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A complete chiroptical characterization of the 

supramolecular polymers formed by tricarboxamides (S)-1 

and (R)-1 is performed using ECD, VCD and CPL dichroic 

techniques. The helical aggregates show an intense CPL 

signal and their absolute P- or M-configuration is assigned 

with the help of theoretical calculations 

Supramolecular polymers are constituted by monomeric units 

assembled together by non-covalent forces like H-bonds, π-stacking 

dispersion forces or electrostatic interactions,1 and can exhibit 

enhanced mechanical, biological or optoelectronic properties 

compared to conventional polymers.2 Inspired by the sophistication 

reached by chiral, natural structures, a number of helical, and 

consequently chiral, supramolecular polymers have been designed.3 

The helical character of the vast majority of the chiral 

supramolecular polymers reported to date is obtained by the 

decoration of the constitutive monomeric units with peripheral side 

chains endowed with stereogenic centres. The rotated stacking of 

such monomeric units results in the formation of helical, columnar 

stacks that are usually characterized by a bisignated Cotton effect in 

the corresponding electronic circular dichroism (ECD) spectra.4 To 

the best of our knowledge, there is no example of helical 

supramolecular polymers in which a complete dichroic 

characterization of both enantiomers, i.e. the M- and P-type helical 

structures, had been afforded. 

Herein, we report a thorough characterization of the chiral 

features exhibited by the helical supramolecular polymers formed by 

the self-assembly of star-shaped oligo(phenylene-ethynylene)-based 

tricarboxamides (OPE-TAs) (compounds 1 in Figure 1)5 by using 

three complementary chiroptical techniques: ECD, vibrational 

circular dichroism (VCD) and circularly polarized luminescence 

(CPL). A complete investigation of the intrinsic chiral features from 

the dichroic responses is possible given that both enantiomers of 

OPE-TA 1 are available. In addition, the synergy of experimental 

data and theoretical calculations has allowed the unequivocal 

assignment of the helical sense (M or P) of the supramolecular 

aggregates formed by chiral induction from the R- or S-enantiomers 

of compound 1. The results presented offer a powerful protocol to 

characterize chiral supramolecular polymers in solution, and 

contribute to increase the understanding of the molecular self-

assembly mechanism and the transmission of chiral information in 

the electronic ground state and in the excited states. 

 
Fig. 1 (a) Chemical structure of tricarboxamides 1. (b) Experimental 

ECD spectra of (S)-1 and (R)-1 in methylcyclohexane (MCH) 

solution (1 × 10–5 M). (c) Theoretical simulation of the ECD spectra 

calculated for right-handed (P) and left-handed (M) trimers of 1. 

 

The chemical structure of tricarboxamides 1 facilitates their self-

assembly in columnar stacks by the formation of a triple array of H-

bonds between the amide functional groups reinforced by the π-

stacking of the aromatic moieties. To accommodate this triple array 
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of H-bonding interactions, the self-assembling units rotate ~18º 

along the vertical stacking axis resulting in helical aggregates that 

grow up following a cooperative mechanism.5,6 In analogy with 

other self-assembling discotics,7 the handedness of the aggregates is 

dictated by the absolute configuration of the stereogenic centres 

located at the side alkyl chains, which gives rise to a clear bisignated 

Cotton effect in the ECD spectra.5 The ECD spectra of enantiomers 

(S)-1 and (R)-1 are mirror-like images (Fig. 1b), and the whole 

dichroic response is cancelled either by heating the diluted solution 

or by adding a good solvent like chloroform that destroys the H-

bond triple array sustaining the helical aggregate (Fig. S1 in the 

ESI†).5 The −/+ (281 nm)/(303, 323 nm) pattern experimentally 

observed for (S)-1 and the reverse +/− pattern recorded for (R)-1 

were assigned to right- and left-handed helices, respectively, by 

comparison with previously reported cases,8 but without any other 

intrinsic evidence.5 

To corroborate the helical sense of the aggregate, the ECD 

spectra of right-handed aggregates incorporating an increasing 

number of OPE-TA units were first calculated at the semiempirical 

PM6/CIS level (Fig. S2). At this level of theory, a −/+ band is 

predicted around 300 nm, which grows up in intensity with the 

number of monomeric units. The −/+ pattern obtained is in 

agreement with previous calculations performed on related systems.9 

Time-dependent density functional theory (TD-DFT) calculations 

were performed in a second step for the trimer aggregate in order to 

get a more accurate insight on the nature of the electronic transitions 

that give rise to the bisignated band observed in the ECD spectra 

(see the ESI† for computational details). Two intense, double 

electronic excitations S0→S56/57 (312 nm) and S0→S96/97 (288 nm) 

