97-99 and the difference between N―H 
stretching peaks in solid-state and gel state will enable elu-
cidation of structural information for the self-assembled hi-
erarchical TAV aggregates. The IR spectra recorded in the 
gel states indicated a slight broadening of the amide band 
and the N―H stretching peaks were shifted towards lower 
wavenumber for RS-TAV and (RR+SS)-TAV. The maximum 
shift (26.0 cm−1) was observed for (RR+SS)-TAV suggesting 
that the mixed gel network displayed stronger and ex-
tended hydrogen bonding compared to other gels (see Sup-
porting Information, Figure S12-S15 & Table S7).  

The crystallization experiments were performed in a 
wide range of solvent or solvent mixtures and single crys-
tals were obtained via slow evaporation over 2-3 days de-
pending upon the solvent used. Analysis of the crystal mor-
phologies revealed that block shaped crystals were ob-
tained for RR-TAV, SS-TAV and (RR+SS)-TAV by the vapor 
phase diffusion of diethyl ether into a toluene solution of the 
compound and plate shaped crystals were obtained for RS-
TAV. However, block shaped crystals were obtained for SS-
TAV, RS-TAV and (RR+SS)-TAV in 1:1 (v/v) aqueous mix-
ture (EtOH/water and 1,4-dioxane/water) whereas RR-
TAV formed needle shaped crystals. The crystals of RR-TAV 
and SS-TAV isolated from different solvents displayed iden-
tical structure, which was confirmed by SCXRD and PXRD. 
The crystallographic details and hydrogen bonding param-
eters of the compounds are summarized in Table S8 and S9 
(see Supporting Information) respectively.  

The enantiomers SS-TAV and RR-TAV crystallized in the 
chiral P21 space group (see Supporting Information, Figure 
S16 & S17) with three molecules in the asymmetric unit ori-
ented orthogonally to each other. The methyl ester and the 
aromatic moieties of one of the molecules were disordered 
in both cases and the structure and hydrogen bonding pat-
terns of these two enantiomers were similar. The nitrogen 
atom and the oxygen atom of the amide moieties of the gela-
tor displayed N—H····O hydrogen bonding interactions 
with four molecules to form a hydrogen bonded zig-zag 
sheet like architecture. In the crystal structure, two zig-zag 
sheets were oriented perpendicular to each other, which 
might explain the helical twist in gel fibers of SS-TAV and 

RR-TAV respectively. The meso compound RS-TAV crystal-
lized in centrosymmetric P21/c space group with an inver-
sion center at the centroid of the phenylene ring (Figure 
S18) making the molecule optically inactive. The amide 
moieties displayed similar N—H····O hydrogen bonding in-
teractions as the enantiomers but a 2-D hydrogen bonded 
sheet like architecture was observed in RS-TAV.  

 
Figure 6: Single crystal structure of (RR+SS)-TAV: (a) asym-
metric unit (b) H-bonded 1-D chain showing specific co-assem-
bly; the phenyl carbon atoms of RR-TAV and SS-TAV are shown 
in grey and purple color respectively and the hydrogen atoms 
of the ester and isopropyl groups are omitted for clarity. 

The equimolar mixture of the two enantiomers (RR+SS)-
TAV crystallized in centrosymmetric P21/c space group 
with one enantiomer in the asymmetric unit (Figure 6a), 
which was related to the other enantiomer via an inversion 
center. Interestingly, the amide moieties displayed comple-
mentary amide hydrogen bonding and the adjacent enanti-
omer interacted via N—H····O interactions. These interac-
tions resulted in a 1-D hydrogen bonded tape with a se-
quence of –(R-R)–(S-S)–(R-R)–(S-S)– confirming the specific 
co-assembly of two enantiomers (Figure 6b). The 1-D tape 
interacted with adjacent tapes via various non-bonding in-
teractions, which were oriented perpendicular to each 
other. The extended 1-D chain-like architecture with co-as-
sembled enantiomers explains the enhanced thermal and 
mechanical stability of the mixed gels. 

The correlation of single crystal structure and the gel net-
work was analyzed by comparing the crystal structure with 
the powder X-ray diffraction (PXRD) data of the dried gel. 
The gels obtained from EtOH/water (1:1, v/v, 4.0 wt%) 
were filtered after 24 hours and dried under a fume hood. 
The PXRD pattern of the xerogels were compared to the 
simulated pattern obtained from the crystal structure. 
PXRD pattern of the xerogel obtained from the mixed 
(RR+SS)-TAV gel matched perfectly with the simulated pat-
tern (Figure 7), indicating that the crystal structure truly 
represents the hierarchical assembly of the xerogel net-
work. This confirm that the translation of specific co-assem-
bly of RR-TAV and SS-TAV enantiomers from molecular 
level to mesoscopic xerogel network was achieved. The 
PXRD pattern of the xerogels of enantiomers (RR-TAV and 
SS-TAV) were also found to be similar to the simulated pat-
tern but the peak intensities were lower (Figure S19-S20) 
presumably due to the low order and less crystallinity of the 
xerogels compared to the crystalline state.  

(a) (b)
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Figure 7: Comparison of PXRD pattern of (RR+SS)-TAV: simu-
lated, bulk crystals obtained from EtOH/water and xerogel at 
4.0 wt% obtained from EtOH/water (1:1, v/v,). 

The PXRD pattern of RS-TAV xerogel matched with the 
simulated and bulk crystal pattern except a sharp peak at 
8.5° (2θ), which may be attributed to the presence of hydro-
gen bonded solvent molecules in the xerogel (Figure S21). 
The PXRD pattern of the xerogels and the bulk crystals with 
the corresponding crystal structures clearly indicate the 
phase purity of these compounds and proved that the solid-
state structure truly represents the hierarchical assembly of 
the xerogel network. Thus, we have used the combination of 
single crystal X-ray and powder X-ray diffraction to analyze 
the self-assembly modes in enantiomeric multi-component 
gels. Importantly, the results do show unambiguously that 
(RR+SS)-TAV co-assemble in both the solid and the gel 
state, explaining this mixture has very different stability 
(Tgel) and mechanical properties from the individual enanti-
omers. The correlation of non-bonding interactions in the 
solid-state structure to the xerogel will add up to the ongo-
ing efforts to identify the key interactions that control the 
self-assembly process. 

CONCLUSIONS 

The self-assembly modes in chiral bis-amide supramolecu-
lar gels in all three possible stereoisomeric forms (R−R, S−S 
& R−S) and mixed enantiomers were studied using X-ray dif-
fraction. The multi-component gel (RR+SS)-TAV based on 
enantiomers was prepared by mixing an equimolar RR-TAV 
and SS-TAV and the mixed gel displayed enhanced mechan-
ical and thermal stabilities compared to the enantiomers 
and the meso form. The preservation of chirality of the gel 
was analyzed by circular dichroism (CD) experiment. The 
single crystal X-ray diffraction revealed chiral 2-D sheet ar-
chitecture for both enantiomers, but planar sheet architec-
ture was observed for the meso form. The mixed gelator 
(RR+SS)-TAV displayed specific co-assembly of the two en-
antiomers resulting in a 1-D hydrogen bonded network, 
which was further supported by scanning electron micros-
copy (SEM) and atomic force microscopy (AFM) images. The 
increased thermal and mechanical strength of the mixed gel 
may be attributed to the enhanced intermolecular forces be-
tween the enantiomers leading to specific co-assembly in 
the mixed gel. The understanding of non-covalent interac-
tions between the individual gelators at molecular level 
leading to specific co-assembly process will enable 

supramolecular chemists to design multi-component sys-
tems with tunable properties. 
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