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Abstract 
 

 

 

 Molecular crystals are physical systems formed by aggregation of molecules in different 

arrangements. As a result, when excited, they may manifest a collective behavior which is an emergent 

phenomenon due to the strong inter-molecular electronic interactions. When this happens, the molecular 

aggregate can be treated as one “supermolecule” which manifests optical properties completely different 

from those of the single molecular units. The latter behavior is a typical feature of the J-aggregate 

molecular crystals which manifest peculiar optical properties such as an intense and narrow absorption 

band, called J-band, which appears at lower energy with respect to the single molecule absorption band. 

This behavior cannot be explained in term of the optical properties of the single molecules due to its 

collective nature. 

 Although the optical properties of J-aggregates have been studied for a long time since their 

discovery in the 1930s, it is still unclear what kind of microscopic physical mechanisms give origin to 

the J-band and to what extent solid-state effects play a role in the optical properties of these molecular 

crystals. Most of the attempted first principles descriptions do not take thoroughly into account many-

body solid-state effects (e.g., long range interactions, screening effects, etc.) and are based on strong 

approximations that are not sufficient to correctly predict and reproduce their optical properties. On the 

other hand, the need to correctly describe these materials is also driven by the recent trend to use J-

aggregates in strong coupling experiments to study hybrid excitations due to strong matter-light 

interaction. 

 The principal aim and original contribution of this thesis is to give a comprehensive first 

principles description, based on state-of-the-art methods such as Time-Dependent-Density-Functional-

Theory (TDDFT) and Many-Body Perturbation Theory (MBPT), on the optical properties of J-

aggregates. In particular, we investigate a specific molecular aggregate composed of organic push-pull 

dyes manifesting intra-molecular charge transfer and we focus the attention on the analysis of the 

aggregate J-band.  

We adopted two kinds of numerical approaches. In the first one we used TDDFT through which the role 

of the molecular packing in the enhancement and red-shift of the J-band, along with the effects of the 

quantum confinement in the optical absorption when the crystal is confined in one or two dimensions 

have been assessed. By analyzing the induced charge density associated to the J-band, we concluded that: 



 vi 

(i) it is displaced along the crystal principal axis along parallel molecular chains; (ii) the overall red-shift 

of the J-band results from: (1) competing coupling mechanisms such as interactions between monomers 

in the same chain giving red-shift and weaker interactions between monomers of different chains giving 

a minor blue shift; (2) renormalization of the single particle energy levels due to molecular aggregation.  

 

In the second part an approach alternative to TDDFT, namely MBPT, based on the GW approximation 

and the Bethe-Salpeter equation (BSE) methods has been adopted. The latter framework is able to 

circumvent some of the known shortcomings of TDDFT when using (semi)local functionals, such as the 

inability to correctly describe exchange and correlation collective many-body effects (e.g., electron-hole 

screened interaction, charge-transfer mechanisms (CT)) which are non-local by nature. Simulations 

results showed that the J-band is indeed composed of a rich structure of bound excitonic states which in 

conventional absorption experiments cannot be resolved due to the broadening effects. The optically 

active excited state which dominates the J-band shows a mixed intra- and intermolecular CT character 

since the electron is delocalized on the single molecule and on the nearest neighbors. This character 

comes from the combination between push-pull mechanism and the molecular arrangement which favors 

electron delocalization along the 𝜋-stacking directions of the neighboring molecules. The latter effect 

significantly depends on the molecular crystalline packing and wavefunctions overlap. BSE results reveal 

also the presence of pure charge transfer dark excited states within the J-band which could not be detected 

in conventional experiments.  

 

In the final part of the work we concentrated on the collective mechanisms in the J-band. In particular, 

we assessed and quantified, within the novel context of molecular plasmonics, to what extent plasmonic 

collective mechanisms are involved in the J-band and demonstrated that this band has not a specific 

plasmonic character. This result responds to the surrounding question wheatear or not any strong optical 

absorption band, with some sort of collective character in its microscopic origine, like the J-band, share 

the status of a plasmon. 
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 I cristalli molecolari sono sistemi fisici formati dall’aggregazione di molecole aventi diverse 

disposizioni spaziali. Di conseguenza, una volta che vengono eccitate in fase aggregata, manifestano 

tipicamente un comportamento collettivo che rappresenta un fenomeno emergente dovuto alle forti 

interazioni elettroniche di natura inter-molecolare. Quando ciò accade, l’aggregato molecolare può 

essere considerato come una singola “supermolecola” la quale manifesta proprietà ottiche completamente 

diverse da quelle delle singole molecole costituenti. Quest’ultimo comportamento è tipico dei cristalli 

molecolari noti come J-aggregates, i quali possiedono caratteristiche proprietà ottiche come una molto 

intensa e stretta banda di assorbimento, chiamata    J-band, che compare a più bassa energia rispetto alla 

banda di assorbimento della singola molecola isolata. Tale comportamento non può essere spiegato in 

termini delle proprietà ottiche della singola molecola a causa della sua intrinseca natura collettiva. 

 Sebbene le proprietà ottiche dei J-aggregates sono state studiate da tempo già a partire dalle loro 

scoperta negli anni ’30 del secolo scorso, rimane ancora poco chiaro quali siano i meccanismi 

microscopici che danno origine alla J-band e in quale misura gli effetti di stato solido contribuiscano alle 

proprietà ottiche di questi cristalli molecolari. Finora, la maggior parte delle descrizioni a principi-primi 

non tengono in conto in maniera completa ed accurata effetti di stato solido a molti corpi (e.g., interazioni 

a lungo raggio, effetti di schermo, etc.) e si basano su forti approssimazioni che non sono sufficienti per 

predire e riprodurre correttamente le proprietà ottiche. 

D’altra parte, il bisogno di simulare correttamente questi materiali è spinto anche dalla recente tendenza 

a impiegarli in esperimenti per studiare nuovi tipi di eccitazioni ibride risultanti dalla forte interazioni fra 

radiazione e materia. 

 Il principale obiettivo e originale contributo di questa tesi è quello di fornire una descrizione 

approfondita e completa a principi primi, usando tecniche allo stato dell’arte quali la teoria del 

funzionale densità dipendente dal tempo (TDDFT) e la teoria perturbativa a molti corpi (MBPT), sulle 

proprietà ottiche dei cristalli molecolari J-aggregates. Nello specifico, abbiamo investigato un 

aggregato composto da molecole organiche di tipo push-pull note per manifestare trasferimento di carica 

inter-molecolare e abbiamo concentrato l’attenzione sull’analisi della J-band dell’aggregato. Due tipi di 

approcci numerici sono stati utilizzati. Nel primo, abbiamo usato la TDDFT attraverso cui è stato 

investigato il ruolo della disposizione molecolare nel determinare il red-shift e l’amplificazione della J-

band rispetto alla singola molecola; gli effetti del confinamento quantistico sulle proprietà ottiche quando 

il cristallo molecolare è confinato in una e due dimensioni. Tramite analisi della densità di carica indotta 

associata al picco principale della J-band, si può concludere che: (i) è un’eccitazione in cui la carica è 

spostata lungo l’asse principale (lungo) del cristallo lungo catene molecolari disposte in senso parallelo; 
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(ii) il red-shift globale della J-band viene fuori da: (1) meccanismi  di interazione competitivi: fra 

molecole nella stessa catena (red-shift) e fra molecole di catene diverse (blue-shift), in cui il primo 

domina sul secondo; (2) rinormalizzazione dei livelli energetici di singola particella dovuta 

all’aggregazione molecolare. 

 

Nella seconda parte abbiamo usato un approccio alternativo alla TDDFT, ovvero la MBPT, che si basa 

sui metodi GW e Bethe-Salpeter. Quest’ultimo schema è capace di aggirare alcuni noti difetti della 

TDDFT quando si usano funzionali (semi)locali, fra cui l’incapacità di descrivere correttamente gli effetti 

collettivi di scambio e correlazione (e.g., interazione schermata elettrone-lacuna, meccanismi di 

trasferimento di carica (CT)) che hanno carattere non locale. I risultati dimostrano che la J-band è 

composta da diversi stati eccitonici legati, i quali, a causa degli effetti di broadening, non sarebbero 

risolvibili negli esperimenti convenzionali di assorbimento. Lo stato eccitato principale della J-band 

manifesta un carattere misto di CT intra- e inter-molecolare dal momento che l’elettrone non è localizzato 

su una singola molecola ma anche su quelle più vicine. Questo carattere dipende sia dal fatto che il J-

aggregate è composto da molecole push-pull, sia dall’impacchettamento molecolare denso il quale 

favorisce la delocalizzazione dell’elettrone lungo le direzioni del  𝜋-stacking delle molecole più vicine. 

Quest’ultimo effetto infatti dipende sensibilmente dall’impacchettamento molecolare e dal grado di 

overlap fra le funzioni d’onda. Oltre al picco principale, è stata anche rilevata la presenza di stati dark 

(i.e., non otticamente attivi o con bassa forza dell’oscillatore) con carattere di CT totale all’interno della 

J-band. Questi ultimi non possono essere rilevati nei normali esperimenti di assorbimento ottico. 

 

Nella parte finale di questo lavoro ci siamo occupati di quantificare i meccanismi collettivi di tipo 

plasmonico del J-aggregate. Nello specifico, abbiamo esaminato e quantificato, dal punto di vista di 

molecolare, il carattere plasmonico della J-band e dimostrato che questa banda non ha in pratica alcun 

carattere plasmonico. Tale risultato risponde alla ricorrente domanda se qualunque banda avente elevato 

assorbimento ottico e che manifesti un qualche tipo di comportamento collettivo a livello microscopico, 

come la J-band, abbia o meno carattere plasmonico.     
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1 Chapter I – Introduction 

  J-aggregates: overview and state of the art 

 J-aggregates are fascinating fluorescent nanomaterials formed by highly ordered assemblies of 

molecular units with spectroscopic properties dramatically different from the constituting organic 

molecules taken on its own. Discovered in the 1930s independently by Jelley1,2 (J-aggregates after Jelley) 

and Scheibe3, they represent one of the most important milestones in dye chemistry as well as the birth of 

supramolecular chemistry. Some of the most characteristic properties of these molecular crystals are very 

narrow red-shifted absorption and emission bands, strongly increased absorbance with respect to the 

constituting molecules together with the decrease of radiative lifetime and highly polarized emission.  

 All these intriguing optical properties and the countless prospects for applications (e.g. 

photovoltaics, biological sensing, color film photography, imaging, dye lasers, light absorbers in 

optoelectronics and non-linear optics, quantum information technology just to cite few) have stimulated 

over the years many scientists both from the theoretical and from the experimental points of view. 

Historically, the first J-aggregates to be studied were composed of cyanine dyes (i.e., pseudoisocyanine 

or PIC) in solutions and the observation of their very narrow light absorption and emission bands 

suggested high level of molecular ordering. Experiments showed in fact that the direction of their 

absorption dipole is parallel to the aggregate axis and from this result it was concluded that the monomers 

in J-aggregates are aligned parallel (or slightly inclined) to the aggregate direction. It was noticed also by 

J. Frank and E. Teller4 the similarity of their excited states with excitons proposed by Y. Frenkel for 

molecular crystals. Later on, based on the molecular exciton theory of Davydov, M. Kasha developed a 

model of excitonic coupled dimers that, despite its simplicity, can describe the basic properties of 

molecular aggregates.  
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 Through the years of rich developments of theory and applications, J-aggregates have been widely 

studied and characterized in the literature. We shall give here a brief general review about J-aggregates 

characterization from the experimental and the theoretical points of view.  

 

 In the past 80 years since their discovery, there has been a great number of technical analyses 

about dimensions, shapes, and morphologies of J-aggregate molecular crystals. From the experimental 

point of view, J-aggregates are prepared and formed in solutions (usually water) and real crystals are not 

observed in the form of 3D solid-state structures. Rather, they tend to be observed in low-dimensional 

structures5–7. At the mesoscale, they manifest a complex morphological and structural variability, so that 

various structures have been observed at different dyes concentrations and solution conditions5. For 

cyanine dyes, for example, using optical microscopy, TEM and AFM measurements, several 

morphological groups have been revealed such as extended two-dimensional rods, strings, sheets, giant 

tubes, fibrils, quasi one-dimensional stripes, twisted ribbons5–17. In particular, as reported 

experimentally16,18 for cyanine dye aggregates, monolayers are typically about 3-400 nm long and few 

nm deep. Moreover, molecules tend to aggregate and be packed in a herringbone, brickwork, or in 

ladder/staircase structures, with molecular planes oriented normally to the monolayer plane (Figure 1(a)). 

There are also morphological studies13,15, performed by using fluorescence optical microscopy (FOM) 

and AFM measurements, of formation of tubular TC J-aggregates from self-folding of narrow and wide 

monolayer strips (Figure 1(b)).  

 In parallel, lots of theoretical analytical models have been put forward to explain the J-aggregates 

characteristic narrow red shifted absorption band (J-band). One of the best accepted quantum mechanical 

descriptions, taking into account also vibronic effects (i.e., electron-phonon coupling), is the so-called 

Frenkel-Hölstein model19–22, which has been widely used to describe photo-physical properties of J-

aggregates23,24 and conjugated polymers25,26. Albeit its popularity, this model is not practical for 

aggregates of more than ~20 monomer units21,22. Nevertheless, if one focuses on the J-band optical 

absorption, there is no vibronic coupling27,28 since the electronic coupling between molecules is much 

bigger than the characteristic vibrational energy28 of monomers and the model can be simplified assuming 

the adiabatic (Born-Oppenheimer) approximation. The latter is called Frenkel model and, assuming weak 

overlap between molecular wave-functions and no electron-phonon coupling, describes the whole 

aggregate excited state as an electronic excitation delocalized over several molecular sites21,29 in which 

each molecule stays charge neutral. The Frenkel model has been used extensively for the description of 

excitonic energy transfer in mono-molecular chains21,30,31. In other related works27,32 one can also find a 

general theoretical description of J-aggregates, taking into account also the monomers vibrational degrees  
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Figure 1- Structure and morphologies of J-aggregates. Panel a: (upside part) typical molecular arrangements in 

J-aggregate molecular crystals (from right to left: brickwork, ladder and staircase type; (downside part) model of 

brickwork molecular packing of tubular crystal (TC) pseudoisocyanine (PIC) J-aggregate in an asymmetrical 

monolayer with an AFM measured height of 1nm. TC molecules are symbolically represented by rectangles with 

edgewise orientations, a side surface area of 1.7 x 1.0 nm2. The orientation of the transition dipole moments is 

along the long axes of TC molecules (i.e. long rectangle sides). Panel (b): AFM topography images of TC J-

aggregate during adsorption on mica surface. Panel (c): (up-left part) threadlike arrangement of the PIC 

molecules derived from X-ray analysis of PIC chloride single crystals. The single stack was often used as a 

structural model for a one-dimensional PIC J-aggregate; (upside-right part) top view of the stacks along the x-

axis. Taking van der Waals radii into account, one stack can be modeled by a thread with an elliptical cross 

section;(downside part) two possible quasi one-dimensional models for the PIC J-aggregate: a star-like and a 

tubular arrangement of six stack within a cylinder of 2.3 nm diameter. Panel (d): scheme of morphological 

transformations in TC J-aggregates. Figures adapted from Reference33. 

(a) (b)

(c) (d)
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of freedom, to predict the red shifted peak position from the knowledge of monomers lineshape function 

(i.e., absorption spectrum) and of the electronic inter-molecular interaction strength within the aggregate. 

In particular this model has been proved useful to estimate the molecular packing configurations from 

measured absorption spectra. A complete and comprehensive theoretical description of the proposed 

mechanisms to explain the physical nature of the J-band is discussed in a review by Egorov et al. 29 ; a 

comprehensive theoretical explanation about the origin of the narrowing of the J-band was presented by 

A. Eisfeld et al.28 . A more general view on the formation and the spectroscopic properties of dye J-

aggregates can be find in a review by Würthner et al.34. Spano and Silva35 provided detailed analysis of 

H- and J- aggregates with a focus on applications for organic semiconductors. In the review of J.L. Brick 

at al.36 there is a thorough and comprehensive description of the basic research and applications of 

fluorescent cyanine dye J-aggregates with a focus on the relation between optical properties and dye 

structures. Finally, a detailed and interesting study of the entanglement dynamics in one-dimensional J-

aggregate systems is reported in Reference37. 