arise in the 300 nm region with oscillator strengths (f) of 1.89 and 

1.77, respectively (Fig. S3). These transitions correspond to π→π* 

monoexcitations involving the conjugated skeleton of the OPE-TA 

units and show a large multiconfiguration character. Among the 

different one-electron excitations contributing to these transitions, 

the most relevant are those associated with MOs mostly located on 

the molecules placed at the bottom (S56/57) and on the top (S96/97) of 

the columnar aggregate. Although other excitations are computed in 

the 320–400 nm range, their oscillator strengths are negligible (f < 

0.01) and they have no influence on the shape of the convoluted UV-

Vis theoretical spectrum (Fig. S3). Fig. 1c shows the theoretical 

simulation of the ECD spectrum calculated for right-handed and left-

handed trimers of 1. The right-handed P-trimer presents a −/+ 

pattern of the ECD signal in the 280–320 nm region that perfectly 

correlates with the pattern of the Cotton band experimentally 

recorded for the aggregate generated from (S)-1 (Fig. 1b). In a 

similar way, the theoretical ECD spectrum of the left-handed M-

trimer is a mirror image of that obtained for the P-trimer and 

corresponds to that observed for the aggregate of (R)-1 (Fig. 1). 

Consequently, the complementary information provided by ECD 

experiments and theoretical spectra allows the unequivocal 

assignment of the absolute configuration of the helical structures 

generated in the supramolecular polymerization of tricarboxamides 

1: (S)-1 gives rise to right-handed P-aggregates whereas (R)-1 

results in left-handed M-aggregates. 

After assigning the ECD pattern to the corresponding helical 

structures, we have further investigated the chiroptical features of 

such chiral entities by using VCD spectroscopy. This technique is 

the chiral branch of the common infrared absorption spectroscopy, 

and provides molecular-level information of the structure of the 

chemical groups that propagate the helical motif in the aggregate and 

are mostly involved in the amplification of the VCD absorbance.10 

The VCD spectra were registered for 3 × 10–3 M solutions of (S)-1 

and (R)-1 in MCH. At this concentration, the columnar aggregates 

are intertwined to form an organogel. Fig. 2 shows the VCD spectra 

of the organogels formed by (S)-1 and (R)-1. As expected, the VCD 

spectra of both enantiomers exhibit mirror-like patterns. The spectra 

are dominated by a bisignated band at 1628 cm–1 corresponding to 

the amide I vibrational mode, ν(C=O).5 The measured wavenumber 

is significantly downshifted with respect to the usual value for a free 

amide group (~1690 cm–1) revealing the existence of a strong 

C=O···H−N hydrogen-bond network.11 The opposite dichroic 

patterns obtained in the VCD spectrum for the ν(C=O) band of (S)-1 

and (R)-1 are identical to those of the Cotton band in the ECD 

spectrum (Fig. 1b). This suggests that the relative (local) dihedral 

angle formed by H-bonded amides in the stack is similar to the 

(overall) angle formed between the principal arms of the trisamides. 

The supramolecular polymerization of tricarboxamides 1, 

directed by the triple array of H-bonds between the amide functional 

groups and the π-π interaction of the aromatic units, produces 

strongly packed and highly dense π-stacks. The structures of these 

helical aggregates are ideal for the formation of highly delocalized 

excitons potentially able of diffusing over rather large distances, 

hence making these structures suitable candidates to exhibit 

chiroptical luminescence. 

 
Fig. 2 VCD spectra (MCH, 3 × 10–3 M, 298 K) of (S)-1 and (R)-1. 

 

To investigate the excited-state, the emission spectra of 

tricarboxamides 1 were registered under different experimental 

conditions (Fig. 3a and S4). In diluted CHCl3, a good solvent in 

which tricarboxamides 1 are molecularly dissolved and the 

formation of aggregates is difficulted (Fig S1),5c the fluorescence 

spectrum exhibits an intense broad band with maximum emission at 

360 nm and shoulders at 370 and 389 nm. TD-DFT calculations 

confirm the assignment of this band to the emission of 1 in the 

monomeric form since the transition from the first singlet excited 

state (S1) to the ground state presents a vibrational structure (Fig. 

S5), in perfect agreement with that observed experimentally (Fig. 

