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Supramolecular chirality: A caveat in assigning the handedness of 
chiral aggregates  

 K. Swathi,a,b Cristina Sissa,a* Anna Painelli a and K. George Thomas b* 

The handedness of a supramolecular chiral aggregates is often 

assigned based on the sign of circular dichroism spectra, adopting 

the exciton chirality method. However, the method does not 

properly account for the nature of intermolecular interactions. We 

introduce a generalized picture on the use of the sign of chiral 

signals in determining the helicity of chiral aggregates, rooted in the 

exciton model, supported by TD-DFT results. 

Chirality remains a fascinating area of research, encompassing 

all branches of science since the first observation of optical 

activity by François Arago in 1811.1 Most of the initial research 

activities in the field were focused on molecular chirality with a 

significant impact on drug design. With the advent of 

supramolecular chemistry, the research activity in the area 

boosted, extending to macroscopic chirality and opening up 

promising applications in drug delivery,2 catalysis,3 nonlinear 

optics,4 chiral sensing,5 etc. The emergence of optical properties 

in supramolecular assemblies is governed by excitonic 

interactions. When two molecules are in close proximity, the 

electrostatic interaction between their transition dipole 

moments leads to the splitting of the excited state energy levels 

(exciton model).6 As a typical example, in aligned dimers the 

exciton coupling leads to the emergence of new spectral 

features, specifically a blue-shifted absorption band  compared 

to the monomer, denoted as H-band (H for hypsochromic) and 

a red-shifted absorption band for J-aggregate denoted as J-band 

(J for Jelly, one of the researchers who first observed J-

aggregates).6 In a classic work, Nakanishi and Harada brought 

out the implications of exciton coupling in chiral aggregates, 

providing the basis of the exciton chirality (EC) rule.7 It states “if 

the exciton circular dichroism (CD) shows a positive (negative) 

first and a second negative (positive) cotton effect, then the two 

electric transition dipole moments constitute a clockwise (anti-

clockwise) screw sense”.7 Despite caution that the rule does not 

have a general validity, EC rule became the method of choice 

for chemists and biologists to experimentally determine the 

absolute handedness of chiral supramolecular and nanoscopic 

structures.7, 8 Recently, a few exceptions to the EC rule were 

highlighted: they were ascribed to conformational disorder9 or 

strong transition magnetic dipoles.10 The exciton chirality rule 

for vibrational circular dichroism has been recently discussed to 

highlight its limitations and potentials.11 Herein, we re-examine 

the EC rule for electronic circular dichroism, focusing on the 

relation between the sign of CD spectra and the absolute 

chirality of the supramolecular system. Moreover, we address 

the sum rule for CD spectra, underlying the limits of the exciton 

model. Results are supported by a detailed comparison with 

state of the art quantum chemical calculations.  

 To begin with, we considered a dimeric structure, built-up 

of equivalent molecules, as in Fig. 1. In the spirit of exciton 
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Figure 1 (A) Molecular structure of phenyleneethynylene (PE) used for creating helical 

and creeper geometries. PE possesses one transition dipole (TD) along its longitudinal 

axis, represented by a double-sided arrow. A top view of different chiral dimers with tilt 

angle θ (B,D) and a three dimensional sketch of larger aggregates (C,E). In all cases both 

right- and left-handed geometries are shown. (B,C) denote asymmetric H-type stacking 

with repulsive interactions and (D,E) denote asymmetric J-type stacking with attractive 

interactions. 
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model, each molecule is described in terms of just two 

electronic states: the ground g and the excited state e, so that 

four states should be considered for a dimer: gAgB, eAgB, gAeB, 

eAeB, where A and B indices denote the two molecules. In the 

exciton model, only intermolecular interactions between the 

two degenerate states, eAgB, gAeB, are considered. As 

schematically shown in Fig. 2 (see also ESI), this leads to the in-

phase (E+) and out-of-phase (E-) combination of the eAgB and 

gAeB states. The relative energy of the two states depends on 

the sign of the electrostatic interaction between the transition 

dipole moments on the two molecules, with the in-phase state 

lying lower (higher) in energy for the attractive (repulsive) 

interactions. The rotational strength associated with the two 

states reads:8 

𝑅± = −
𝜔±

2
 𝑟 ∙ (𝜇±

𝐴 × 𝜇±
𝐵) ,                      (1) 

where ω± is the frequency of the G→E± transition and 𝜇±
𝐴/𝐵

 is 

the contribution of the A/B molecules to the corresponding 

transition dipole moment. R+ and R- have opposite sign, 

justifying the appearance of an exciton doublet (bisignation) 

whose sign changes for the left and right helical arrangements. 