 

  Optical properties of J-aggregates  

 The major characteristic features of J-aggregates are the strong shift of their absorption and 

emission spectra to lower energies (i.e., longer wavelength) with respect to the spectra of the constituting 

monomers, together with a dramatic amplification and narrowing of the red-shifted peak (Figure 2). The 

formation of J-aggregates proceeds via supramolecular self-organization, normally via 𝜋- 𝜋 dispersive 

interactions between highly polarizable groups of atoms together with electrostatic interactions between 

opposite charges. Once molecules are aggregated, their transition dipole moments are aligned (almost) 

parallel to the line joining their centers through a head-to-tail or shifted-plates arrangement that 

demonstrate high optical anisotropy38–41. In this configuration, the J-aggregate demonstrates the properties 

of a molecular ensemble acting as one unit with strongly increased dipole moment34. As we will describe 

in more detail hereafter, the observed spectroscopic changes are the result of excitonic coupling between 

individual molecules forming the aggregate. 

 In other cases, in some conditions the dyes can assemble into quite different H-aggregates (H is 

referred to hypsochromic shift, i.e. energy blue-shift) that are characterized by side-by-side 

arrangements17. Compared to the isolated monomer units, the visible excited states in H-aggregates are 

shifted to shorter wavelengths but the corresponding fluorescence spectra (which can be very low in 

intensity) are shifted to longer wavelengths17. Such division into H- and J-aggregates is a simplification 

so that in general H- and J-bands or several J-bands can be observed simultaneously. In Figure 2 are 

reported schematically the spectral changes on formation of J and H aggregates.  
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 The basic spectroscopic characteristics of J-aggregates are very unique. They demonstrate very 

narrow J-bands in absorption spectra and manifest dramatic red-shift. Vibrational component in their 

broadening is not observed, so these bands are almost symmetric42. Another characteristic is the strong 

absorbance in comparison with the isolated monomers43. Due to strong coupling between the molecular 

transition dipoles, two-photon absorption cross-section can also achieve very high values much exceeding 

that of monomers39.  

 The fluorescent properties of J-aggregates are also unique. Their fluorescence spectra match the 

absorption spectra and are of equally narrow width, they demonstrate nearly resonant behavior and display 

very small (~200 cm-1 and smaller) Stokes shifts and insensitivity to the environment34. The strong 

increase in the oscillator strength is coupled with the increase in radiative rates, therefore the fluorescence 

lifetimes are much shorter than in the monomers and are observed on picosecond time scales44. The latter 

effect is usually called superradiance45. J-aggregates demonstrate also high optical anisotropy resulting 

in polarized fluorescent emission13,38 and absorption parallel to the aggregate axis. In Table 1 we have put 

a list of the most essential spectroscopic properties of J-aggregates. In Figure 3 is showed  the dramatic 

transformation of PIC absorption spectrum as it forms a J-aggregates: we can see how its formation is a 

dynamic and concentration-dependent process. 

 

 

 

 

 

Figure 2 – Schematic representation of the changes in absorption (blue) and fluorescence (red) spectra on the 

formation of H- and J-aggregates from organic dye monomers (image taken from J. L. Bricks et al.36, IOP 

Publishing 2018)  
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1.2.1 Molecular excitons in J-aggregates 

 The excitonic collective nature of electronic transitions in J-aggregates is responsible for their 

optical properties36. These aggregates represent the case where the resonant excitation transfer interaction 

between constituting molecules is much stronger than the interaction with the environment (e.g. with the 

molecular vibrations).  

Due to this strong inter-molecular electronic coupling, the excitation is no longer localized on a single 

monomer but it demonstrates coherent exciton motion along the molecular chain as a wave packet46. 

By definition, excitons are collective charge neutral excitations in the form of electron-hole pairs that 

appear in solids and molecular systems upon electronic excitaton46. In J-aggregates one typically deals 

with Frenkel or strongly bound excitons47 where each electron-hole pair stays localized on the same 

molecule, while the excitation passes from one molecular site to another and so it can be delocalized 

across many chromophores48. 

The optical properties of J-aggregates can be conceived within the framework of molecular exciton theory 

that was firstly developed by Davydov to describe the energetically delocalized states in molecular 

crystals49. According to this treatment, the excitation achieved in a single molecule of a periodic molecular 

assembly is transferred from molecule to molecule within a period which is much shorter than the 

characteristic molecular vibrational time of the monomer units in the assembly. 

 

TABLE I. some of the most essential spectroscopic properties of J-aggregates of organic dyes 

Absorption  

 Very narrow J-band in absorption  

 Dramatic shift of J-band to the red with respect 

to the monomers spectra 

 

 Absence of vibrational component in J-band   

 Strongly increased absorbance concentrated 

within very narrow absorption band 

 

 Strongly increased tow-photon cross-section, 

in comparison with constituting monomer units 

 

  

Fluorescence  

 The spectra match the absorption spectra and 

have very narrow width  

 

 Stokes shifts very small (~200 cm-1) and 

negligible 

 

 Fluorescence lifetimes much shorter than 

monomers as a result of superradiance 

 

 Spectra insensitive to the environment  
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Figure 3 – Chemical structure and absorption spectra of pseudoisocyanine dye (PIC) as the classic example of 

J-aggregate. The concentration-dependent formation of J-aggregates is evident from the appearance and growth 

of the narrow band at ~573 nm with the increase of dye concentration in 0.2M NaCl acqueous solution. Note 

that on the growth of the J-band, the spectral features of monomer (M) and H-type dimer (D) do not disappear. 

(Reprinted from Reference39. Elsevier publishing 2006)  

 

 

In this case the electron-hole pairs remain localized within the same molecule, while the entire excitation 

is coherently delocalized over many monomers in the form of excitation waves46. From superpositions of 

these excitation waves, excitation packets can be formed, which describe the coherent motion of 

(molecular-localized) excitations50.  In this way the excitation can migrate over hundreds of monomer 

units51,52. This is an essential difference from the Förster-type excitation energy transfer, in which the 

chromophores retain their identity and their oscillating dipoles interact at a distance36.  

 

1.2.2 Kasha’s dipole model 

 The first model linking the molecular packing geometry and the photophysical properties of 

molecular aggregates of organic dyes was done by M. Kasha53,54. Based on exciton theory he studied the 

effect of relative orientation of two molecules approximated as point dipoles, so that their transition 

dipoles are aligned along the long axis of the molecules (Figure 4). Upon excitation of the dimer, the 

model demonstrates the splitting (Davydov splitting) of the single molecule excited state energy level into 

two levels due to the Coulomb coupling between the two monomers. The angle between the transition 

dipoles and the molecular axis of the aggregate as well as the mutual orientation between transition dipoles 

determine the amount of energy level splitting and whether an optical transition is allowed to a lower or 

to a higher excited-state level53 with respect to the monomer one.   
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Figure 4 – Illustration of molecular exciton model suggested by Kasha for the variation of energy in electronic 

transitions of molecular dimers. The H-type dimers formed by side-to-side association demonstrate strongly 

increased energy separation between absorbing and emitting states and have low fluorescence, due to their very 

low lowest excited state transition dipole. In contrast, in J-type dimer the transition dipoles are in line. They 

exhibit a strong decrease in transition energy and an increase in the transition dipole moment enhancing the 

probability of light absorption together with red-shift in absorption and emission. (Image taken from J. L. Bricks 

et al.36, IOP Publishing 2018) 

 

In the former case there is a red-shift and one explains the J-aggregate behavior, while in the latter where 

there is blue-shift one talks about H-aggregate behavior. The Kasha model predicts also the emissive 

properties of dye aggregates. 

In H-type dimers with a side-by-side alignment, for example, the radiative decay is suppressed (the 

transition is symmetry-forbidden), while in J-type dimers that are head-to-tail (partially) aligned it is 

enhanced compared to the uncoupled molecules. 

In addition to that, in J-aggregates, the transitions only to the lowest energy excited state level are allowed 

and, as a consequence, they possess negligible Stokes shift with high fluorescence quantum yield36. Thus, 

the simple Kasha’s model considering two point dipoles allows the explanation of the 

most essential features of molecular aggregates – the strongly blue-shifted (red-shifted) absorption spectra 

of H-(J-) aggregates. These two extreme cases provide the basis for understanding the absorption and 

emission behavior in systems with more complicated morphologies where both mechanisms are present 

and compete each other. If the Coulomb electronic couplings J0 between neighboring molecules are 

positive (i.e. repulsive interaction) one has predominantly H-arrangements and the optically allowed state 

is on top of the band; for J-aggregates these couplings are negative (i.e. attractive), so that the excited 

energy level is found at the bottom, leading to red-shift with respect  

to the monomer (see Figure 5). We will see in more detail this behavior in Chapter 4 where the couplings 

J0 are expressed in terms of interaction between monomers transition densities. The basic idea of Kasha 
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that the sign of electronic coupling in dimer, positive for H and negative for J, distinguishes the two basic 

aggregate forms was explored by many researchers.  

Kuhn and co-workers extended the Kasha model by introducing physical dipoles in description of 

Coulombic interactions in the dimer55,56 that allowed a better understanding the ‘staircase’ formation  

of aggregated structures. It was predicted also that the impact of exciton-vibrational coupling should be 

strong for H-aggregates and negligible for J-aggregates24, so that in J-aggregates both the absorption and 

emission bands represent the 0-0 vibronic transitions35 (Figure 5(a)). 

In development of this model it was accounted that at small intermolecular distances, in addition to the 

long-range Coulomb coupling, a significant wave function overlap between neighboring molecular 

orbitals may be essential57. Such effective short-range exciton coupling due to wave function overlap 

facilitates the charge-transfer that can also induce J- or H-aggregate behavior. However, unlike Coulomb 

coupling, the short-range coupling must be extremely sensitive to small transverse displacements between 

neighboring chromophores. 

 

1.2.3 J-band narrowing 

 The explanation of the extreme vibrational narrowing of the J-band, i.e., the abnormally narrow, 

high intensity, red-shifted optical absorption band arising in J-aggregate molecular crystals, has attracted 

the attention of many researchers43 and it still remains disputable28,29,58. The common accepted 

explanation is based on the Frenkel’s statistical exciton model29,59,60 which assumes assumes that the 

electronic excitation is transferred so fast between molecules that it averages out the (quasi)static disorder 

(disorder is associated to coupling of electronic degrees of freedom with molecular vibrations) in 

electronic transition energies of molecules in the J-aggregate59 . In this way the narrow J-band is due to 

the strong electronic coupling between molecules and weak electronic coupling with intra-molecular 

vibrations. 

The electronic excitations within the J-band to a large extent are decoupled from vibrational modes61 and, 

in contrast to H-aggregates, the 0–0 transition becomes dominant in absorption and emission35. Since 

vibrational modes are not involved and there are no energy losses on molecular relaxations, the absorption 

origin is also the emission origin, and therefore the Stokes shift may become negligible. The absorption 

and fluorescence bands of J-aggregates are also much narrower because of motional and exchange-derived 

narrowing that dynamically average the energies over their inhomogeneous distribution42. The origin of 

very narrow band widths may be also connected with the narrow distribution of excitons delocalization 

lengths Nc and of the short excited-state lifetimes.   
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Recently a new theory of formation of the J-band has been proposed by Egorov et al.29 which is based on 

charge transfer62,63 and dozy chaos62 but it is only at its first steps29,62,63 and its validity is not commonly 

accepted. 

 

 

Figure 5 – (a,b) Molecular orientations within conventional J- and H-aggregates. The sign of the nearest-

neighbor coupling J0 is determined by the through-space Coulombic coupling. Generally, head-to-tail 

orientations lead to J0 < 0 and J-aggregation, whereas side-by-side orientations lead to J0 > 0 and H-

aggregation. (c) In polymer HJ-aggregates, Coulombic interchain coupling is positive (Jinter > 0), whereas the 

effective intrachain coupling between adjacent repeated units is negative (Jintra < 0) owing to through-bond 

interactions. Also shown is the energy dispersion, E(k), corresponding to the lowest vibronic band in each 

aggregate (higher bands are omitted for clarity). The band curvature at k = 0 is positive (negative) in J- (H-) 

aggregates. The red dot indicates the (k = 0) exciton that is optically allowed from the ground state, |𝐺⟩ (black 

dot). The energies of the one- and two-phonon states within the electronic ground state are also indicated. Arrows 

indicate emission pathways at low temperatures, such that emission originates primarily from the lowest-energy 

exciton. In J-aggregates (a), 0-0 emission is strongly allowed, leading to superradiance. In contrast, in H-

aggregates (c), rapid intraband relaxation subsequent to absorption populates the lowest-energy k = π exciton, 

which cannot radiatively couple to |𝐺⟩, thereby preventing 0-0 emission (assuming no disorder). In the HJ-

polymer dimer (c), the J-like intrachain band in each polymer is split into symmetric (+) and antisymmetric (−) 

bands by interchain interactions. Owing to selection rules, only the k = 0 symmetric state can radiatively couple 

to |𝐺⟩. (image taken from F.C. Spano et al.35) 
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1.2.4 Superradiance 

 Molecular aggregates are also characterized by the so called superradiance, which is a cooperative 

spontaneous emission manifested by ultrafast radiative decays45. This effect has a simple classical 

interpretation: when a collection of dipoles oscillates in phase, their amplitudes add up coherently to form 

a large effective dipole. Since the extension of the exciton and hence the size of the dipole moment is 

restricted to a finite number Nc of coupled molecules constituting the macrodipole, the radiative lifetime 

𝜏0(𝐽) of these coupled structures should be strongly decreased being inversely proportional to Nc28,60.  

 

1.2.5 Enhanced light-matter interaction: J-aggregates in nano 

plasmonics 

 In the last few years J-aggregates have been extensively employed together with metallic 

nanosystems to study the field enhancement resulting from strong light-matter coupling phenomena36. In 

fact the possibility to control and enhance the radiative properties of these nanomaterials by their near-

field coupling to optical fields generated by plasmonic metal nanostructures has attracted many 

researchers64.   

Strong molecular-scale electromagnetic fields can increase the fluorescence by enhancing locally the light 

absorbance and by modifying the radiative rate. Such field enhancement can be provided by depositing J-

aggregates directly on top of plasmonic gold65,66 and silver67,68 nanoparticles.  

 

Figure 6 - Plasmonic enhancement effect observed on interaction of J-aggregate of thiacyanine dye with 

plasmonic Ag nanoparticles in water solution69. To control the distance between J-aggregates and silver 

nanoparticles the latter was covered by a polymer shell of variable thickness using the layer-by-layer assembly 

method. (Reprinted from Ref.69. Copyright (2014) American Chemical Society.) 
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The noble metal nanoparticles generate localized surface plasmons that provide strong modulation of the 

light absorption and scattering showing the features of coherent coupling between the localized plasmons 

of the metallic nanoparticle and the excitons of the molecular J-aggregate70. Such coherent coupling was 

demonstrated in experiments with gold and silver tunable plasmonic nanoparticles covered with inert 

molecular layers of variable width69,71 (Figure 6). While providing high local fields and large enhancement 

factors, such excitonic–plasmonic constructs demonstrate high sensitivity to the nanoscale geometry of 

their structures and the effects of distance. The enhancement effect also depends on the J-aggregate 

structure: the strongest effect is expected from J-aggregates with large exciton coherence length69. 

Much stronger plasmon–exciton coupling is observed with noble metal nanorods72–74, nanostars75, 

nanodisks76 and nanoprisms77 that generate stronger electromagnetic 

field at the sharp edges of these nanostructures. These hybrid states that combine plasmonic and excitonic 

effects opened new ways in designing nanocomposites materials78. 

In spite of the rapidly growing number of publications addressed to the coupling between J-aggregates 

and metallic nanoparticles, there are still a lot of questions about the plasmon–exciton interaction between 

them. Most of the present studies are focused on light absorption and scattering effects79–81 and the studies 

of fluorescence emission are rare. Still, the questions about the influence of adsorption and aggregation 

of dye molecules on the surface of plasmonic nano-particles on the decay of excited states and the 

photoinduced degradation are remaining for detailed investigations and understanding36. 