3a). The change of the solvent to MCH, a bad solvent that strongly 

facilitates the aggregation of 1,5c results in a bathochromic shift of 

the emission and a broad band centred at 405 nm is observed (Fig. 

3a). 

Circularly polarized light is obviously inherently chiral and has 

been considered one of the potential sources for the origin of 

homochirality in nature,12 an issue in which supramolecular 

polymers are being successfully applied.3 General requisites to attain 

well-resolved CPL signals are intense fluorescence and well-defined 

sources of chiroptical activity. However, aggregation often quenches 

fluorescence and, therefore, attaining aggregated chiral systems with 

CPL activity is very unusual. The number of reports in which the 

CPL emission is triggered by supramolecular assembly is very 
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reduced.13 In fact, CPL activity is exhibited by selected lanthanide 

complexes and conjugated polymers.14,15 

Considering that tricarboxamides 1 are medium-active 

fluorophores, one can expect a negligible CPL effect for the 

aggregates generated upon their self-assembly. To our surprise, this 

is not the case for the investigated discotics. Prior to measuring the 

CPL spectra of compounds 1, the stability of the emission was 

checked by recording the fluorescence spectra of 1 in pure MCH and 

also in mixtures of MCH/CHCl3 at 95% and 90% within a time 

interval of 150 s (Fig. S4). The aggregates in pure MCH show great 

kinetic stability, which is a pre-condition to conduct CPL 

measurements since they usually take long acquisition times. 

As in the case of the ECD and VCD spectra, the CPL spectra of 

(S)-1 and (R)-1 (MCH, 5 × 10–5 M and λexc = 297 nm) are mirror-

like images with polarized light emissions that cover the range 375–

500 nm. The maximal signal, positive for (S)-1 and negative for (R)-

1, is found at around 408 nm (Fig. 3b). This CPL pattern, which is 

cancelled in CHCl3 (Fig. S6), coincides with the sign of the longest 

wavelength component of the ECD spectra for the corresponding 

enantiomeric system. This suggests that the excitation process and 

the subsequent emission from the first singlet excited state do not 

change the organization and handedness of the assembly. The 

intensity of the emitted circularly polarized light, determined by the 

dissymmetry factor, glum, which is defined by the equation glum = 

2(IL−IR)/(IL+IR), has been calculated to be +2.8 × 10–3 and –2.2 × 10–

3 for (S)-1 and (R)-1, respectively. In very good agreement with that 

observed in ECD, no CPL response is achieved for solutions of (S)-1 

and (R)-1 in CHCl3 (Fig. S6). Assuming the delocalized character of 

the generated excitons in the stack and the chiral features of the 

associated emission, we can conclude that CPL is directly dictated 

by the handedness of the supramolecular aggregates. Similar results 

have been obtained in experiments using different excitation 

wavelengths (Fig. S7), which validate the reliability of the CPL 

spectra. Consequently, the reduced quenching effect exerted by 

aggregation on the emission, together with the helical arrangement 

of the supramolecular polymers formed from tricarboxamides 1, 

results in a clear CPL signal. 

 
Fig. 3 a) Emission spectra of (S)-1 in MCH and CHCl3 (5 × 10–5 M, 

λexc = 297 nm; 298 K). b) CPL spectra of of (S)-1 and (R)-1 in MCH 

(5 × 10–5 M, λexc = 297 nm; 298 K).  

 

In summary, a complete chiroptical characterization of the 

supramolecular polymers formed by the self-assembly of chiral 

tricarboxamides (S)-1 and (R)-1 has been reported. The chiral 

information embedded in the self-assembling units is efficiently 

transferred to the aggregate as demonstrate ECD, VCD and 

CPL measurements. Thus, whilst compounds 1 do not show 

any dichroic response in a good solvent like CHCl3, the 

aggregation in MCH yields columnar stacks with enhanced 

ECD and CPL activities. Additionally, the combination of 

experimental evidences and theoretical calculations allows the 

unambiguous assignment of the absolute helicity associated to 

the dichroic reponse for (S)-1 and (R)-1: the former, with a −/+ 

pattern in ECD and a positive response in CPL, corresponds to 

a P-type helix, whereas the latter, with a +/− pattern in ECD 

and a positive signal in CPL, forms a M-type helix. To the best 

of our knowledge, this is one of the few cases where CPL has 

been measured for two self-assembling enantiomers. The data 

presented in this work contribute to the understanding about the 

molecular self-assembly mechanism and the transmission of the 

structural information to the excited states, the latter is a key 

factor for the design of luminescent superstructures with 

modular properties. 
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