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1. Materials and Methods

Synthesis. All reagents and solvents were purchased from Merck, Fluorochem, Alfaesar, TCI or Carlo 
Erba. Syntheses of compounds 1a, 1b, 1c, 2 and 3 have been previously reported.S1,S2

General procedure for the supramolecular synthesis of binary chiral aggregates. Here we report 
a typical standard procedure for obtaining binary chiral aggregates 1a/L-TA 1/125 in 15% (v/v) 
DMSO/H2O solvent mixture. Two concentrated stock solutions of 1a and L-TA in DMSO, 0.0352 M and 
0.696 M respectively, are prepared and used for making several batches of aggregates. Using 
micropipettes, 6.0 L (2.11·x 10-7 mol) and 37.8 L (2.64·x 10-5 mol, 125 equiv.) of stock solutions of 1a 
and L-TA were taken out and placed in a vial. After that, 556 L of DMSO and 3400 L of distilled H2O 
were added to the vial to obtain a 15% (v/v) DMSO/H2O solution. Finally, after gently shaking and 
capping, the vial was stored in the refrigerator at 4°C for at least one week. At this point the mixture 
appears as a transparent colloidal suspension and is used for all further characterization/manipulations.

General procedure for the supramolecular synthesis of ternary chiral aggregates. Here we report 
a typical standard procedure for obtaining ternary chiral aggregates 1a/L-TA/Cu2+1/125 in 15% (v/v) 
DMSO/H2O solvent mixture. To a vial containing 4 mL of a suspension of chiral 1a/L-TA aggregates 
previously formed according to the above-described procedure, 1.61 L (4.21x 10-7 mol, 2 equiv.) of a 
0.261 M stock solution of CuSO4 in H2O is added. The mixture is gently shaken and allowed to rest for 
2 days.

Concentrated stock solutions of aqueous metal salts Ni(SO4).7H2O, CuSO4, CoCl2.6H2O, ZnCl2, 
BaCl2.2H2O, Eu(CF3SO3)3, CaCl2, Mn(NO3)2 were used as the source of metal ions Ni2+, Cu2+, Co2+, 
Zn2+, Ba2+, Eu3+, Ca2+, Mn2+, respectively.

One pot procedure for the supramolecular synthesis of ternary chiral aggregates. Here we report 
a typical failed one pot procedure for obtaining ternary chiral aggregates 1a/L-TA/Cu2+1/125 in 15% 
(v/v) DMSO/H2O solvent mixture. Three concentrated stock solutions of 1a (0.0352 M), L-TA (0.696 M) 
in DMSO and CuSO4 (0.261 M) in H2O, are prepared. Using micropipettes, 6.0 L (2.11 x 10-7 mol), 37.8 
L (2.64 x 10-5 mol, 125 equiv.) and 80.5 L (2.11 x 10-5 mol, 100 equiv.) of stock solution of 1a, L-TA 
and CuSO4 were taken out and placed in a vial. After that, 556 L of DMSO and 3320 L of distilled H2O 
were added to the vial to obtain a 15% (v/v) DMSO/H2O solvent mixture. Finally, after gently shaking 
and capping, the vial was stored in a refrigerator at 4°C for at least one week. At this point the mixture 
appears as a transparent colloidal suspension.

Variable pH experiments. Increasing amounts (up to ca 400 equiv.) of basic (NaOH 0.75 M in H2O) or 
acidic (TFA 1 M in H2O) solutions were added to 20 mL of suspension of aggregates 1a/L-TA previously 
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assembled according to the above method until the final pHs of 1.7 and 11.5, respectively, were 
reached.

UV-vis, ECD and fluorescence emission spectra. UV−vis spectra were collected using an Agilent 
Varian Cary 50 SCAN spectrophotometer, with quartz cuvette of the 1 cm path length at 25°C. Emission 
spectra were collected using an Agilent Cary Eclipse Fluorescence Spectrophotometer, with a quartz 
cuvette of 1 cm path length at 25°C. ECD spectra were collected on a JASCO J1500 spectropolarimeter 
equipped with a Peltier temperature controller. A quartz cell of 1 cm optical length was used for all 
measurements. All spectra were recorded using a scanning speed of 200 nm min−1, a step size of 1 nm, 
a bandwidth of 2 nm, a response time of 2 s, and an accumulation of 2 scans. The spectra were 
background-corrected using spectra of respective solvents recorded under the same conditions. VT-
ECD/UV-vis measurements were carried out by using a Peltier-temperature programmer using 
measurement parameters listed above. For VT-ECD experiments in the presence of excess Cu2+, 
stirring at 600 rpm was applied by magnetic stirrer programmer to prevent flocculation within the 
samples. Denaturation melting temperatures (Tm) have been derived by non-linear fitting of ellipticity vs 
temperature experimental data with a Boltzmann sigmoidal function.S3,S4 The anisotropy absorption 
factor gabs was calculated using the following formula:

gabs= CD / (Abs x 32980) 