The absolute sign of the doublet, however, depends on the 

relative energy of the E+/- states (see Fig. 2). For repulsive 

interactions (H-type), 𝑬− is the lowest excited state so that the 

right-handed structure gives rise to a positive CD signal in the 

low-energy (higher wavelength) side of the doublet, in line with 

the exciton chirality rule.7 However, the opposite occurs for 

attractive interactions (J-type) with E+ lying lower than 𝑬−, so 

that for the right-handed structure a negative signal is expected 

in the low-energy side of the doublet, breaking the generality of 

exciton chirality rule.  

       The exciton model is very useful to understand the basic 

features of CD spectra. However, it suffers from a fundamental 

problem that is well evident from the above equation. A general 

and fundamental sum rule states that the sum of the rotational 

strengths for all the transitions must vanish.12 In the exciton 

model, however, this rule is not obeyed: the geometrical part of 

the rotational strength (the term 𝑟 ∙ (𝜇±
𝐴 × 𝜇±

𝐵) in Equation 1) is 

indeed equal and opposite for the two transitions, but their 

(slightly) different frequencies lead to (slightly) different 

rotational strengths. As detailed in the ESI, this fundamental 

inconsistency is related to the approximation used in the 

exciton model and is solved by accounting for the 

intermolecular interactions that mix gAgB, and eAeB states.13 

 To validate our results, we compare CD spectra calculated in 

the exciton approximation with TD-DFT results. We select a 

linear phenyleneethynylene dye (PE, Fig. 1A), a rigid-rod like 

molecule characterized by a single low-lying excited state, as 

the molecular building block for the supramolecular structure.14 

The ground state geometry of the PE is optimized at the DFT 

level using the CAM-B3LYP functional and 6-31G(d) as basis set 

in the gas phase. The lowest energy transition is calculated at 

313.13 nm with a transition dipole moment of 11.28 Debye, 

aligned along the main molecular axis. PE does not have a chiral 

centre but can be designed to form chiral supramolecular 

assemblies (Fig. 1). Specifically, we will consider two different 

supramolecular assemblies where PEs (frozen ground state 

geometry is calculated for the isolated dye) are arranged in a 

simple-helix (asymmetric H-type) and creeper-helix geometry 

(asymmetric J-type) as in Fig. 1C,E. Henceforth simple-helix and 

creeper-helix geometries are denoted as helix and creeper, 

respectively. In both geometries, twist angle between the 

monomers (θ, see Fig. 1B,D) is varied from 10° to 80° (at 0° and 

90° the system is non-chiral and CD signals vanish). For the helix 

geometry, the intermolecular distance along z is fixed as 10 Å, 

maintaining the molecular centre at x=y=0. In the creeper 

geometry, the intermolecular distance along Z-axis is set to be 

5 Å, and the molecular centre is displaced by 12 Å along X. In 

the helix, repulsive interactions among transition dipole 

moments make the 𝑬−   state lower in energy (Fig. 2). On the 

contrary, in the creeper, the X-displacement is large enough to 

guarantee attractive interactions and the E+ state becomes the 

lower energy state. 