 

  Motivations and goals 
 In this thesis we investigate the optical properties of a molecular J-aggregate1,52 composed of push-

pull organic dyes, representative of a broad range of molecular crystals with enhanced light-matter 

interaction, by means of state-of-the-art first principles approaches, namely Time-Dependent-Density-

Functional-Theory82,83 (TDDFT) which is based on a density functional formalism, and Many-Body 

perturbation theory83–85 (MBPT), which relies on a Green function formalism. The overall motivation of 

this work is to be able to capture all the details of the electronic excitations involved in the optical response 

of a realistically complex molecular aggregate.  

The need to investigate by first principles these molecular systems is driven by several reasons:  

 (1) Still there has never been attempted any realistic ab initio simulation of J-aggregate molecular 

crystals which takes thoroughly into account long-range and intermolecular many-body solid-state effects. 

So far, all the theoretical models are based on strong assumptions – such as assuming a simple one-

dimensional crystal, weak intermolecular interactions, no ground state variation of the molecules when 
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they aggregate, small electronic excitations, weak overlap between molecular wave-functions22,29,86 

without properly taking into account also exchange and correlation effects29– and on the a-priori 

knowledge of the molecular properties29. To date, the most realistic and accurate first principles 

simulations have described not really extended systems, but rather small clusters with just a few tens of 

molecules87,88 (~20), while J-aggregate experimental samples are typically composed of hundreds or 

thousands of molecular units6,7,9,15,16. These simplified models revealed not sufficient to correctly describe 

and predict the optical properties of J-aggregates and fundamentally lack of a comprehensive and 

quantitative description of the inter-molecular interactions (e.g. van der Waals) that become crucial in 

condensed (i.e., aggregated) systems. Solid-state approaches, which take thoroughly into account many-

body effects (e.g. screening, long range interactions, etc.) to characterize both the electronic and the 

optical properties, have never been proposed. Thus, a first-principles description of realistic extended J-

aggregates would shed light on how the complex inter-molecular interactions play a role on their peculiar 

optical response.  

 (2) The renewed experimental interests about J-aggregate molecular systems employed for ultra-

strong and coherent light-matter interaction73,75–78,80,89,90, useful to probe objects at the nanoscale. In 

particular, J-aggregates are employed together with plasmonic metallic nanosystems to study hybrid 

nanostructures in the strong coupling regime31,65–68,70,71,90–93, (e.g., the coupling between organic J-

aggregates with metallic nano-systems such as nanoparticles, nanorods, nano-disks, etc.) which forms 

surface-plasmon exciton hybrid states (called plexcitons68,71,94) that soon could pave the way towards a 

new generation of nano-composite materials and active plasmonic devices operating at room 

temperature78. In relation with these experimental interests, ab-initio first-principles numerical methods 

offer the non-negligible advantage to retrieve physical information that could not be possible to access in 

conventional experiments, e.g., the possibility to resolve all the excited states, even the dark ones, and to 

get qualitative and quantitative insights into the character of the excitations82,83,95,96.   

 (3) The interest in ab-initio simulation of low-dimensional J-aggregate molecular crystals (1D 

like-polymer chains and 2D like-monolayer films) in order to see what are the major effects of the 

quantum confinement on their optical response with respect to a bulk phase molecular crystal.  

 (4) The renewed interest in investigating the microscopic physical origin of the red-shifted J-band. 

Even though lots of theoretical models have been proposed over the years in order to explain the red-shift 

of the J-band29, it is still not so clear what is its microscopic physical origin, i.e. what kind of collective 

excitations are involved that are responsible for the intense optical absorption and the very narrowing of 

that band. A thorough first principles study shall get physical insights about the microscopic nature and 

character of the J-band.   
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2 Chapter II ‒ investigating J-aggregates 

from first principles: TDDFT approach 

 In this chapter we shall present the main results and findings of the Time-Dependent-Density-

Functional-Theory (TDDFT) first principles simulations performed on a molecular J-aggregate composed 

of push-pull organic dyes97. Simulations have been performed by using the Quantum Espresso98,99 suite 

of codes.  

 Within the TDDFT framework, we have focused more on a qualitative description of the optical 

properties of the molecular J-aggregate by describing the principal microscopic physical mechanism 

which underlies the formation of the red-shifted band (J-band). We investigated three main aspects: (1) 

the role played by the different molecular arrangements within the bulk crystal on its optical response; (2) 

the microscopic nature of the J-band by means of induced charge density analysis; (3) the effects of the 

quantum confinement when moving from the bulk crystal to low dimensional crystal structures where a 

two-dimensional monolayer film and a one-dimensional polymer chain, extracted from the bulk crystal, 

have been simulated. The main findings are:  

 (1) the optical behavior of the bulk crystal, due to the complex inter molecular couplings, cannot 

be deduced considering its isolated parts such as dimers or even an extended chain extracted from it.  

 (2) The J-band is associated to a collective excitation in which the induced charge density in each 

molecular unit is displaced along the crystal long axis and in which all the molecular transition dipoles 

are coherently aligned. The latter explains the enhancement of the J-aggregate red-shifted peak. The red-

shift of the J-band results from competing coupling mechanisms such as couplings between molecules 

within the same chain (intra-chain) which cause red-shift and couplings between molecules of different 

chains (inter-chain) which cause blue-shift. The former is the dominant mechanism and explains the 

observed red-shift of the J-band.  

 (3) The confinement of the crystal in one dimension (i.e., 2D J-aggregate) perpendicular to the 

long axis does not affect the J-band peak but it generates new excitations at higher energy that, due to 
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surface effects, reflect the broken symmetry of the bulk crystal. Confinement in two dimensions (i.e., 1D 

J-aggregate) causes a stronger red-shift of the J-band with respect of the bulk since there are no more 

interchain couplings which causes the blue-shift.  

 

 The following results will be included in the form of a published paper together with the supporting 

information in Appendix A which contains the material complementary to the main text. 
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 Solid-state effects on the optical excitation of push-pull 

molecular J-aggregates by first-principles simulations 
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Appendix A - Supporting Information for: Solid-state effects on the optical 

excitation of push-pull molecular J-aggregates by first principles 

simulations 
 

 

 

 

 Appendix A1 - Response charge densities and optical spectra 

The complete analysis of the response charge density and of the optical spectra for the systems discussed 

in the main text is collected in Figure A1 and A2, respectively. Red-blue colors in Fig. A1 indicates the 

positive-negative sign of the response charge densities. 

 

 

 

 

  

 
 

F4

(d)

Figure A1 – (a) Imaginary part of induced charge density peak B2 of 3D bulk crystal. (b-d) Imaginary parts of induced charge 

densities of peaks F2-F4 of 2D film crystal. For each induced charge density we have plotted two different side-views, one along 

the plane where both 3D bulk and 2D film are extended and the other along the plane where the film is confined. All induced charge 

density isosurfaces are fixed at 0.1 Bohr -3.  

F3

(c)
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Figure A2 – Absorption optical spectra of 3D bulk (black), 2D film (violet), 1D chain (ochre), dimers (red, blue, green) and 

monomer (magenta) extracted from the 3D bulk crystal.  

Figure A4 – Comparison of absorption optical spectra of single push-pull monomer using two different xf-functionals: PBE and 

B3LYP. The hybrid functional gives a blue-shift with respect to the semi-local PBE of 0.55 eV for the first two principal peaks  

Figure A3 – (Left) Absorption optical spectra of other two dimer configurations extracted from the bulk crystal. The new spectra 

have been plotted in dashed lines. (Right) Spatial arrangements of new dimers with the associated induced charge densities 

associated to the absorption peaks D4 and D5. The values of the isosurface plots have been fixed to 0.05 Bohr -3.  



 24 

TABLE A.1 

 Peak energy (eV) Oscillator strength Homo – Lumo gap 

(eV) 

Monomer  M    2 1.537 1.667 

Dimer 1 D11   

1.918 

D12   

1.994 

3.153 0.331 
1.442 

Dimer 2 D2   2.023 2.981 1.693 

Dimer 3 D3   2.047 3.282 1.635 

1D chain  C1   1.841 C2   1.968 3.95 0.0725 1.636 

2D film 
F1     1.87 F2      1.71 7.821 0.24 

1.5 
F3     1.98 F4   2.138 3.912 0.27 

3D bulk  B1   1.887 B2     1.71 7.96 0.08 1.567 

 

 

 

TABLE A.2 

 Peak  energy  Transitions (occ vir) Tran. amplitude 

Monomer 2 eV (M) 

H  L    (1.66 eV) 

H-1  L (2.607 eV)  

H  L + 1  (2.637 eV) 

0.96 

-0.19 

0.21 

Dimer 1 

1.918 eV (D11) 

H-2  L  (2.394 eV) 

H-1  L  (1.605 eV) 

H  L+1  (1.642 eV) 

H-1  L+2  (2.598 eV) 

-0.15 

-0.84 

-0.48 

-0.18 

1.994 eV (D12) 

H-3  L  (2.577 eV) 

H-2  L+1 (2.594 eV) 

H-1  L  (1.605 eV) 

H-1  L+2  (2.598 eV) 

H  L+1  (1.642 eV) 

H  L+3  (2.623 eV) 

-0.123 

-0.181 

-0.464 

-0.122 

0.828 

-0.2 

Dimer 2 2.023 eV (D2) 

H-1  L   (1.694 eV) 

H-1  L+1  ( 1.698 eV) 

H  L+1  (1.697 eV) 

H-2  L  (2.615 eV) 

H-1  L+2  (2.654 eV) 

H  L  (1.693 eV) 

0.84 

0.34 

-0.26 

-0.17 

-0.17 

-0.14 

Dimer 3 2.047 eV (D3) 

H-1  L  (1.703 eV) 

H  L+1  (1.754 eV) 

H-3  L  (2.706 eV) 

H-2  L+1  (2.57 eV) 

H-1  L+2  (2.698 eV) 

H  L+3   (2.646 eV) 

0.59 

-0.76 

-0.17 

-0.128 

0.13 

0.13 
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 Appendix A2 – Structural and crystal characterizations 

We report here the unit cells of 3D bulk, 2D film and 1D chain, dimers and monomer extracted from the 

bulk crystal.  

 

3D bulk 

Primitive cell parameters: 

o Lattice type : monoclinic 

o Crystal lengths (Å) :     X = 7,59        Y = 5,87       Z = 41,51 

o Angles (degrees)  :     (XY) = 90,00°        (ZX) = 94,30°      (YZ) = 90,00° 

         

Computational parameters: 

o Number of atoms = 192 

o Number of electrons = 592 

o Kinetic energy cut-off = 50 Ry 

o Charge density cut-off = 500 Ry 

o Exchange-correlation = PBE 

 

 
 

 

2D film 

Primitive cell parameters: 

o Lattice type : monoclinic 

o Crystal lengths (Å) :     X = 7,59        Y = 26,64       Z = 43,12 

o Angles (degrees)  :     (XY) = 90,00°        (ZX) = 73,74°      (YZ) = 90,00° 

 

Computational parameters: 

o Number of atoms= 288 

o Number of electrons= 888  

o Kinetic energy cut-off = 50 Ry 

o Charge density cut-off = 500 Ry 

o Exchange-correlation = PBE 

  

 

  
 



 26 

 

1D chain 

Primitive cell parameters: 

o Lattice type : orthorombic 

o Crystal lengths (Å) :     X = 16,90        Y = 16,90       Z = 43,12 

o Angles (degrees)  :     (XY) = 90,00°        (ZX) = 90,00°      (YZ) = 90,00° 

 

Computational parameters: 

o Number of atoms= 96 

o Number of electrons= 296  

o Kinetic energy cut-off = 50 Ry 

o Charge density cut-off = 500 Ry 

o Exchange-correlation = PBE 

 

  

 

 

 

Dimer 1 

Primitive cell parameters: 

o Lattice type : orthorombic 

o Crystal lengths (Å) :     X = 31,75        Y = 24,77       Z = 56,22 

o Angles (degrees)  :     (XY) = 90,00°        (ZX) = 90,00°      (YZ) = 90,00° 

 

Computational parameters: 

o Number of atoms= 96 

o Number of electrons= 296  

o Kinetic energy cut-off = 50 Ry 

o Charge density cut-off = 500 Ry 

o Exchange-correlation = PBE 
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Dimer 2 

Primitive cell parameters:  

o Lattice type : orthorombic 

o Crystal lengths (Å) :     X = 26,02        Y = 22,33       Z = 36,75 

o Angles (degrees)  :     (XY) = 90,00°        (ZX) = 90,00°      (YZ) = 90,00° 

 

Computational parameters: 

o Number of atoms= 96 

o Number of electrons= 296  

o Kinetic energy cut-off = 50 Ry 

o Charge density cut-off = 500 Ry 

o Exchange-correlation = PBE 

 

  
 

 

 

Dimer 3 

Primitive cell parameters: 

o Lattice type : orthorombic 

o Crystal lengths (Å) :     X = 36,75        Y = 17,83       Z = 36,75  

o Angles (degrees)  :     (XY) = 90,00°        (ZX) = 90,00°      (YZ) = 90,00° 

 

Computational parameters: 

o Number of atoms= 96 

o Number of electrons= 296  

o Kinetic energy cut-off = 50 Ry 

o Charge density cut-off = 500 Ry 

o Exchange-correlation = PBE 
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Z

Y
X

 

 

Monomer 

Primitive cell parameters: 

o Lattice type : orthorombic 

o Crystal lengths (Å) :     X = 27,52        Y = 27,52       Z = 40,18  

o Angles (degrees)  :     (XY) = 90,00°        (ZX) = 90,00°      (YZ) = 90,00° 

 

Computational parameters: 

o Number of atoms= 48 

o Number of electrons= 148 

o Kinetic energy cut-off = 50 Ry  

o Charge density cut-off = 500 Ry 

o Exchange-correlation = PBE  
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 Appendix A3– Evaluation of the response charge density 

In this section we will explain the post-processing procedure we have used in order to get the induced 

charge densities for each peak. Firstly, we have performed three independent excitations with three 

(orthogonal) electric field linear polarizations of frequency   

 

𝐸𝑒𝑥𝑡,𝑃
𝑖 (𝜔) = 𝐸0(𝜔)𝛿𝑃

𝑖            (A.1) 

 

where index P=x,y,z fixes direction of external electric field polarization, index i refers to electric field i-

th component and 𝛿𝑗
𝑖 is delta Kronecker symbol. Since we are in dipolar regime, we have assumed uniform 

electric field. Using linear response theory in space-frequency domain, for each specific polarization 

direction P, one gets a different induced charge density, namely 

 

𝑛𝑃(𝒓,𝜔) = ∫𝜑𝑒𝑥𝑡,𝑃(𝒓
′, 𝜔)𝜒(𝒓, 𝒓′, 𝜔)𝑑𝒓′ = −∫𝑟𝑖

′𝐸𝑒𝑥𝑡,𝑃
𝑖 (𝜔)𝜒(𝒓, 𝒓′, 𝜔)𝑑𝒓′ = 

−𝐸0(𝜔)∫ 𝑟𝑃
′𝜒(𝒓, 𝒓′, 𝜔)𝑑𝒓′              (A.2) 

 

 

where repeated indices are implicitly summed and 𝜒 is the polarizability causal response function.  

Since we want to plot a unique induced charge density, we decided to evaluate the one which gives the 

maximum absorption for a certain peak or, in other words, the one whose transition dipole moment is 

oriented along the direction of the external field. In order to do that, we have applied a simple post-

processing procedure by linearly combining the three induced charge densities obtained in (A.2). From 

the knowledge of the induced charge density (A.2) one can evaluate the induced dipole moment for a 

certain field polarization P in the following way   

 

𝑑𝑖,𝑃(𝜔) = ∫𝑛𝑃(𝒓,𝜔)𝑟𝑖𝑑𝒓 = −∫ 𝑟𝑖𝑟𝑗𝜒(𝒓, 𝒓′, 𝜔)𝐸𝑒𝑥𝑡,𝑃
𝑗 (𝜔)𝑑𝒓′𝑑𝒓 = 𝛼𝑖𝑗(𝜔)𝐸𝑒𝑥𝑡,𝑃

𝑗 (𝜔)     (A.3) 

 

𝛼𝑖𝑗(𝜔) = −∫𝑟𝑖𝑟𝑗
′𝜒(𝒓, 𝒓′, 𝜔)𝑑𝒓′𝑑𝒓            (A.4) 

 

where (A.4) is the so called dynamic polarizability tensor. Since the induced dipole (A.3) is a functional 

of the induced charge density, its magnitude and orientation depend on the external field polarization also. 