Dynamic Light Scattering measurements (DLS). Dimension of the aggregates in 15% (v/v) 
DMSO/H2O solvent mixture were performed with a Zetasizer Nano-ZS90 (source: polarized He-Ne 
laser, 30 mW output power, vertically polarized) on 1 mL of colloidal suspension in a 1 cm quartz cuvette 
measuring at an angle of 13° and at a temperature of 25 °C. VT-DLS experiments were performed with 
a Peltier temperature controller integrated in the instrument. Viscosity and refractive index of the solvent 
mixture were corrected for the DMSO content using literature data.S5

Circularly polarized luminescence spectra. CPL spectra were collected on the home-built 
apparatusS6 in the range of 400-650 nm, with 100 nm/min scanning speed, with a 90° geometry, an 
excitation wavelength of 350 nm (brought to the sample with an optical fiber from a Jasco FP8000 
fluorimeter), and 30 scans accumulation. The glum ratio was evaluated through:

RL

RL
lum II

IIg



 2 , 

IL and IR being the “intensities” of emitted left and right circularly polarized light provided by our 
instrument.

Computational Studies. Triptycene-fused benzimidazole monomers 1a and L-tartaric acid (L-TA) were 
parameterized with the all-atom CGenFF force field using the CHARMM-GUI suiteS6—S10 Parameters for 
dimethyl sulfoxide (DMSO) and counterions were already available in the Charmm36 force field. A 
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summary of the systems simulated, with simulation conditions and the number of molecules used is 
given in Table S1. The systems were initially assembled by randomly placing 1a and L-tartaric acid (L-
TA) monomers in simulation boxes, using the Multicomponent Assembler utility in the CHARMM-GUI 
web interface.S11 DMSO was also added to reflect experimental conditions. The boxes were then filled 
with TIP3P water molecules.S12

Next, input files for the all-atom Molecular Dynamics (MD) simulation were created and formatted for 
use in the AMBER 22 suite of programs. All MD simulations and standard structural analyses were 
performed with the AMBER 22 suite of programs,S13 and the CUDA implementation for GPUs.

The positions of the water molecules and the counterions were optimized by a restrained minimization 
consisting of 2500 steps of steepest descent followed by 2500 steps of conjugate gradient minimization. 
The minimized systems were then equilibrated at 300 K for 10 ns using Langevin coupling with gamma 
equal to 1 ps-1. After this step, the relaxed systems were simulated in the NPT ensemble at 1 atm using 
the Montecarlo barostat with Langevin dynamics coupling with gamma equal to 1 ps-1.S14 The full particle 
mesh Ewald method was used for electrostatics.S15 The SHAKE algorithm was used to constrain all 
covalent bonds involving hydrogen atoms.S16 A 2-fs time step and a 12 Å cutoff were used to constrain 
non-bonded van der Waals interactions. The extent of the various production runs is reported in Table 
S1.

Table S1. Simulation conditions summary of structural parameters from MD. Column reports the simulation label. Columns 
from 2 to 7 report the number of molecule of: 1a, L-TA, H2O, DMSO and the counter ions K+ and Cl- used to keep the 
electroneutrality of the system at 0.015M ions strength. Column 8 reports the simulation time in nanoseconds. Column 9 defines 
the dimensions of the simulation box. Column 10 reports the average number of molecules in anti conformation (see also 
Figure 10). Column 11 reports the average rotation time of benzimidazole-pyridine axis done in the unit time during the 
simulation.