 Table 1 shows the transition energy, oscillator strength (f) 

and rotational strength (R) calculated using TD-DFT for helical 

and creeper dimers with various tilt angles. For small twist 

angles in the helix arrangement, the oscillator strength (roughly 

twice the oscillator strength of the monomer) is mainly 

concentrated in the high energy state, while the opposite occurs 

for the creeper dimer. This is in line with the exciton model for 

aligned molecules (θ=0°), which predicts that only a transition 

from the ground state to the E+ state is allowed. Upon increasing 

θ, the oscillator strength redistributes between E+ and 𝑬− 

states. CD spectra in Fig. 3 and 4 are calculated assigning a 

Gaussian band shape to the two transitions (with standard 

deviation σ = 0.35 eV) using equation 2,7, 15 

Δε(𝜈) =  ∑ (
𝑅𝑖 𝜈̃𝑖

 2.296 × 10−39 √𝜋 𝜎
exp [− {

𝜈̃− 𝜈̃𝑖

𝜎
}

2
])𝑛

𝑖=1  ,           (2) 

where i counts the electronic excitations, Ri is the corresponding 

rotational strength and 𝜈̃𝑖 is the transition wavenumber (nm-1). 

Figure 2 Schematic representation of the energy diagram for dimers with repulsive and 

attractive interactions using exciton model and corresponding bisignated circular 

dichroic (CD) spectrum for right- and left-handed dimers. The shaded left and right 

columns show the bisignated CD of the dimeric structures, organized in left- and right-

handed fashion, respectively. The central column shows the energy level diagram for 

dimers with repulsive (V>0; top panel) and attractive (V<0; bottom panel) interactions.  
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Table 1 Oscillator strength (f) and rotational strength (R) of electronic transition 

in dimer at angles 10 ° - 80 ° in helical and creeper-helical geometry 

TD-DFT results in Fig. 3 A,C,G,E demonstrate that the absolute 

sign of CD spectra in the long wavelength region is positive for 

right-handed in helix and left-handed in creeper. These results 

clearly indicate that the chirality rule holds for aggregates with 

repulsive interactions (helix), however, fails for aggregates with 

attractive interactions (creeper).    

 The intensity of calculated CD signals increases from 10° to 

40°, then it decreases and vanish at 90°, wherein the system 

becomes achiral. The sizable rotational strengths calculated in 

the θ =50°- 80° range are indeed associated to weak CD signals 

(Fig. 4 and S2) due to the mutual cancellation of positive and 

negative CD signals from two states coming very close in energy. 

 For a quantitative comparison of TD-DFT results with the 

exciton model, we estimated the electrostatic interaction 

between the transition dipole moments using Equation 3,  

V= 
1

4𝜋𝜀𝑜𝑛2 (
𝜇⃗⃗⃗𝐴 .  𝜇⃗⃗⃗𝐵

𝑟3  – 3 
(𝜇⃗⃗⃗𝐴 .  𝑟) (𝜇⃗⃗⃗𝐵 .  𝑟)

𝑟5 ) ,             (3) 

where ε0 is the vacuum permittivity, n is the medium refractive 

index and 𝑟 is the vector that connects the two molecular 

centres. Finally, 𝜇⃗⃗A/B is the transition dipole moment for the two 

molecules, which is set to the value calculated in TD-DFT for the 

isolated PE molecule.14 We fix the squared refractive index (n2) 

as to reproduce the exciton splitting calculated in TD-DFT for the 

aligned dimer. The resulting values (2.48 and 2.31 for helix and 

creeper, respectively) are in line with typical values for organic 

materials.16 Results of the exciton model in Fig. 3 B,D,F,H 

confirm that the chirality rule as commonly defined only applies 

to chiral aggregates with repulsive interactions and cannot be 

generalized. We further investigated the CD response of a 

trimeric assembly in helical and creeper geometry (Fig. S4 and 

Table S2, S3). These results are again in line with the previous 

discussions, proving that the exciton model is fully consistent 

with TD-DFT results. 

 Having validated the exciton model against TD-DFT results 

for small aggregates, we exploit the exciton model to study the 

chiroptical response of larger aggregates. Fig. 4 reports the 

results for an aggregate constituted by ten molecules arranged 

in helix and creeper structures using same geometrical 

parameters as defined for the dimer. Once again, the exciton 

chirality rule is obeyed in the helix geometry and is broken in 

the creeper geometry. Of course, when ten molecules are put 

together, the exciton model predicts ten excited states. 