By diagonalizing (A.4), one can get the special directions along which the induced dipole has the same 

orientation of the external applied field. These special directions are the eigenvectors of the polarizability 

tensor and are an intrinsic property of the system. The spectral decomposition of the polarizability tensor 

(A.4) is  

 

𝛼𝑖𝑗(𝜔) = −∑ 𝑑𝑖
𝜉
(𝑑𝑗

𝜉
)
∗

[
1

𝜔−𝜔𝜉+𝑖𝜂
−

1

𝜔+𝜔𝜉+𝑖𝜂
]𝜉          (A.5) 

 

where index 𝜉 refer to an electronic many-body excited state of the system, 𝜔𝜉 is the excitation energy 

from ground state to excited state 𝜉 and 𝑑𝑖
𝜉
 is the i-th component of the transition dipole moment from 

ground state to excited state 𝜉. We can give a more compact representation of expression (A.5) by using 

a matrix notation 

 

�̿�(𝜔) = 𝑊Λ𝑊−1 = ∑ 𝒘𝜉(𝒘𝜉)
†
𝜆𝜉(𝜔)𝜉          (A.6) 
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𝑤𝑖
𝜉
=

⟨𝜉|Ψ̂†(𝒓)�̂�𝑖Ψ̂(𝒓)|0⟩

√∑ |⟨𝜉|Ψ̂†(𝒓)�̂�𝑖Ψ̂(𝒓)|0⟩|
2

𝑖=𝑥,𝑦,𝑧

=
𝑑𝑖

𝜉

‖𝑑𝜉‖
2         (A.7) 

 

 

𝜆𝜉(𝜔) = ‖𝑑𝜉‖
2
[

1

𝜔−𝜔𝜉+𝑖𝜂
−

1

𝜔+𝜔𝜉+𝑖𝜂
]         (A.8) 

 

where 𝑊matrix contains column by column the normalized eigenvectors 𝒘𝜉with components (A.7), 

which gives the normalized direction of the transition dipole moment associate to excited state 𝜉, while 

diagonal matrix Λ contains the associated eigenvalue 𝜆𝜉 that is frequency dependent. If one assumes that 

the excitation energies are well separated, when in proximity of a certain peak of energy 𝜔𝜉 there is a 

dominant pole in (A.5) and the response is dominated by the imaginary part of the polarizability tensor 

evaluated at the energy 𝜔 = 𝜔𝜉. Each peak has associated a normalized eigenvector (A.8) whose 

components are the weights we can use to combine our induced charge densities in (A.2) in order to get 

the one which gives the maximum absorption at the selected peak at frequency 𝜔𝜉. At the end we obtain 

our final density as 

 

𝑛(𝒓, 𝜔𝜉) = 𝑤𝑥
𝜉
𝑛𝑥(𝒓, 𝜔𝜉) + 𝑤𝑦

𝜉
𝑛𝑦(𝒓, 𝜔𝜉) + 𝑤𝑧

𝜉
𝑛𝑧(𝒓, 𝜔𝜉)      (A.9) 

 

 

TABLE A.3 

Peak (𝜉 ) weights  𝑤𝑖
𝜉 

 

M (0.335, -0.187, 0.923) 

D11 

D12 

(0.341, -0.06, 0.938) 

(0.319, 0.293, 0.887) 

D2 (0.344, 0.173, 0.923) 

D3 (0.386, 0.186, 0.904) 

C1 

C2 

(-0.011, 0.037, 0.999) 

(0, 0.035, 0.999) 

B1 

B2 

(0.276, 0, 0.961) 

(0.278, 0, 0.954) 

F1 

F2 

F3 

F4 

(0.255, 0.967, 0.014) 

(0.34, 0.929, -0.003) 

(0.259, 0.965, -0.03) 

(0.313, 0.946, -0.042) 
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3 Chapter III – Investigating J-aggregates by 

first-principles: MBPT approach 

 In this chapter we shall present the results of Many-Body-Perturbation-Theory (MBPT) first-

principles simulations on the push-pull J-aggregate molecular system studied in the previous chapter by 

a TDDFT approach. Simulations have been carried out by Yambo96 and MOLGW100 codes. This latter 

work has been done in collaboration with Prof. Caterina Cocchi of Department of Physics at Humboldt 

University in Berlin, where I spent three months as a Ph.D. visiting student, with Dr. Daniele Varsano of 

CNR Nanoscience Institute in Modena, as well as with my personal advisors cited before. The study has 

been also supported by an HPC-Europa 3 and a DAAD project grants which I have benefited from.  

 

As second step of this work we explicitly focused on the investigation and characterization of the excitonic 

properties of the J-band, which – as described in the first Chapter – are particular relevant for applications. 

In order to pursue this issue, we considered alternative simulation approaches (with respect to the already 

mentioned TDDFT), that allowed us to have a direct insight into the correlated two-particle nature of 

optical excitations. In particular, we adopted the so called many-body-perturbation-theory (MBPT) 

approach that has been motivated by the need to use a higher level of methodology and accuracy to assess 

the microscopic character of the excitations forming the J-band and to go beyond the TDDFT qualitative 

description we presented in the previous part. The latter, since we adopted a semi-local exchange-

correlation (xc) functional82 (PBE101), has a low accuracy in describing electron-hole correlation (i.e, 

exchange and correlation effects) and notoriously misses a correct description of long range and non-local 

solid-state effects102–105 (i.e., van der Waals, charge transfer effects, etc.).  

In the following section we shall discuss the main results of the MBPT simulations with a thorough and 

detailed analysis on the collective character of the optical excitations of the push-pull J-aggregate. In 

particular, we address the role of the molecular packing and of the interplay between intra- and inter-

molecular interactions in influencing the electronic and optical properties of the systems, including the 
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intensity and character of the excitations within the J-band. These questions are particularly relevant in 

the broad context of optical properties of organic crystals, where already in case of non-polar molecules, 

there is a persistent debate regarding the nature of the excitations. To do so, we perform a first-principles 

study, based on density-functional theory (DFT) and MBPT, on the J-aggregate and, for comparison, on 

its molecular constituent. With the analysis of the quasi-particle electronic structure and optical absorption 

spectra including excitonic effect, we characterize the excited states with unprecedented insight, that 

contributes to the understanding the nature of collective excitations in molecular crystals.  

The MBPT computational framework is implemented by codes such as Yambo96 and MOLGW100. We 

used the former, which is a plane wave code, to simulate the extended molecular J-aggregate and the 

latter, based on localized basis sets, to simulate the isolated push-pull monomer extracted from the bulk 

crystal.  

The main findings are: (1) J-band is indeed composed of a rich structure of excited states where the most 

intense excitation giving rise to the strong absorption peak is associated to a mixed intra- and inter-

molecular charge transfer exciton. The latter comes out from the combination between push-pull behavior 

(intra-molecular CT) of the single molecules and the particular dense molecular packing (inter-molecular 

CT) that favors the electron delocalization around the neighboring molecules. Simulations reveal also the 

presence of dark electronic excitations within the J-band manifesting a complete charge-transfer behavior 

where electrons are completely transferred on the neighboring molecules. With the latter result we show 

that the MBPT approach is indeed able to correctly detect excited states which, being dark, could not be 

in conventional absorption experiments.      

(2) The complex mechanisms ruling the optical properties of these molecular aggregates cannot be 

unveiled based solely on simple models, but require a higher level of theory. With the explicit inclusion 

of electron-hole correlation one is capable to give a better description of collective effects and to provide 

a robust and insightful characterization of the excitations of the system. 

 

 In the following we put the results in the form of a drafted paper that we submitted for publication 

in scientific international journal. 
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ABSTRACT – In a first-principles study based on density-functional theory and many-body perturbation 

theory, we address the interplay between intra- and inter-molecular interactions in a J-aggregate formed 

by push-pull organic dyes by investigating its electronic and optical properties. We find that the most 

intense excitation dominating the spectral onset of the aggregate, i.e., the J-band, exhibits a combination 

of intra-molecular charge transfer, coming from the push-pull character of the constituting dyes, and of 

inter-molecular charge-transfer, due to the dense molecular packing. We also show the presence within 

the J-band, of a pure inter-molecular charge-transfer excitation which is expected to play a relevant role 

in the emission properties of the J-aggregate. Our results shed light into the microscopic character of 

optical excitations of J-aggregates and offer new perspectives to further understand the nature of collective 

excitations in organic semiconductors. 

KEYWORDS – excitons, organic semiconductors, push-pull dye, density-functional theory, many-body 

perturbation theory  
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INTRODUCTION 

J-aggregates are a special class of molecular crystals with enhanced light-matter interaction properties1–5. 

Their optical spectra are dominated by a very strong and narrow peak at the onset – the so-called J-band 

–, which appears at lower energy with respect to the isolated molecular constituents6–10. This peculiar 

feature emerges as a collective effect of the monomers in the aggregated phase and is typically explained 

in terms of coherent inter-molecular dipole coupling6,8,9,11,12. The microscopic nature and the fundamental 

mechanisms which give rise to the J-band are still debated6. The situation is even more complex in case 

of J-aggregates formed by polar molecules like push-pull organic dyes. In this case intra-molecular charge 

transfer adds up to the aforementioned inter-molecular interactions that are responsible for the formation 

of the J-band. An example of this kind of system is the J-aggregate formed by the organic chromophore 

4-(N,N-dimethyl-amino)-4-(2,3,5,6-tetra-fluorostyryl)-stilbene (C24H19F4N) which has been recently 

proposed and synthesized by Botta et al.13 Some of the authors of this work recently investigated this J-

aggregate by means of time-dependent density-functional theory (TDDFT) showing that its optical 

behavior cannot be deduced by considering only its isolated components due to the intrinsically 

supramolecular nature of its optical response14. On the other hand, the character of the excitations forming 

the J-band and the interplay between inter- and intra-molecular interactions still needs to be addressed. 

This issue is relevant in the broader context of electronic-structure characterization of molecular crystals. 

Even in case of non-polar molecules, the discussion regarding the nature of optical excitations in organic 

semiconductors15–19 is still on-going. Both localized Frenkel excitons and delocalized intermolecular 

excitations can appear at the spectral onset of organic semiconductors: Their relative energetic position 

has been rationalized in terms of intermolecular interactions and wave-function overlap19. Identifying the 

character of the lowest-energy excitations in molecular crystals is particularly relevant to interpret 

phenomena like multiple exciton generation and singlet fission that have been recently observed in these      

systems20–32 and that promise a breakthrough in view of opto-electronic applications Addressing this 

question from a theoretical perspective requires a high-level methodology that incorporates a reliable 

description of the electronic structure and excitations including electron-electron and electron-hole (e-h) 

correlation effects.  

Many-body perturbation theory (MBPT), based on the GW approximation and the solution of the Bethe-

Salpeter equation, is the state-of-the-art approach to investigate optical excitations in crystalline materials. 

In the last two decades it has been successfully applied also to molecular systems, providing 

unprecedented understanding on the character of the excitations therein15–19,33–39. Many of these studies 

are focused on oligoacenes15,16,19,35 which have drawn particular attention since the last years of the past 
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century for their appealing opto-electronic and transport properties40–47. The first-principles works cited 

above have revealed that the low-energy excitations in these materials exhibit remarkable excitonic 

character, with binding energies of the order of a few hundred of meV and an intermixed Frenkel-like and 

intermolecular charge-transfer (CT) character. Intermolecular interactions generally play a decisive role 

in the optical properties of a variety of molecular aggregates48,49. For example, in azobenzene-

functionalized self-assembled monolayers intermolecular interactions impact strongly on light-absorption 

and excitonic coupling, and hence critically influence the photo-isomerization process50–53. In these 

systems, intermolecular coupling and packing effects have been shown to be crucial also in core 

excitations54. 

In this work, we adopt the formalism of MBPT to investigate the nature of the excitations in a         J-

aggregate formed by C24H19F4N dyes (Fig. 1), devoting specific attention to the interplay between intra- 

and inter-molecular charge transfer. MBPT calculations are carried on top of density-functional theory 

(DFT) on the J-aggregate and, for comparison, also on its isolated molecular unit. With the analysis of the 

quasi-particle electronic structure and the optical absorption spectra including excitonic effects, we 

characterize the excited states of this J-aggregate with unprecedented insight. Specifically, we focus on 

two excited states with different character appearing within the J-band: the first one gives rise to the main 

peak of the J-band and manifests a mixed intra- and inter-molecular charge transfer nature; 

 

Figure 1 – (a) Push-pull organic dye 4-(N,N-dimethyl-amino)-4-(2,3,5,6-tetra-fluorostyryl)-stilbene 

(C24H19F4N) and its J-aggregate viewed (b) from the a-c plane and (c) from the a-b plane, with the lattice 

vectors marked in red; crystallographic structure from CCDC No. 961738 and Ref13. (d) Brillouin Zone 

associated to the unit cell of the J-aggregate with the reciprocal lattice vectors indicated in blue, the 

high-symmetry points highlighted in red and the path chosen for the band-structure plot marked in green.  
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the second one is a very weak excited state possessing a dominant inter-molecular CT behavior. This 

analysis demonstrates how the interplay between intra and inter-molecular charge transfer determines the 

optical properties in a molecular J-aggregate and contributes to the more general understanding of the 

nature of collective excitations in molecular crystals. 

METHODS 

THEORETICAL BACKGROUND – This study is based on DFT55,56 and MBPT (the GW approximation and 

the Bethe-Salpeter equation)57–59. The workflow adopted to calculate electronic and optical properties 

proceeds through three steps: First, a DFT calculation is performed to compute KS single-particle energies 

and wavefunctions as a basis in the successive steps; Next, the quasiparticle (QP) correction to the KS 

energies is calculated through a single-shot GW calculation57,58,60 and finally the Bethe-Salpeter equation 

(BSE) is solved to obtain optical absorption spectra together with excitonic eigenfunctions and 

eigenenergies57. This approach ensures state-of-the-art accuracy methods in the calculation of excited-

state properties and, concomitantly, quantitative insight into the character of the excitations. 

In solving the Bethe-Salpeter equation we adopt the Tamm-Dancoff approximation57 consisting in 

diagonalizing an effective excitonic Hamiltonian:+ 

�̂�𝑒𝑥 = ∑ 𝜖𝑐𝒌𝑎𝑐𝒌
† 𝑎𝑐𝒌𝑐𝒌 − ∑ 𝜖𝑣𝒌𝑏𝑣𝒌

† 𝑏𝑣𝒌𝑐𝒌 + ∑ (2�̅�𝑣′𝑐′𝒌′
𝑣𝑐𝒌 − 𝑊𝑣′𝑐′𝒌′

𝑣𝑐𝒌 )𝑎𝑐𝒌
† 𝑏𝑣𝒌

† 𝑏𝑣′𝒌′𝑎𝑐′𝒌′𝑣𝑐𝒌
𝑣′𝑐′𝒌′

    (1) 

where the index 𝑣 ( 𝑐 ) indicates valence (conduction) bands, 𝒌  and 𝒌′ are wave-vectors in the first BZ, 

and 𝑎† ( 𝑎 ) and 𝑏† (𝑏 ) are creation (annihilation) operators for electrons and holes, respectively. The 

quasi-particle energies 𝜖𝑐𝒌 and 𝜖𝑣𝒌 are obtained from the GW step. The matrix elements of �̅�, which is the 

short-range unscreened Coulomb interaction and of 𝑊 , the statically screened Coulomb interaction, 

represent the exchange and direct part of the BSE Hamiltonian of Eq. (1) and are expressed as �̅�𝑣′𝑐′𝒌′
𝑣𝑐𝒌 =

⟨𝑐𝑘, 𝑣′𝑘′|�̅�|𝑣𝑘, 𝑐′𝑘′⟩ and 𝑊𝑣′𝑐′𝒌′
𝑣𝑐𝒌 = ⟨𝑐𝑘, 𝑣′𝑘′|𝑊|𝑐′𝑘′, 𝑣𝑘⟩, respectively. The latter takes into account the 

screened electron-hole interaction (i.e. excitonic effects), while the former is responsible for crystal local-

field effects (the factor 2 derives from spin summation in the singlet channel). Note that the potential �̅� is 

a modified Coulomb interaction defined as the bare Coulomb interaction without the long range 

contribution (i.e., lim
𝒒→0

�̅�𝐺=0 (𝒒) = 0 in reciprocal space)61. As a measure of local field collective effects 

for a certain excited eigenstate |𝜆⟩ of the excitonic Hamiltonian (1) with excitation energy 𝐸𝜆, we define 

the e-h exchange energy 𝐸𝑥
𝜆 = ∑ 𝐴𝑣𝑐𝒌

𝜆 (𝐴𝑣′𝑐′𝒌′
𝜆 )

∗
�̅�𝑣′𝑐′𝒌′

𝑣𝑐𝒌
𝑣𝑐𝑘

𝑣′𝑐′𝑘′
 , where 𝐴𝑣𝑐𝒌

𝜆  are the BSE coefficients of 
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eigenstate |𝜆⟩. When the total excitation energy 𝐸𝜆 is below the QP gap, i.e., 𝐸𝜆 − 𝐸𝐺𝑊
𝑔𝑎𝑝

< 0, the excited 

state |𝜆⟩ is considered as a bound exciton with a binding energy defined as 𝐸𝑏= 𝐸𝐺𝑊
𝑔𝑎𝑝

− 𝐸𝜆 which 

physically represents the energy required to separate a bound electron-hole (e-h) pair into a free electron 

and a free hole.  