Simulation 
Label

Num 
1a

Num 
TA

Num 
H2O

Num 
DMSO

Num 
K+

Num 
CL-

Sim 
Time 
(ns)

Vol 
(nm3)

Molecules in 
Anti 

Conformation

Rotation 
Time 
(ns)

1 10 0 16006 0 45 65 358 483.5 5 0.0478

2 10 0 26111 900 62 82 237 896.8 5 0.0540

3 10 400 32185 300 849 89 202 1050.1 7.2 0.00338

4 15 400 24218 300 805 65 490 813.1 8 0.00371

5 20 400 24866 300 787 67 710 835.7 9.7 0.00358
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2. Additional Spectroscopy

Figure S1. A) UV-vis spectra of 1a/D-TA (left) and 1a/L-TA (right) aggregates with ratios from 1/1 (blue 
line) to 1/150 equiv. (red line) of TA in 15% (v/v) DMSO/H2O. B) 1a/D-TA (left) and 1a/L-TA (right) 
aggregates with ratios from 1/1 (blue line) to 1/150 equiv. (red line) of TA in 11% (v/v) THF/H2O. 
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Figure S2. A) Left: ECD spectra (left) of 1a/D-TA (blue) and 1a/L-TA (red) aggregates with ratios from 
1/1 to 1/150 equiv. of TA in 11% (v/v) THF/H2O solvent mixture and (right) trend of gabs at 376 nm versus 
equiv. of TA. B) Left: 3D and 2D plots of ECD spectra of 1a/L-TA 1/75 aggregates in different (v/v) 
THF/H2O solvent mixtures and (right) trend for gabs (376 nm) as a function of (v/v) THF/H2O solvent 
mixtures.
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Figure S3. A) UV-vis spectra of 1a/L-TA 1/75 aggregates in different (v/v) DMSO/H2O solvent mixtures. 
B) UV-vis spectra of 1a/L-TA 1/75 aggregates in different (v/v) THF/H2O solvent mixtures.

Figure S4. A) UV-vis (bottom) spectra of 1b/D-TA (blue) and 1b/L-TA (red) aggregates with ratios from 
1/1 (blue lines) to 1/150 equiv. (red lines) of TA in 15% (v/v) DMSO/H2O. B) Left: ECD spectra of 1b/D-
TA (blue) and 1b/L-TA (red) aggregates with ratios from 1/1 to 1/150equiv. of TA in 15% (v/v) 
DMSO/H2O and (right) trend of gabs at 348 nm versus equiv. of TA.
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Figure S5. A) ECD (top) and UV-vis (bottom) spectra of 1c/L-TA mixtures in 15% (v/v) DMSO/H2O, for 
molar ratios 1c/L-TA from 1/2.5 (blue line) to 1/150 (red line), [1c] = 5 x·10-5 M. B) ECD (top) and UV-
vis (bottom) spectra of 2/L-TA mixtures in 15% (v/v) DMSO/H2O, for molar ratios 2/L-TA from 1/2.5 
(blue line) to 1/225 (red line); [2] = 7 x·10-5 M; C) ECD (top) and UV-vis (bottom) spectra of 3/L-TA 
mixtures in 15% (v/v) DMSO/H2O, for molar ratios 3/L-TA from 1/2.5 (blue line) to 1/225 (red line); [3] = 
8 x·10-5 M.

Figure S6. trend of aggregate sizes as a function of temperature (from 25 to 90°C), as obtained from 
DLS.
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Figure S7. Left Normalized UV-vis and fluorescence emission spectra of 1a in DMSO. Middle 
Normalized UV-vis and fluorescence emission spectra of random aggregates composed by 1a in 15% 
(v/v) DMSO/H2O; Right Normalized UV-vis and fluorescence emission spectra of chiral aggregates 
1a/L-TA 1/75 in 15% (v/v) DMSO/H2O mixture.

Figure S8. Variable temperature ECD (top) and UV-vis (bottom) spectra of 1a in 15% (v/v) DMSO/H2O 
from 20 °C (blue line) to 90 °C (red line).
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Figure S9. First round of VT-ECD and VT-Abs spectra from 20°C (blue line) to 90°C (red line) of 
aggregates 1a/L-TA 1/125 in 15% (v/v) DMSO/H2O. B) ECD signal at 373 nm as function of 
temperature; black points = experimental points; red line = Boltzmann fit. C) Numerical parameters 
regarding Boltzmann sigmoidal fit; Tmelting= 68±1 °C.

Figure S10. First round of VT-ECD and VT-Abs spectra from 20°C (blue line) to 90°C (red line) of 
aggregates 1a/D-TA 1/125 in 15% (v/v) DMSO/H2O. B) ECD signal at 373 nm as function of 
temperature; black points = experimental points; red line = Boltzmann fit. C) Numerical parameters 
regarding Boltzmann sigmoidal fit; Tmelting= 77±2 °C.
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Figure S11. A) Second round of VT-ECD and VT-Abs spectra from 20°C (blue line) to 90°C (red line) 
of aggregates 1a/L-TA 1/125 in 15% (v/v) DMSO/H2O. Blue line = spectrum recorded at 20°C, red line 
= spectrum recorded at 90°C; B) ECD signal at 373 nm as function of temperature; black points = 
experimental points; red line = Boltzmann fit. C) Numerical parameters regarding Boltzmann sigmoidal 
fit; Tmelting= 61±2 °C 