Nevertheless, Fig. 4 confirm that only two transitions mainly 

contribute to the CD spectrum, while the remaining transitions 

have negligible rotational strengths. In the helical geometry, the 

main contribution to the CD spectra is associated with states 

lying at higher energies (shorter wavelength).  In contrast, 

states lying at lower energies (longer wavelength) are the 

dominant contributors for the creeper geometry. Thus, for a 

supramolecular assembly even if there are ‘n’ number of 

molecules and consequently ‘n’ number of higher energy states, 

the CD spectrum gives only a single CD couplet (provided there 

is single transition dipole moment, and exciton coupling is  

possible). We repeated the calculations for different twist 

angles like 45°, and 80°; the results are consistent, and the 

Right-handed helix (dimer): TD-DFT calculations 

Angle Simple-helical geometry Creeper-helical geometry 

 Trans. 

Energy 

eV 

f R 

(× 10-54) 

C2m3s-1 

Trans. 

Energy 

eV 

f R 

(× 10-54) 

C2m3s-1 

10° 
3.93 0.03 359.85 3.93 3.85 -185.02 

3.99 3.66 -358.05 3.98 0.03 174.31 

20° 
3.93 0.11 708.77 3.93 3.76 -363.23 

3.99 3.58 -705.24 3.97 0.11 345.07 

30° 
3.93 0.25 1036.18 3.94 3.61 -528.50 

3.98 3.45 -1030.86 3.97 0.25 506.59 

40° 
3.93 0.43 1331.98 3.94 3.41 -675.78 

3.98 3.26 -1325.33 3.97 0.43 654.04 

50° 
3.94 0.66 1586.88 3.94 3.16 -801.50 

3.98 3.04 -1579.81 3.97 0.67 782.23 

60° 
 3.94 0.93 1793.22 3.95 2.89 -901.09 

3.97 2.78 -1786.53 3.96 0.94 898.72 

70° 
3.95 1.22 1944.50 3.95  2.58  -968.97 

3.97 2.49 -1939.47  3.96  1.24 958.57 

80° 
3.95 1.53  2036.46  3.95 2.25 -980.73 

3.96 2.18 -2033.70 3.96 1.57 974.88 

Figure 3 Calculated CD spectra of the right-handed dimer with repulsive (A,B,E,F) and attractive interactions (C,D,G,H). Spectra are shown for twist angle varying from 10° - 

40° (A-D) and 50° - 80° (E-H) in 10° increment. Panels (A,C) and (E,G) show TD-DFT while panels (B,D)  and (F,H) show exciton model results, respectively. Results for left-

handed systems are provided in ESI (Fig. S1 and S2). 
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corresponding figures are provided (Fig. S5). Moreover, change 

in the sign of the bisignated CD spectrum (also referred as the 

crossover point) of a chiral aggregate is observed in the spectral 

region where the absorption of the aggregate is maximum, i.e., 

to the blue (shorter wavelength) and to the red (longer 

wavelength) of the monomer absorption band for the helix and 

creeper, respectively.   

 From the above studies, it is well established that in 

supramolecular chiral aggregates, the sign of the CD couplet 

depends not only on the handedness of the aggregate, but also 

on the sign of the interaction energy between neighbouring 

dipoles. The exciton chirality rule does not account for the sign 

of interactions and is valid only for aggregates in which adjacent 

dipoles have repulsive interaction energy. Hence, when 

assigning the handedness of a chiral assembly based on the sign 

of the CD couplet, care should be given to understand the 

nature of interaction energy before employing the exciton 

chirality rule. It can be seen in the literature that incorrect 

reports on the absolute configuration of chiral molecules, 

particularly for natural products, has led to the wrong 

interpretation of chiral signature, which was later corrected.17 

The results presented herein provide more insight into the 

widely used exciton chirality method by reminding the scientific 

community that the interaction energy of the supramolecular 

assembly must also be considered while using the exciton 

chirality rule. The generalizations on the handedness of chiral 

supramolecular aggregates reported here based on the sign of 

CD spectra is indeed valuable for researchers working in the 

broad areas of chemistry and biology. 
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