COMPUTATIONAL DETAILS – The monomer unit has been extracted from the bulk J-aggregate molecular 

crystal structure and subsequently relaxed to its equilibrium structure with the Gaussian package62 using 

cam-b3lyp63 xc-functional until the forces were smaller than 10-6   Hartree/Bohr. For this purpose, a 

localized Gaussian basis cc-pVTZ adopting the frozen core approximation was employed. To investigate 

the electronic and optical properties of the gas-phase push-pull dye we adopted the MOLGW64 code 

implementing DFT and MBPT using localized basis orbitals. These DFT calculations were carried out 

using cam-b3lyp63. Single-shot G0W0 calculations were performed to compute the QP correction and the 

BSE was solved in the Tamm-Dancoff approximation (TDA) over a transition space of 50 occupied and 

100 unoccupied orbitals. 

 The J-aggregate crystal structure has been taken from Ref.13 (CCDC No. 961738) without any 

further structural relaxation. DFT calculations were performed with the Quantum Espresso package65 

using the semi-local PBE66 xc functional and treating core electrons with a norm conserving pseudo-

potential67. GW and BSE calculations are subsequently performed by using the Yambo68 code. QP 

corrections were calculated adopting the Godby-Needs plasmon pole model69 to approximate the 

frequency dependency of the inverse dielectric function. Since the GW QP corrections revealed to be 

constant for all the KS states around the gap, in building the BSE Hamiltonian (Eq. 1) we have applied a 

scissor operator with stretching correction for all the energies within the irreducible BZ (scissor 𝐸𝑔,𝐺𝑊 −

𝐸𝑔,𝐷𝐹𝑇 = 1.73 eV and stretching factors 𝑆𝑣 =1.258 , 𝑆𝑐 =1.216 for occupied and unoccupied states, 

respectively). The absorption spectrum of the bulk crystal is obtained by averaging the spectra computed 

for three orthogonal electric field polarizations (i.e., along a, b axes and along the component of c axis 

perpendicular to the a-b plane). The BSE Hamiltonian of the J-aggregate has been evaluated and 

diagonalized within the TDA using an e-h basis composed of 27 occupied and 34 unoccupied states and 

(5x3x2)  k-point grid  to sample the BZ. All the absorption spectra obtained with Yambo and MOLGW 

have been plotted with a fixed linewidth of 0.2 eV. 

RESULTS AND DISCUSSION 

We start our analysis by inspecting the electronic structure of the isolated push-pull dye  [Figure 1(a)] and 

of its J-aggregate [Figure 1(b)–(d)]. In Figure 2(a) the quasi-particle (QP) energy levels of the isolated 
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organic dye are shown, together with the isosurface plots of the frontier molecular orbitals (MOs). The 

dimethylamino (push) and the fluorinated ring (pull) groups at the opposite ends of the 𝜋-conjugated 

chromophore induces a strong polarization on the frontier orbitals and an intrinsic dipole. The highest-

occupied one (HOMO) and the lowest-unoccupied one (LUMO) are mostly localized on the electron-

donating (push) and the electron-withdrawing (pull) side of the molecule, respectively. The QP 

bandstructure shown in Figure 2(b) exhibits a direct gap of 3.2 eV at the Y point, which is more than twice 

as large as the corresponding DFT (PBE) value of 1.48 eV and is half the QP gap of the isolated molecule 

which is 6.4 eV in Figure 2(a). The QP correction manifests itself as an almost rigid shift of 1.7 eV for all 

the conduction bands. This behavior is consistent with that of other organic crystals like pentacene and 

polythiophene polymers18,70. As expected for molecular crystals15,16,39,71, the band dispersion is very 

limited and quite anisotropic: bands are almost flat along those directions where inter-molecular 

interactions are negligible and the wavefunction overlap is hence minimized. Conversely, along the 𝜋-

stacking directions (e.g., along the Γ-Y path in the BZ), inter-molecular interactions are enhanced. As a 

result, bands are slightly more dispersive and band splitting is observed.    

 

Figure 2 – (a) GW energy levels (HOMO level set to zero) and frontier molecular orbitals of the isolated 

push-pull dye. The isovalues are fixed at 0.04 Bohr-3/2. (b) Band structure of the J-aggregate computed from 

DFT (gray) and GW (red). The Fermi energy is set to zero at the GW valence band maximum.  

Due to the presence of four inequivalent molecules in the unit cell, the bands close to the gap, which 

exhibit π-π* character, are almost degenerate. In Figure 3 the square moduli of the wave functions at the 
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valence-band maximum (VBM) and at the conduction-band minimum (CBm) at the high-symmetry point 

Y are reported. The localized character of the frontier MOs found in the isolated push pull dye is preserved 

also in the J-aggregate: The Kohn-Sham (KS) states corresponding to the VBM and the CBm are mostly 

localized on the push and the pull end of each monomer, respectively. Figure 4 displays the optical 

absorption spectra of the isolated push-pull dye in gas phase (panel a) and of its J-aggregate (panel b). In 

each of these plots, the vertical bars mark the excited-state energies corresponding to the solution of the 

Bethe-Salpeter equation (BSE). In Tables 1 and 2, we report the information about the most relevant 

excitations analyzed below for the monomer and for the J-aggregate, respectively. The red-shift of the 

principal peak in the spectrum of the J-aggregate with respect to the one of the single molecule amounts 

to ~0.73 eV. This result is in better agreement with the measured value of ~0.54 eV13, compared to the 

outcomes of TDDFT calculations with a semi-local xc-functional14.    

 

 

Figure 3 – Isosurfaces of the squared modulus of the KS wave-functions of the (a) valence band maximum 

and (b) conduction band minimum of the J-aggregate computed at the high-symmetry point Y. Isovalues 

fixed at 0.001 Bohr-3.  

The BSE results reveal also the rich excitonic structure in the J-band, which turns out to be composed of 

several transitions. Most of the excitations comprised within the J-band appear below the QP gap at 3.2 

eV. Their binding energies do not exceed 0.4 eV, in line with the values reported for conjugated 

polymers17,72–75 and slightly smaller than those of crystalline pentacene (0.5 eV)16,19, picene (0.7 eV)19 

and antracene (0.8 eV)15.  

In the following, we focus on two representative excited states within the J-band: the most intense one, 

labeled 𝐽, appears at 3 eV and a very weak one, 𝐽𝐶𝑇 , at 2.89 eV. Both excitations are analyzed in Figure 

5 in terms of excitonic wave-functions and transition densities. The character of the intense excitation 𝐽 

is very similar to the one of the first intense transition in the isolated push-pull molecule, which gives rise 

to the sharp peak M dominating the spectrum in Figure 4(a). This excitation stems mainly from the 

HOMO-LUMO transition, and, as such, bears intra-molecular CT character.   
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Figure 4 – Absorption spectra of (a) the push-pull dye in the gas phase and (b) the J-aggregate. In both 

spectra all the calculated excited states (both bright and dark) are marked by short vertical bars. The 𝐽 

and 𝐽𝐶𝑇 analyzed excitations are highlighted in red . The BSE spectra are normalized with respect to 

their maximum value. In panel (b) the absorption spectrum calculated from the independent quasi 

particle approximation (IQPA) is also shown (gray shaded area).  

In Table II the composition of the 𝐽 excitation is reported, showing that it is mainly formed by transitions 

between (quasi-)degenerate bands at the valence-band top and conduction-band bottom, which carry π 

and π* character like the HOMO and the LUMO of the isolated dye [see Figures 2(a) and 3]. The exciton 

joint probability density (with fixed hole position) of excited state 𝐽 reveals its intermixed intramolecular 

charge transfer as well as intermolecular charge transfer between nearest-neighboring molecules. Having 

fixed the position of the hole on the push side (i.e., the dimethylamino group) of one molecule in the unit 

cell, the electron is found on the pull part (i.e., the fluorinated ring) of the same molecule and of its nearest 

neighbors. By inspecting Figure 5(a), the electron distribution is also delocalized around neighboring 

molecules along the π-stacking direction (i.e., the a-b plane) where the dispersion is more pronounced 

because of enhanced wave-function overlap. The intermolecular character of this excitation is therefore 

due to the π-interactions in the molecular packing  
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Figure 5 – (Panels a,b,d,e) exciton joint probability density with fixed hole position (red dot), 

defined as |Ψ𝜆(𝑟𝑒 , �̅�ℎ)|
2 = |⟨𝜆|Ψ†(𝑟𝑒)Ψ(�̅�ℎ)|0⟩|

2
= |∑ 𝐴𝑣𝑐𝒌

𝜆 𝜑𝑐𝒌(𝑟𝑒)𝜑𝑣𝒌
∗ (�̅�ℎ)𝑐𝑣𝒌 |

2
, where Ψ𝜆(𝑟𝑒 , �̅�ℎ) 

exciton two-body wavefunction, �̅�ℎ (𝑟𝑒) hole (electron) position, 𝐴𝑣𝑐𝒌
𝜆  the BSE coefficients for the 

excited states 𝜆 = 𝐽,  𝐽𝐶𝑇 of the J-aggregate, 𝜑𝑣𝒌 (𝜑𝑐𝒌) occupied (unoccupied) KS electronic states 

with wavevector k in the BZ; views from the a-b plane (panels a, d) and from a-c plane (panels b, 

e). The exciton plot gives the probability to find the electron at position 𝑟𝑒 with the hole fixed at 

�̅�ℎ. (Panels c, f) transition density, defined as ρ𝜆(𝑟) = ⟨𝜆|Ψ†(𝑟)Ψ(𝑟)|0⟩ = ∑ 𝐴𝑣𝑐𝒌
𝜆 𝜑𝑐𝒌(𝑟)𝜑𝑣𝒌

∗ (𝑟)𝑐𝑣𝑘 , 

for the excited states 𝜆 = 𝐽,  𝐽𝐶𝑇 of the J-aggregate; views from the a-c plane. The transition 

density provides information about the charge spatial displacement associated to the specific 

excited state 𝜆. Isosurfaces of exciton wavefunctions (transition densities) fixed at 0.05 Bohr-3                       

(10-4 Bohr-3). 
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direction, in analogy with the excitons of organic crystals formed by non-polar molecules16,17,76,77. On the 

other hand, the intramolecular CT nature of the 𝐽 excitation is inherited from the polarized character of 

contributing electronic states, in analogy with the MOs of the push-pull molecules constituting the J-

aggregate. The transition density of 𝐽  shown in Figure 5(c) offers complementary information to the 

exciton wave-function in terms of the spatial distribution of the excitation and the orientation of the 

transition dipole moment. With the molecular transition dipoles coherently aligned and in phase with 

respect to each other, the intense excitation 𝐽 is associated to an induced charge density mainly displaced 

along the long crystal axis within the a-c plane [see Figure 1(b)]. It is worth noting that the transition 

density shown in Figure 5(c) does not completely integrate to zero within a single monomer unit, as 

positive and negative displaced charges are not present in equal amount. This fact is compatible with the 

partial intermolecular CT mechanism highlighted above in the analysis of the exciton wave-function. This 

result has similarities with that obtained for pentacene molecular crystals16,19 where exciton delocalization 

on neighboring molecules also appears. However, as opposed to pentacene, the J-aggregate considered 

here is composed of polar push-pull molecules: the intrinsic dipole strongly polarizes the frontier MOs 

and thus reduces the spatial overlap between electron and hole. At slightly lower energy compared to 𝐽, 

the weaker excitation 𝐽𝐶𝑇 appears in the spectrum in Figure 4(b) with a completely different nature. As 

shown in Figures 5(d)-(f) by the exciton wave-function and the transition density, this excitation has a 

pure intermolecular CT character, with the electron and the hole localized on different neighboring 

molecules. The slightly larger binding energy of 𝐽𝐶𝑇 (𝐸𝑏= 0.32 eV) compared to 𝐽 (𝐸𝑏= 0.21 eV) is 

consistent with its enhanced spatial localization [Figure 5(d)-(e)], while the reduced wave-function 

overlap between the hole and the electron components is consistent with the very weak oscillator. Such a 

CT excitation is associated to lower electron-hole recombination rates and enhanced electron-hole 

dissociation probability compared to excitons with more pronounced intramolecular character78. The 

transition density associated to 𝐽𝐶𝑇 [Figure 5(c)] confirms and complements this picture: neighboring 

monomers are almost completely depleted of positive and negative charge, respectively, meaning that 

intermolecular CT is the dominant mechanism here. It is worth mentioning that the character and the 

microscopic features of excited states such as 𝐽𝐶𝑇 cannot be captured by simple models based on transition 

dipoles coupling (e.g., the Kasha’s model11) but need an advanced first-principles description as provided 

in this work.  

The intra- and intermolecular character of singlet excitations in organic crystals is determined by 

a competition between the e-h exchange interaction, which is responsible for the local field effects,  

and the screened e-h  attraction19. While the exchange interaction is quite sensitive to the spatial overlap 

between occupied and unoccupied electronic states involved in the transition, the direct e-h attraction can 

be non-vanishing even upon negligible spatial overlap between occupied and unoccupied states19. Here,  
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Table 1. Energy and composition of the first excited state of the push-pull monomer C24H19F4N , including the 

associated transition energy and weight given by the square of the BSE coefficient. 

Excited state  

energy (eV) 
Occupied level  Unoccupied level  𝝐𝒄

𝑸𝑷 − 𝝐𝒗
𝑸𝑷

 (eV) Weight |𝑨𝒄𝒗
𝝀 |

𝟐
 

𝐸𝑀= 3.73 HOMO LUMO 6.46 0.768 

Table 2. Energy and composition of the 𝐽 and 𝐽𝐶𝑇excitations of the J-aggregate, including the associated transition 

energy, the associated k-point in the Brillouin Zone expressed in reciprocal crystal units (rcu), and the weight given 

by the square of the BSE coefficient. Only weights larger than 2% are reported. 