Figure S12. A) Second round of VT-ECD and VT-Abs spectra from 20°C (blue line) to 90°C (red line) 
of aggregates 1a/D-TA 1/125 in 15% (v/v) DMSO/H2O. B) ECD signal at 373 nm as function of 
temperature; black points = experimental points; red line = Boltzmann fit; C) Numerical parameters 
regarding Boltzmann sigmoidal fit; Tmelting= 60±1 °C.
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Figure S13. Non-normalized ECD (top) and UV-vis (bottom) spectra of 1a/L-TA 1/125 aggregates in 
15% (v/v) DMSO/H2O before (black line) and after (red line) addition of additional 125 equiv. of D-TA. 
Red spectra have been recorded after 1 month from addition of 125 equiv. of D-TA. 
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Figure S14. Non-normalized ECD (top) and Uv-vis (bottom) spectra of preliminary assembly 
experiments for ternary aggregates 1a/L-TA/M2+ 1/125/100 in 15% (v/v) DMSO/H2O. The three 
components, 1a, L-TA and M2+ were added simultaneously, at 5.2 × 10-5, 6.5 × 10-4 and 5.2 × 10-4 M 
concentrations, respectively; spectra recorded after 1 week of aging.

Figure S15 Left Uv-vis spectra of 1a/L-TA 1/125 aggregates in 15% (v/v) DMSO/H2O in the presence 
of 2 equiv. of different metal ions; Right: absorption spectra of 1a/L-TA 1/125 aggregates in 15% (v/v) 
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DMSO/H2O in presence of different amounts of Cu2+; blue lines: no Cu2+, green lines: 2 equiv. of Cu2+, 
red lines: 100 equiv. of Cu2+.

Figure S16. Non-normalized ECD (left), UV-vis (right) and emission (bottom) spectra of 1a/L-TA 1/125 
aggregates in 15% (v/v) DMSO/H2O before (black lines) and after (red lines) the addition of 2 equiv. of 
Ni2+; spectra acquired after 3 days from metal addition; excitation slit = 20 nm, emission slit = 2.5 nm.
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Figure S17. Non-normalized ECD (left), UV-vis (right) and emission (bottom) spectra of 1a/L-TA 1/125 
aggregates in 15% (v/v) DMSO/H2O before (black lines) and after (red lines) the addition of 2 equiv. of 
Co2+; spectra acquired after 3 days from metal addition; excitation slit = 10 nm, emission slit = 2.5 nm.

Figure S18. Non-normalized ECD (left), UV-vis (right) and emission (bottom) spectra of 1a/L-TA 1/125 
aggregates in 15% (v/v) DMSO/H2O before (black lines) and after (red lines) the addition of 2 equiv. of 
Ba2+; spectra acquired after 3 days from metal addition; excitation slit = 20 nm, emission slit = 2.5 nm.
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Figure S19. Non-normalized ECD (left), UV-vis (right) and emission (bottom) spectra of 1a/L-TA 1/125 
aggregates in 15% (v/v) DMSO/H2O before (black lines) and after (red lines) the addition of 2 equiv. of 
Eu3+; spectra acquired after 3 days from metal addition; excitation slit = 20 nm, emission slit = 2.5 nm.

Figure S20. Non-normalized ECD (left), UV-vis (right) and emission (bottom) spectra of 1a/L-TA 
1/125 aggregates in 15% (v/v) DMSO/H2O before (black lines) and after (red lines) the addition of 2 

equiv. of Zn2+; spectra acquired after 3 days from metal addition; excitation slit = 20 nm, emission slit = 
2.5 nm.
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Figure S21. Non-normalized ECD (left), UV-vis (right) and emission (bottom) spectra of 1a/L-TA 1/125 
aggregates in 15% (v/v) DMSO/H2O before (black lines) and after (red lines) the addition of 2 equiv. of 
Cu2+; spectra acquired after 3 days from metal addition; excitation slit = 20 nm, emission slit = 2.5 nm.

Figure S22. ECD spectra of ternary aggregates 1a/TA/Cu2+ 1/125/100 in 15% (v/v) DMSO/H2O before 
(solid blue (D-TA) and red (L-TA) lines) and 1 day after (dashed black lines) VT-ECD experiments 
heating at temperatures ranging from 20 to 90 °C and back to room temperature.
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