Excited state 

energy (eV) 

Occupied 

band  

Unoccupied 

band  

k-point 

(rcu) 
𝝐𝒄𝒌
𝑸𝑷 − 𝝐𝒗𝒌

𝑸𝑷
 

(eV) 

Weight 

|𝑨𝒄𝒗𝒌
𝝀 |

𝟐
×  𝟏𝟎 

𝐸𝐽= 3  

VBM-2 

VBM -2 

VBM -3 

VBM -3 

VBM -2 

VBM -3 

VBM -3 

VBM -2 

CBm+1 

CBm +1 

CBm 

CBm 

CBm +1 

CBm 

CBm 

CBm+1 

(0.4, 0, -0.5) 

(-0.4, 0, 0.5) 

(0.4, 0, 0) 

(-0.4, 0, 0) 

(0.4, 0, 0) 

(0.4, 0, -0.5) 

(-0.4, 0, 0.5) 

(-0.4, 0, 0) 

3.34 

3.34 

3.35 

3.35 

3.33 

3.34 

3.34 

3.33 

0.59 

0.56 

0.54 

0.52 

0.29 

0.29 

0.26 

0.26 

𝐸𝐽𝐶𝑇 = 2.89  

VBM 

VBM 

VBM 

VBM -1 

VBM 

VBM -1 

VBM -1 

VBM -1 

VBM 

VBM -1 

CBm +1 

CBm +1 

CBm +1 

CBm 

CBm +1 

CBm 

CBm 

CBm 

CBm +1 

CBm 

(-0.2, 0, 0.5) 

(-0.2, 0, 0) 

(0.2, 0, -0.5) 

(-0.2, 0, 0) 

(0.2, 0, 0) 

(0.2, 0, 0) 

(-0.2, 0, 0.5) 

(-0.4, 0, 0.5) 

(-0.4, 0, 0) 

(0.2, 0, -0.5) 

3.29 

3.28 

3.29 

3.31 

3.28 

3.31 

3.29 

3.23 

3.22 

3.29 

0.47 

0.41 

0.40 

0.37 

0.36 

0.32 

0.26 

0.24 

0.23 

0.23 

 

due to the push-pull character of the constituting dyes, the gap states of the J-aggregate are quite polarized 

and hence do not overlap much [see Figures 2(a) and 3], as opposed, for instance, to pentacene19. Hence, 

we should expect a reduced influence from the local fields to the low-lying excited states of the J-

aggregate. To quantify the contribution of the local fields on a given excited state |𝜆⟩ we use the e-h 
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exchange energy 𝐸𝑥
𝜆 and its ratio with respect to the total excitation energy �̃�𝑥

𝜆 = 𝐸𝑥
𝜆 𝐸𝜆⁄  (see Method 

section). In the isolated monomer 𝐸𝑥
𝑀 =0.68 eV (�̃�𝑥

𝑀 = 0.182), while in the J-aggregate 𝐸𝑥
𝐽
= 0.07 eV 

(�̃�𝑥
𝐽 = 0.023) and 𝐸𝑥

𝐽𝐶𝑇 = 0.01 eV (�̃�𝑥
𝐽𝐶𝑇 = 0.003). From these values it is apparent that local fields 

contribute ~20% in the first excitation of the isolated monomer while they are almost negligible in the J-

aggregate (2% for 𝐽 and 0.3% for 𝐽𝐶𝑇). The predominant intermolecular CT character of 𝐽𝐶𝑇 is therefore 

related to the weaker e-h exchange interaction with respect to 𝐽, where in the latter the spatial overlap 

between the electron and the hole is larger [see also Figure 5(a)-(b)]. The intermolecular charge transfer 

that characterizes both 𝐽 and 𝐽𝐶𝑇 is favored by the close molecular packing of the aggregate, which 

promotes electron delocalization between neighboring molecules. 

CONCLUSIONS 

To summarize, in the framework of MBPT, we have investigated the electronic and optical properties of 

a J-aggregate formed by the push-pull organic dye C24H19F4N, specifically addressing the interplay 

between intra- and inter-molecular interactions. We have found that the intense J-band dominating the 

absorption onset is formed by a number of excitations stemming from transitions between the highest-

occupied and the lowest-unoccupied bands. The most intense of these excitations exhibits a combination 

of inter- and intra-molecular charge transfer, resulting from the competing effects of dense molecular 

packing and the push-pull nature of the constituting molecules. The other excitations within the J-band 

have very weak intensity. Among them, 𝐽𝐶𝑇 has pronounced intermolecular charge-transfer character. 

Being at lower energy compared to the most intense excitation in the J-band, this state is expected to play 

a relevant role in the emission properties of the J-aggregate. We have also demonstrated that in push-pull 

molecular aggregates the contribution of the local fields within is small, due to the polar nature of the 

constituting molecules which in turn reduces the spatial overlap between electron and hole. 

Our analysis demonstrates that the complex mechanisms ruling the optical properties of organic 

crystalline aggregates cannot be unveiled based solely on simple models, but require a high level of theory 

that is able to quantitatively address all the facets of the problem. Many-body perturbation theory is 

capable to thoroughly capture the collective effects and to provide a robust insight on the excitations of 

the system. As such, our results offer unprecedented insight into the nature of the excitations of J-

aggregates formed by push-pull chromophores and contribute to the further understanding of these 

materials that are relevant for opto-electronic applications. 
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Appendix B – Supporting Information of: Interplay between intra- 

and inter-molecular charge transfer in the optical excitations of 

organic push-pull J-aggregates 

 Appendix B1 – MBPT theoretical framework and simulations 

workflow 

We shall briefly present here the basic theory and simulation workflow procedures of a Many-Body 

perturbation theory (MBPT) calculation. The following procedure is the one we followed to simulate the 

electronic and the optical properties of the push-pull dye and its J-aggregate. 

(1) DFT ground state calculation. The first step consists in a KS-DFT or g-KS (i.e., generalized Kohn-

Sham82,83,106,107) ground state electronic structure calculation where one performs a starting point self-

consistent (scf) calculation (using hybrid or non-hybrid xc-functionals) to evaluate independent single-

particle energies 𝜀�̃�
𝑔𝐾𝑆

 and KS orbitals 𝜓�̃�
𝑔𝐾𝑆(𝒓) (�̃� in general being a multi index comprising band n and 

BZ k-point indices for Bloch states) obeying the usual generalized Kohn-Sham independent particle 

equation  ℎ̂0(𝑟)𝜓�̃�
𝑔𝐾𝑆(𝒓) + 𝑉𝑥𝑐(𝑟)𝜓�̃�

𝑔𝐾𝑆(𝒓) = 𝜀�̃�
𝑔𝐾𝑆

𝜓�̃�
𝑔𝐾𝑆(𝒓) , where ℎ̂0 = −

1

2
∇2 + 𝑉𝐻[𝑛], 𝑉𝐻[𝑛] =

∫
𝑛(𝒓′)

|𝒓−𝒓′|
𝑑3𝑟′ is the Hartree electrostatic potential, 𝜌(𝒓) = ∑ 𝑓�̃�|𝜓�̃�

𝑔𝐾𝑆(𝒓)|
2

�̃� the ground state charge density 

(𝑓�̃� occupation number for state �̃�). The g-KS states 𝜓�̃�
𝑔𝐾𝑆

= |�̃�⟩ , once calculated, are used as a basis and 

kept fixed in the successive steps;  

(2) GW quasi-particle corrections. In the second step one performs a GW calculation83,84,108–114 (with 

different possible flavors) which applies the quasi-particle corrections to the single particle energies. In 

our case both for the bulk crystal and for the isolated push-pull dye simulations, we have used a standard 

GW scheme115,116 where one applies a first order perturbative correction to the KS energies 𝜀�̃�
𝑔𝐾𝑆

 solving 

the non-linear quasi-particle equation 

𝐸�̃�
𝑄𝑃 − 𝜀�̃�

𝑔𝐾𝑆
= ⟨𝜓�̃�

𝐾𝑆|Σ(𝐸�̃�
𝑄𝑃) − 𝑉𝑥𝑐|𝜓�̃�

𝐾𝑆⟩                     B.1 

In the GW approach adopted by Yambo96, which we used to simulate the bulk crystal, the self-energy 

Σ̂(𝐸�̃�
𝑄𝑃) operator is separated into two components: a static term called exchange self-energy Σ̂𝑥 and a 

dynamical (i.e., energy dependent) term called correlation self-energy Σ̂𝑐(𝜔) 

Σ�̃�(𝜔) = ⟨𝜓�̃�
𝐾𝑆|Σ̂(𝜔)|𝜓�̃�

𝐾𝑆⟩ = Σ�̃�
𝑥 + Σ�̃�

𝑐(𝜔)     B.2 
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In this way one can treat the two terms separately. The exchange part contribution of the self-energy for 

a generic state in reciprocal space reads96 

Σ𝑛𝑘
𝑥 = ⟨𝑛𝑘|Σ𝑥|𝑛𝑘⟩ = −∑ ∫

𝑑𝒒

(2𝜋)3
∑

|𝜌𝑛𝑚(𝒌,𝒒,𝑮)|2

|𝒒+𝑮|2𝑮
𝐵𝑍

𝑓𝑚(𝒌−𝒒)𝑚    B.3 

As we can see, the exchange part depends only on the occupied states. On the other hand, the correlation 

part of the self-energy depends on both occupied and unoccupied states and is a dynamical quantity. In a 

plane wave representation it reads96 

Σ𝑛𝑘
𝑐 (𝜔) = ⟨𝑛𝑘|Σ𝑐 (𝜔)|𝑛𝑘⟩ = 𝑖 ∑ ∫

𝑑𝒒

(2𝜋)3
∑

4𝜋

|𝒒+𝑮|2
𝜌𝑛𝑚(𝒌, 𝒒, 𝑮)𝜌𝑛𝑚

∗ (𝒌, 𝒒, 𝑮′)𝑮,𝑮′ 𝜆𝑚,𝐺𝐺′(𝑘, 𝑞, 𝜔)
𝐵𝑍𝑚     B.4 

𝜆𝑚,𝐺𝐺′(𝑘, 𝑞, 𝜔) = ∫𝑑𝜔′𝐺𝑚𝒌−𝒒
0 (𝜔 − 𝜔′)𝜀𝑮,𝑮′

−1 (𝒒, 𝜔′)   B.5 

𝜌𝑛𝑚(𝒌, 𝒒, 𝑮) = ⟨𝑛𝒌|𝑒𝑥𝑝(𝑖(𝒒 + 𝑮) ∙ 𝒓)|𝑚𝒌 − 𝒒⟩    B.6 

where 𝑛, 𝒌, G are band index, Brillouin Zone (BZ) k-point and reciprocal wavevector, respectively; 

𝐺𝑚𝒌−𝒒
0 (𝜔) =

𝑓𝑛𝒌−𝒒

𝜔−𝜀𝑚,𝒌−𝒒
𝑔𝐾𝑆

−𝑖0+
+

1−𝑓𝑛𝒌−𝒒

𝜔+𝜀𝑚,𝒌−𝒒
𝑔𝐾𝑆

+𝑖0−
  is the non-interacting Green’s function in the KS basis and 

𝜀𝑮,𝑮′
−1 (𝒒, 𝜔′) the inverse microscopic dielectric function. The energy integral in Eq. (B.4) is the most 

demanding part of the GW calculation and it can be solved once the inverse dielectric function is known. 

The equation of motion of the latter follows from that of the reducible response function108,117,118 𝜒 as 

𝜀𝐺𝐺′
−1 (𝑞, 𝜔) = 𝛿𝐺𝐺′ +

4𝜋

|𝑞+𝐺|2
𝜒𝐺𝐺′(𝑞, 𝜔)    B.7 

The GW approximation for the self-energy is obtained when 𝜒 is calculated within the random phase 

approximation (RPA) 108,117,118 

𝜒𝐺𝐺′(𝑞, 𝜔) = [𝛿𝐺𝐺′ −
4𝜋

|𝑞+𝐺′′|2
𝜒𝐺𝐺′′

0 (𝑞, 𝜔)]
−1

𝜒𝐺′′𝐺′
0 (𝑞, 𝜔)   B.8 

where the repeated reciprocal wavevector index is summed over. The non-interacting response function 

in (B.8) is 

𝜒𝐺𝐺′
0 (𝑞, 𝜔) = 2∑ ∫

𝑑𝑘

(2𝜋)3
𝜌𝑛′𝑛

∗ (𝑘, 𝑞, 𝐺)𝜌𝑛′𝑛
(𝑘, 𝑞, 𝐺′)𝑓𝑛𝑘−𝑞(1 − 𝑓𝑛′𝑘)ϱ𝑛𝑛′,𝑘𝑘−𝑞(𝜔)

𝐵𝑍𝑛𝑛′    B.9 

ϱ𝑛𝑛′,𝑘𝑘−𝑞(𝜔) = [
1

𝜔+𝜀𝑛,𝒌−𝒒
𝑔𝐾𝑆

−𝜀
𝑛′,𝒌

𝑔𝐾𝑆
+𝑖0+ −

1

𝜔+𝜀
𝑛′,𝒌

𝑔𝐾𝑆
−𝜀𝑛,𝒌−𝒒

𝑔𝐾𝑆
−𝑖0+]    B.10 
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We have adopted the plasmon-pole approximation (PPA) for the GW self-energy in which the inverse 

dielectric function (B.7) is approximated with a single pole function96. 

In order to solve the quasi-particle equation (B.1) one needs to know the value of the self-energy at the 

quasi-particle energy value itself. There are in general two ways to solve (B.1): either updating only the 

energies 𝐸�̃�
𝑄𝑃

 until self-consistency which is called eigenvalue-only self-consistent GW (i.e., evscf-GW), 

or solve the non-linear quasi-particle equation (B.1) at first order119,120, by expanding the self-energy 

around the KS values in this way 

𝐸�̃�
𝑄𝑃

− 𝜖�̃�
𝑔𝐾𝑆

≈ 𝑍�̃�⟨�̃�|Σ(𝜖�̃�
𝑔𝐾𝑆

) − 𝑉𝑥𝑐|�̃�⟩    B.11 

where the normalization factor 𝑍�̃� = [1 −
𝑑Σ�̃�(𝜔)

𝑑𝜔
|
𝜔=𝜖�̃�

𝑔𝐾𝑆]

−1

. The latter is usually called one-shot GW 

(i.e., G0W0). 

(3) Bethe-Salpeter calculation: optical absorption spectrum. The final step consists in the evaluation, 

through the Bethe-Salpeter equation83,121, of the macroscopic dielectric function122  𝜀𝑀(𝜔) = lim
𝑞→0

1

𝜀00
−1(𝑞,𝜔)

 

. The optical absorption spectrum corresponds to taking the imaginary part of the latter quantity, i.e. 

ℑ𝜀𝑀(𝜔). This step consists in solving a (pseudo)eigenvalue problem by building an effective two-particle 

Hamiltonian in the space of transitions (i.e. |𝑐𝑣𝑘⟩ = |𝑐𝑘⟩|𝑣𝑘⟩ where indices ck, vk refer to 

unoccupied/occupied states, respectively) between valence and conduction states83,96. The two-particle 

effective Hamiltonian matrix elements are given by 

𝐻 𝑐𝑣𝒌
𝑣′𝑐′𝒌′

= (𝜖𝑐𝑘 − 𝜖𝑣𝑘)𝛿𝑣𝑣′𝛿𝑐𝑐′𝛿𝑘𝑘′ + (𝑓𝑐𝑘 − 𝑓𝑣𝑘) [2�̅� 𝑣𝑐𝑘
𝑣′𝑐′𝑘

− 𝑊 𝑣𝑐𝑘
𝑣′𝑐′𝑘′

]   B.12 

Where (vck) indicates pair of quasi-particle states vk and ck. The first term on the RHS of (B.12) contains 

the quasi-particle energy differences (diagonal part). The second term is the BSE kernel which is the sum 

of the electron-hole exchange part95 V (which stems from the Hartree potential but without the long range 

contribution 𝑮 = 0 since we are dealing with transverse excitations123–125) and the electron-hole attraction 

part W (which stems from the screened exchange potential108,119,123,126). The kernel both shifts (diagonal 

contribution) and couples (off-diagonal contributions) the quasi-particle energy differences. 

�̅� 𝑣𝑐𝒌
𝑣′𝑐′𝒌′

=
1

Ω
∑

4𝜋

|𝑮|2
⟨𝑣′𝒌′|𝑒−𝑖𝑮∙𝒓|𝑐′𝒌′⟩⟨𝑐𝒌|𝑒𝑖𝑮∙𝒓|𝑣𝒌⟩𝑮≠0     B.13 

𝑊 𝑣𝑐𝒌
𝑣′𝑐′𝒌′

=
1

Ω
∑

4𝜋

|𝒒+𝑮′|2
𝜀𝑮,𝑮′
−1 (𝒒, 𝜔 = 0)⟨𝑣′𝒌′|𝑒−𝑖(𝒒+𝑮′)𝒓|𝑣𝒌⟩⟨𝑐𝒌|𝑒𝑖(𝒒+𝑮′)𝒓|𝑐′𝑘′⟩𝛿𝒒,𝒌−𝒌′𝑮,𝑮′    B.14 



 54 

Where Ω is the unit cell volume and the screened exchange potential (B.14) is evaluated using the inverse 

microscopic dielectric function in the static limit (i.e., lim
𝜔→0

𝜀𝑮,𝑮′
−1 (𝒒, 𝜔)). The Hamiltonian (B.12) is in 

general non Hermitian due to the couplings between positive energy (i.e., excitations) and negative energy 

(i.e., de-excitations) electron-hole (eh) transitions. In the following simulations we adopted the Tamm-

Dancoff approximation127,128 in which only positive eh transitions are considered and the Hamiltonian 

becomes Hermitian. At the end, the macroscopic dielectric function can be expressed in terms of the 

eigenstates |𝜆⟩ and eigenvalues 𝐸𝜆 of (B.12) 

𝜀𝑀(𝜔) = 1 − lim
𝒒→0

8𝜋

|𝑞|2Ω𝑁𝑞
∑ 𝜌𝑐𝑣𝒌

∗ (𝒒, 𝑮 = 0)𝜌𝑐′𝑣′𝒌′(𝒒, 𝑮′ = 0) × ∑
𝐴𝑐𝑣𝒌

𝜆 (𝐴𝑐′𝑣′𝒌′
𝜆 )

∗

𝜔−𝐸𝜆−𝑖0+𝜆𝑣𝑐𝑘
𝑣𝑐𝑘′

     B.15 

With 𝐴𝑐𝑣𝒌
𝜆 = ⟨𝑐𝑣𝒌|𝜆⟩ the eigenvectors of H, 𝑁𝑞 the number of BZ k-points. The absorption spectrum is 

thus  

ℑ𝜀𝑀(𝜔) = lim
𝒒→0

8𝜋

𝑞2
∑ |∑ 𝐴𝑐𝑣𝒌

𝜆 ⟨𝑐𝒌 + 𝒒|𝑒−𝒊𝒒𝒓|𝑣𝒌⟩𝑐𝑣𝒌 |
2
𝛿(𝜔 − 𝐸𝜆)𝜆 = ∑ 𝜉𝜆𝛿(𝜔 − 𝐸𝜆)𝜆     B.16 

Where 𝜉𝜆 = lim
𝑞→0

8𝜋

𝑞2 |∑ 𝐴𝑐𝑣𝒌
𝜆 ⟨𝑐𝒌 + 𝒒|𝑒−𝒊𝒒𝒓|𝑣𝒌⟩𝑐𝑣𝒌 |

2
 is the oscillator strength associated to the excited state 

𝜆. Furthermore, from the knowledge of the transition amplitudes 𝐴𝑐𝑣𝑘
𝜆  in the KS basis one can also plot 

the exciton wavefunctions Ψ𝜆(𝑟𝑒 , 𝑟ℎ) = ∑ 𝐴𝑐𝑣𝒌
𝜆 𝜑𝑐𝒌(𝑟𝑒)𝜑𝑣𝒌

∗ (𝑟ℎ)𝑐𝑣𝑘  where 𝑟𝑒 (𝑟ℎ) refers to electron (hole) 

position. 
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 Appendix B2 – MBPT simulations additional material 
 

 

Isolated push-pull molecule 
 
Table I.1 – Homo-Lumo gKS and GW corrected gaps for the isolated push-pull chromophore C24 H19 F4 N using 

different starting point self-consistent schemes. 

starting gKS scf gKS H-L gap (eV) G0W0 H-L gap (eV) evscf-GW (eV) 

PBE 2.05 5.19 6.4 

PBE0 3.56 5.98 6.52 

CAM-B3LYP 5.57 6.46 6.59 

B3LYP 3.25 5.85 6.44 

H-F 8.42 7.09 6.91 

 

 
Figure B1 – (a) GW energy levels of isolated push-pull dye (C24 H19 F4 N) and (b) its counterpart without substituents (C22 

H18). HOMO levels of both systems have been put at 0 eV. We have reported also KS orbitals around H-G gap evaluated using 

cam-b3lyp xc-functional and cc-pVTZ localized basis. Isosurfaces fixed at 0.04 Bohr-3/2. 

 

 

 

Figure B2 – Panel (a) GW Quasi-particle corrected energies for the push-pull monomer. In red are reported the 

corrected energies with one shot GW (i.e., G0W0) and in blue the corrected energies with eigenvalue only self-

consistent GW (i.e., evscf-GW). In abscissa are reported the KS energies using the range separated cam-b3lyp xc-

functional and zero value correspond to homo level. Dashed line is the bisector line. Panel (b) push-pull monomer 

BSE absorption spectrum where vertical bars represent the excited states whose heights are the oscillator strength 

normalized with respect to the maximum one. All the monomer simulations have been carried out with the localized 

basis code MOLGW100.  
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Figure B3 – optical absorption spectra of push-pull isolated organic dye (i.e., C24 H19 F4 N) and of its counterpart without 

substituents (i.e., C22 H18) 

 

 

 

Table B.1 – Energy decomposition of first seven excited states of push-pull dye C24 H19 F4 N. 

Energies expressed in eV. Only weights greater than 20% have been reported. 

Excited state 𝝀 (eV) Osc. Stren. 
Occupied 

level (v) 

Unoccupied 

level (c) Weight |𝑨𝒄𝒗
𝝀 |

𝟐
 

3.73 2.44 H L 0.76 

4.50 0.01 H L+3 0.40 

4.58 0.05 
H-2 

H 

L 

L+3 

0.18 

0.18 

4.60 0.01 H-2 L 0.40 

4.70 0.05 H-1 L 0.44 

5.16 0.15 
H-1 

H 

L 

L+1 

0.20 

0.40 

5.51 0.02 
H-3 

H-1 

L 

L+1 

0.30 

0.32 

 

 

Table B.2 – Energy decomposition of non-polar molecule C22 H18 first seven excited states.  

Energies expressed in eV. Only weights greater than 20% have been reported. 

Excited state 𝝀 (eV) Osc. Stren. 
Occupied 

level (v) 

Unoccupied 

level (c) Weight |𝑨𝒄𝒗
𝝀 |

𝟐
 

4 2.23 H L 0.90 

4.69 0.05 
H-4 

H 

L 

L+3 

0.42 

0.42 

4.82 0 
H-3 

H 

L 

L+4 

0.20 

0.20 

4.85 0.01 

H-3 

H-2 

H-1 

H 

L+1 

L 

L+4 

L+3 

0.20 

0.22 

0.20 

0.22 

5.09 0 
H-1 

H 

L 

L+1 

0.48 

0.32 

5.49 0 
H-1 

H 

L 

L+1 

0.36 

0.50 

5.82 0.11 
H-5 

H-1 

L 

L+1 

0.22 

0.20 

 



 57 

J-aggregate bulk crystal 
 

 
 

Figure B4 – Electronic band structure calculation for the bulk J-aggregate molecular crystal. (Left panel) 

quasiparticle G0W0 (using the plasmon-pole approximation) correction to KS single particle energies. The 

quasiparticle corrected values are measured with respect to the Homo corrected level (0 eV). The correction has been 

taken at the Y high symmetry point where the direct H-L gap is located and has been restricted to a symmetric window 

of 20 states around the H-L gap. In panel (b) we have reported the electronic DFT (gray) and GW (red) band structure. 

 
 

 

Figure B5 – Absorption optical spectra (solid line) of the push-pull J-aggregate, associated to three orthogonal 

exciting electric field polarizations: (a) along X (100), (b) along Y (010) and along Z (001); axes X, Y coincide with 

directions a, b of main text unit cell in Figure 1, while axis Z with the component of c perpendicular to a-b plane. 

We have reported as dashed lines the real parts of the macroscopic dielectric function for each polarization. The 

final absorption spectrum of the main text has been evaluated by taking the spatial average (1/3∑ 𝜀𝑖𝑖(𝜔)𝑖=𝑥,𝑦,𝑧 ) 

over these three absorption spectra. 

(a)

(b)

(c)
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Exciton, transition density plots and information of additional excited states 
 
In the following we report some additional excited states of the J-aggregate with their associated exciton probability 

density (upper panel left) with fixed hole position in red dot, transition charge density plots (lower panel left) and 

information about the composition of the excited state (panel right). Excited states have been numbered in 

increasing energy order. In the tables, first and second columns report occupied and unoccupied KS orbitals 

involved in the excitation (VBM is valence band maximum, CBm conduction band minimum); third column reports 

the weight associated to the specific transition; fourth column the K-point in the BZ zone; last column the 

corresponding quasi-particle transition energy. 
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4 Chapter IV – Quantifying the plasmonic 

character of optical excitations in 

molecular crystals 

While in the previous chapters we have discussed only in a qualitative way the character of the optical 

excitations in a push-pull molecular J-aggregate, in this part we shall give more a quantitative measure of 

them, focusing on the J-band. Since this is still an ongoing project and results are only partial thus far, we 

will concentrate the discussion only on the quantification of the collective plasmonic character of the 

optical excitations. We plan, in a future work, to quantify also the collective excitonic character. For 

“plasmonic character” of an excitation we mean a measure of the collective and coherent behavior of the 

electron motion which also relates to the ability to provide field enhancement129–135. 

The specific interest to investigate and quantify the plasmonic behavior in a molecular J-aggregate is 

principally driven by the question wheatear or not any strong absorption band such as the J-band with 

some sort of collective character in its microscopic origin, shares the status of plasmon.  

In order to quantify the plasmonic behavior, we use as a metric the Generalized Plasmonicity Index (GPI) 

introduced recently by Zhang et al136. in the context of molecular and nanoplasmonics. This index is a 

frequency dependent function which, when evaluated at a specific resonance frequency corresponding to 

an electronic excitation of the system, is a measure of the quality factor and of the collective and coherent 

character of that excitation. This index represents a promising general way to define and quantify the 

plasmonic character of an electronic excitation both for an extended (e.g. molecular crystal, solid, etc.) 

and for a finite system (nanostructure, molecule, clusters, etc.). 

By using a MBPT approach (from the results showed in the previous Chapter), we have evaluated the GPI 

for the lowest excited state of the single push-pull molecule and for some excited states within the   J-

band of the molecular J-aggregate. The results revealed that the excited states within the J-band have 

always lower GPIs with respect to the monomer. In order to rationalize this result, we have formulated a 



 61 

simple theoretical analytical model of a one-dimensional linear J-aggregate which predicts that the J-band 

of the aggregate is always less plasmonic than the single monomer and that the negative plasmonic energy 

variation between the two exactly corresponds to the red-shift of the J-band with respect to the monomer 

first excited state.  

With this study we demonstrate two facts: (1) the J-band of a molecular J-aggregate manifests always 

lower plasmonic character with respect to the single molecular unit it is composed of and (2) bright 

excitations in molecular systems, even when coming from a collective mechanism, may well have no 

relation with plasmons.  

 

In the following we put the results in the form of a drafted paper that we submitted for publication in 

scientific international journal 
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 Quantifying the plasmonic character of optical excitations in a 

molecular J-aggregate 
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ABSTRACT: The definition of plasmon at the microscopic scale is far from being understood. Yet, it is very important to 

recognize plasmonic features in optical excitations, as they can inspire new application and trigger new discoveries by analogy with 

the rich phenomenology of metal nanoparticle plasmons, as exemplified by the recent discovery of plasmons in molecular systems. 

Recently, the concepts of plasmonicity index and the generalized plasmonicity index (GPI) have been devised as computational tools 

to quantify the plasmonic nature of optical excitations. The question may arise whether any strong absorption band, possibly with 

some sort of collective character in its microscopic origin, shares the status of plasmon. Here we demonstrate that this is not the case, 

by considering a well-known class of systems whose characteristic low-energy absorption band, although absorbing strongly and 

involving the collective excitation of many molecules, is recognized as not specifically plasmonic by the GPI. Such counterexample 

is represented by J-aggregates molecular crystals, characterized by the intense and narrow J-band. By means of first-principles 

simulations, based on a many-body perturbation theory formalism, we investigate the optical properties of a J-aggregate made of 

push-pull organic dyes and show that the effect of aggregation is to lower the GPI associated to the J-band with respect to the one 

associated to the isolated dye. In order to rationalize our finding, we then propose a simplified one-dimensional theoretical model of 

the J-aggregate. A useful microscopic picture of what discriminates a collective molecular crystal excitation from a plasmon is 

eventually obtained. 

 

 

 

INTRODUCTION  

The identification and quantification of plasmonic excitations 

in nano- and molecular systems is an important issue in the field 

of nanoplasmonics. In fact, the rich physics and technological 

potential of plasmonic metal nanoparticles has triggered the 

question whether other nanosystems also possess excitations 

with such plasmonic character, to some degree, and thus a 

similar phenomenology. Graphene and its nanoconfined 

structures (polycyclic aromatic hydrocarbons in the molecular 

limit) attracted a lot of attention in this respect.1,2 This important 

motivation goes along with the goal of establishing the 

characters of localized surface plasmon excitations at a deeper 

microscopic level than the widespread treatment based on 

continuum electrodynamics. A relevant point to asses in this 

context is whether any strong absorption band with some sort 

of collective character in its microscopic origin, shares the 

status of plasmon or not. A positive answer (i.e., all strong 

excitations are plasmons) would in fact rather belittle the quest 

for plasmon-like excitations, and contradict the well-estabished 

physics of other collective excitations such as excitons. 

 

 

 

Ideal systems to be investigated in this respect are J-aggregates.             

J-aggregates are a class of molecular crystals with special 

known optical properties as an intense, narrow absorption peak 

(known as J-band) that appears at low energy where the single 

isolated monomer unit has almost zero absorption3 and the 

ability to give delocalize excitons.4 These features have been 

thoroughly studied in the literature4–7 and are the result of the 

(strong) intermolecular coupling, which causes delocalization 

of the electronic excitations of the single molecule over many 

sites of the aggregate8,9. Therefore, the J-band (i) is 

characterized by a strong absorption cross section, (ii) requires 

aggregation at the nanoscale, and (iii) has a microscopic origin 

rooted in a collective effect. In this light, J-band seems to bear 

a similarity with the localized surface plasmons in metallic 

nano-particles (i.e. high absorption cross section, a prominent 

role in nanoscopic systems and a collective origin)10–15.  

The focus of this work is specifically to quantify whether the J-

band in the solid-state J-aggregate has a larger or smaller 

plasmonic character than its correspondig single isolated 

molecule. In doing this, we will respond to the underlying 
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question whether the J-band implies a plasmon-like response. 

To characterize the plasmonic character, we shall use the 

recently proposed generalized plasmonicity index16 (GPI). The 

GPI is a frequency dependent adimensional function, that has 

been thoroughly tested in a wide range of nanostructures, 

including metallic nanoparticles, silicon clusters, graphene 

nanostructures, PAHs at various level of theory (classical 

electrodynamics, tight-binding, jellium and atomistic 

TDDFT)16. It improves over the plasmonicity index (PI) 

previously proposed by Bursi at al.17 to quantify the difference 

between plasmonic and single-particle electronic transitions in 

finite structures. In the present work we not only exploit GPI, 

but we move one step further in two methodological aspects: on 

the one hand we shall use an alternative level of theory to 

TDDFT, namely many-body perturbation theory (MBPT), 

which is based on Green’s function formalism and has a higher  

accuracy. On the other hand we shall compute the GPI also for 

a macroscopic extended system such as a molecular J-

aggregate,6,18,19 beside the single molecule it is composed of. 

We focus in particular on a J-aggregate molecular crystal 

composed of the organic conjugated dye 4-(N,N-dimethyl-

amino)-4-(2,3,5,6-tetra-fluorostyryl)-stilbene20 (see Figure 1). 

This dye is a push-pull system21,22 that possesses an intrinsic 

static electric dipole due to the presence of the dimethylamino 

group (push) and the fluorinated aromatic ring (pull) group. We 

have chosen to investigate this particular push-pull organic dye 

for several reasons: (i) the fact that it is a realistic complex 

system, yet not too demanding to be simulated by accurate 

computational techniques; (ii) the availability of its J-aggregate 

experimental X-ray crystal structure and of the optical 

absorption spectra20; (iii) its charge neutrality that makes it 

computationally convenient (no counter ions to simulate) but 

still electrostatically not trivial, due to its ground state static 

dipole moment.  

METHOD 

GENERALIZED PLASMONICITY INDEX AT MBPT LEVEL   The GPI16 

𝜂(𝜔) is a functional of the induced charge density 𝛿𝑛(r, ω) and 

of the external potential 𝑣𝑒𝑥𝑡(𝑟
′, 𝜔) for a fixed excitation 

frequency 𝜔. For convenience, we report here its formal 

expression 

𝜂(𝜔) = |
∫ 𝑣𝑖𝑛𝑑

∗ (𝑟,𝜔)𝛿𝑛(𝑟,𝜔)𝑑3𝑟

∫ 𝑣𝑒𝑥𝑡
∗ (𝑟′,𝜔)𝛿𝑛(𝑟′,𝜔)𝑑3𝑟′|,                  (1) 

where the induced Coulomb potential 𝑣𝑖𝑛𝑑(𝑟, 𝜔) and the linear 

induced charge density 𝛿𝑛(r, ω) are reported in Eq. (2)-(3), 

respectively 

𝑣𝑖𝑛𝑑(𝑟, 𝜔) = ∫
𝛿𝑛(𝑟,𝜔)

|𝑟−𝑟′|
𝑑3𝑟′ ,                                (2) 

𝛿𝑛(𝑟, 𝜔) = ∫𝜒(𝑟, 𝑟′, 𝜔)𝑣𝑒𝑥𝑡(𝑟
′, 𝜔)𝑑3𝑟′.                    (3) 

The charge density variation at first order in Eq. (3) is obtained 

 

 

Figure 1 – Atomic structure of (a) 4-(N,N-dimethyl-amino)-4-

(2,3,5,6-tetra-fluorostyryl)-stilbene push-pull single molecule 

and (b) partial 3D view of the J-aggregate molecular crystal 

composed of push-pull organic dyes investigated in this work. 

Insets in panel (a) show isosurface plots of the highest occupied 

(i.e., HOMO) and lowest unoccupied (i.e., LUMO) molecular 

orbitals of the single molecule evaluated at DFT level (cam-

b3lyp xc-functional).    

through the density-density correlation function causal kernel23 

𝜒(𝑟, 𝑟′, 𝜔). The poles of the latter (i.e., the resonance 

frequencies 𝜔ξ ) give the electronic excitation energies ℏ𝜔𝜉  of 

the system. When evaluated at a given resonance frequency 𝜔ξ 

, the GPI can be expressed as 𝜂(𝜔𝜉) ≈ 𝛤−1𝐸𝜉
𝑝𝑙𝑎𝑠

, where 𝛤−1 is 

the excited state lifetime and 𝐸𝜉
𝑝𝑙𝑎𝑠

 is the plasmonic energy 

associated to the transition density 𝜌𝜉(𝑟), that represents the 

plasmonic contribution to the total excitation energy ℏ𝜔𝜉  

𝐸𝜉
𝑝𝑙𝑎𝑠

= ∫
𝜌𝜉

∗(𝑟)𝜌𝜉(𝑟
′)

|𝑟−𝑟′|
𝑑3𝑟𝑑3𝑟′ =

                 ∑ (𝐶𝑎𝑖
𝜉
)
∗
𝐶

𝑎′𝑖′
𝜉

∫
𝑑𝑎𝑖

∗ (𝑟)𝑑
𝑎′𝑖′

(𝑟′)

|𝑟−𝑟′|
𝑑3𝑟𝑑3𝑟′

𝑎𝑖           (4) 

𝜌𝜉(𝑟) = ⟨𝜉|Ψ̂†(𝑟)Ψ̂(𝑟)|0⟩ = ∑ 𝐶𝑎𝑖
𝜉
𝑑𝑎𝑖(𝑟)𝑎𝑖 =

                                               ∑ 𝐶𝑎𝑖
𝜉
𝜑𝑎

∗(𝑟)𝜑𝑖(𝑟)𝑎𝑖   ,               (5) 

Ψ̂(r) = ∑ 𝜑𝑛(𝑟)�̂�𝑛𝑛    ,     𝐶𝑎𝑖
𝜉

= ⟨𝜉|�̂�𝑎
†�̂�𝑖|0⟩  .                         (6) 

Where in the second part of Eq. (4) we have re-expressed the 

transition density 𝜌𝜉(𝑟) as in Eq. (5) using an electron-hole 

space representation where index a (i) is associated to an empty 

(occupied) electronic state and 𝐶𝑎𝑖
𝜉

 is the amplitude coefficient 

associated to a transition from i-th to a-th electronic state.    
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In metal nanoparticles, the width of a plasmonic band (and thus 

𝛤−1 in the GPI) is largely determined by the Landau damping 

mechanism24, hallmark of the mixing of the plasmon with the 

continuum of single-particle excitations. Band broadening in 

molecules  is instead dominated by inhomogeneous broadening 

plus vibronic effects, i.e., environmental and nuclei-related (not 

electron related) phenomena. Here we used a fixed 𝛤−1 value 

representative of electronic effects only.  

In the present work we are calculating excitation energies, 

transition densities and consequently plasmonic energies 

starting from electronic structure simulation evaluated within 

the many-body perturbation theory (MBPT) framework. This 

assures an accurate treatment of excitations in molecular 

crystals, especially in the description of charge transfer 

effects25,26. Plasmonic energies are calculated as in Eq. (4), with 

transition densities coming from solution of the Bethe-Salpeter 

equation (BSE)27. 

RESULTS 

DISCUSSION – Figure 2 shows the MBPT optical spectra of the 

single molecule and the bulk J-aggregate crystal (Figure 1). We 

observe the formation of the characteristic J-band that is red-

shifted with respect to the isolated push-pull monomer principal 

peak 𝑃, in agreement with experimental and previous TDDFT 

results20,28. The red shifted J-band which dominates the 

absorption spectrum is composed not just of the principal bright 

transition 𝐽1 at ~ 3 eV, but it gathers together many other optical 

transitions, with lower intensity. The inspection of the transition 

charge density (TCD) of the dominant excitation 𝐽1 (inset of 

Figure 2(b)) indicates that the TCD is evidently displaced along 

linear molecular chains pointing along the longest axis of the 

crystal. Such inter-molecular head-to-tail dipolar arrangement 

is a typical manifestation of J-aggregate behavior19 and results 

in a coherent alignment of each monomer transition dipole, 

giving the strong total oscillator strength of the main peak at ~3 

eV.   

 

 

Figure 2 –Absorption optical spectra of (a) the single monomer 

and (b) its molecular J-aggregate. Spectra have been 

normalized with respect to the maximum value. The vertical bars 

indicate the position of the excited states (in red those that have 

been analyzed in the text). Specific excitations analyzed in the 

text are marked. Inset of panel (b) shows the isosurface plot of 

the transition charge density associated to excited state J1 

belonging to the dominant peak of the J-band; red (blue) is 

associated to positive (negative) charge.  

 

 

TABLE I  Selected excited states within J-band, their associated plasmonic energy, plasmonic energy variation ∆𝐸𝜉𝑘

𝑝𝑙𝑎𝑠
= 𝐸𝜉𝑘

𝑝𝑙𝑎𝑠
−

𝐸𝑃
𝑝𝑙𝑎𝑠

 and GPI variation ∆𝜂𝜉𝑘
= 𝜂𝜉𝑘

− 𝜂𝑃 and ratio  𝜂𝜉𝑘
/𝜂𝑃 with respect to monomer lowest energy optically active excited state 𝑃 = 

3.73 eV (linewidth fixed at 𝛤 = 0.4 eV for all excited states; 𝐸𝑃
𝑝𝑙𝑎𝑠

= 0.68 eV and 𝜂𝑃 = 𝛤−1𝐸𝑃
𝑝𝑙𝑎𝑠

= 1.7) 

Excited state 𝝃𝒌 𝑬𝝃𝒌

𝒑𝒍𝒂𝒔
 ∆𝑬𝝃𝒌

𝒑𝒍𝒂𝒔
 𝜼𝝃𝒌

 ∆𝜼𝝃𝒌
 𝜼𝝃𝒌

/𝜼𝑷 

J1  3 eV 0.072 eV -0.608 eV 0.18 -1.52 0.1059 

J2  2.951 eV 0.008 eV -0.672 eV 0.02 -1.68 0.0118 

J3  2.905 eV 0.020 eV -0.66 eV 0.05 -1.65 0.0294 

J4   2.897 eV 0.011 eV -0.833 eV 0.03 -1.67 0.0176 

J5  2.813 eV 0.349 eV -0.331 eV 0.87 -0.83 0.5118 

J6  2.796 eV 0.111 eV -0.57 eV 0.28 -1.42 0.1647 

J7  2.786 eV 0.116 eV -0.56 eV 0.29 -1.41 0.1706 
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Furthermore, the constituent monomers manifest also a 

certain degree of intra-molecular charge transfer behavior, 

which is compatible with their push-pull character22,29. By 

inspection of Table I, we conclude that all the analyzed 

excited states within the J-band (i.e., 𝐽1 − 𝐽7), have always 

lower plasmonic energy and GPI values than those 

corresponding to the monomer lowest energy excited state 𝑃 

= 3.73 eV (panel a).  

This is the key result of this work: GPI signals that the 

collective J-band of the molecular aggregate is less plasmonic 

than the single molecule, or in other terms, GPI identifies the 

J-band as non-plasmonic. This result is relevant also because 

it confirms the ability of the GPI to quantify the plasmonic 

character of excitations independently from their absorption 

intensity even for the molecular world (for nanoparticles it 

was already shown in Ref.16 ). In other words, the GPI do not 

simply remap strong absorption bands into plasmonic ones, 

but adds important independent information. 

 

UNDERSTANDING THE GPI REDUCTION UPON AGGREGATION: A 

ONE-DIMENSIONAL MODEL BASED ON MOLECULAR EXCITON 

THEORY – In this section we present a simple theoretical 

model which turns out to be useful to rationalize and explain 

the reduction in the GPI values when moving from the single 

isolated molecule to the molecular aggregate, as observed in 

the previously presented numerical results. For the sake of 

simplicity we consider a one-dimensional aggregate (i.e., a 

1D molecular chain) and we refer to its electronic excited 

state as a molecular chain exciton, i.e. an electronic excitation 

delocalized over several identical monomer units. Using a 

simple Frenkel Hamiltonian6,19,30–33 model to describe the 1D 

aggregate, under periodic boundary conditions and for low 

lying excited states, the exciton eigenstates of an aggregate 

chain composed of M molecules have the following form6,30,34  

|𝜉𝑘⟩ =
1

√𝑀
∑ 𝑒𝑖

2𝜋

𝑀
𝑘𝑚|𝜆𝑚⟩𝑀

𝑚=1  ,   −𝑀/2 ≤ 𝑘 ≤ 𝑀/2        (7) 

where |𝜆𝑚⟩ = |𝜑𝑒𝑥𝑐
𝑚 ⟩∏ |𝜑𝐺𝑆

𝑛 ⟩𝑛≠𝑚 , |𝜑𝑒𝑥𝑐
𝑚 ⟩ indicates the m-th 

monomer being in an electronic excited state and |𝜑𝐺𝑆
𝑛 ⟩ the n-

th monomer in the ground state. We have used Eq. (7), 

representing the molecular chain excited states, to derive the 

expression of the GPI within this model. In the GW/BSE 

simulations we assumed a fixed linewidth (damping) 𝛤. We 

can evaluate the molecular chain transition density (MCTD) 

𝜌𝑘
𝑝𝑜𝑙(𝒓) = ⟨0|Ψ̂†(𝑟)Ψ̂(𝑟)|𝜉𝑘⟩ between the ground state |0⟩ 

and a specific excited state |𝜉𝑘⟩ of the 1D aggregate, and then 

use it to obtain the resulting plasmonic energy [see Sec. I of 

Supporting Information (SI) for the derivation]       

𝐸𝜉𝑘

𝑝𝑙𝑎𝑠
= ∫

𝜌𝑘
∗𝑝𝑜𝑙

(𝒓)𝜌𝑘
𝑝𝑜𝑙

(𝒓′)

|𝒓−𝒓′|
𝑑𝒓𝑑𝒓′ = 𝐸𝑒𝑥𝑐

𝑝𝑙𝑎𝑠
+ 𝑊(𝑘),          (8) 

𝑊(𝑘) =
1

𝑀
∑ 𝐽𝑚𝑚′𝑒𝑖

2𝜋

𝑀
(𝑚−𝑚′)𝑘

𝑚≠𝑚′ ,               (9) 

where 

𝜌𝑘
𝑝𝑜𝑙(𝑟) = = 

1

√𝑀
∑ 𝑒𝑖

2𝜋

𝑀
𝑘𝑚𝜌𝑒𝑥𝑐

𝑚𝑜𝑛(𝑟 − 𝑅𝑚),𝑚                   (10) 

𝜌𝑒𝑥𝑐
𝑚𝑜𝑛(𝑟 − 𝑅𝑚) = ⟨𝜑𝐺𝑆

𝑚 |Ψ̂†(𝑟)Ψ̂(𝑟)|𝜑𝑒𝑥𝑐
𝑚 ⟩,             (11) 

𝐽𝑚𝑚′ = ∫
𝜌𝑒𝑥𝑐

∗𝑚𝑜𝑛(𝑟−𝑅𝑚)𝜌𝑒𝑥𝑐
𝑚𝑜𝑛(𝑟′−𝑅

𝑚′)

|𝑟−𝑟′|
d𝒓𝑑𝒓′.            (12) 

Thus, by virtue of Eq. (8), the plasmonic energy associated to 

each excitonic level of the aggregate is given by the 

plasmonic energy of the monomer excited state plus a 

correction term 𝑊(𝑘) = ⟨𝜉𝑘|�̂�|𝜉𝑘⟩ − ⟨𝜆𝑚|�̂�|𝜆𝑚⟩, �̂� being 

the molecular aggregate Hamiltonian operator, whose sign 

and magnitude depend on the interactions between the 

monomers transition densities 𝜌𝑒𝑥𝑐
𝑚𝑜𝑛(𝑟′ − 𝑅𝑚′) composing 

the aggregate. The terms in (12) quantify the amount of inter-

molecular coupling, i.e., the energy transfer rate between 𝑚-

th and 𝑚′-th monomers through the interaction between their 

transition densities30,35. Within the point-dipole 

approximation, the coupling terms 𝐽𝑚𝑚′ can be expressed as 

(see Sec. I of SI) 

𝐽𝑚𝑚′ =
𝐾

𝑚𝑚′  − 3(𝝁𝑚
𝑚𝑜𝑛∙�̅�)(𝝁

𝑚′
𝑚𝑜𝑛∙�̅�)

𝑅
𝑚𝑚′
3    ,             (13)  

where 𝐾𝑚𝑚′ = 𝝁𝑚
𝑚𝑜𝑛 ∙ 𝝁𝑚′

𝑚𝑜𝑛, and                                        𝝁𝑚
𝑚𝑜𝑛 =

⟨𝜑𝐺𝑆
𝑚 |Ψ̂†(𝑟)𝑟Ψ̂(𝑟)|𝜑𝑒𝑥𝑐

𝑚 ⟩ is 𝑚-th monomer transition dipole; 

𝑅𝑚𝑚′ = |�⃗� 𝑚 − �⃗� 𝑚′| is the distance between centers of 𝑚-th 

and 𝑚′-th monomers and �̅� the associated unit vector. 

Assuming all equal transition dipoles  and with the same 

relative orientation (i.e., 𝝁𝑚
𝑚𝑜𝑛 = 𝝁 and         𝐾𝑚𝑚′ = 𝐾 ), one 

can demonstrate (see Sec. I of SI) that for a linear periodic 

chain aggregate there is a non-vanishing total transition 

dipole only for the excited state 𝜉0 (i.e., k = 0), which in fact 

corresponds to the J-band of this simple 1D model.  

We can now proceed to evaluate the GPI variation between 

the two states |𝜉0⟩ and |𝜑𝑒𝑥𝑐⟩, which are the lowest energy 

excited states of the chain and the isolated monomer, 

respectively. For |𝜉0⟩ the total transition dipole results as a 

coherent sum of the molecular transition dipoles, being all 

aligned and pointing in the same direction (the emission from 

this state to the ground state leads to superradiance36). As a 

rough approximation of the MCTD for |𝜉0⟩, we assume a toy 

model composed of aligned finite-size dipoles of length d, 

arranged at a nearest neighbor distance                   R = d + a 

as sketched in the inset of Figure 3(a). Here, we have assumed 

unitary charge and unit length dipoles            (i.e. d = 1 nm) 
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and considered different inter-molecular distances by varying 

the parameter a . By virtue of Eq. (8), the energy shift term 

𝑊(𝑘) physically represents the plasmonic energy variation 

between the monomer and the molecular chain aggregate. In 

turn, we can obtain the GPI variation from the single 

molecule excitation to the J-band as 

∆𝜂𝜉0
≈ Γ−1(𝐸𝜉0

𝑝𝑙𝑎𝑠,𝑝𝑜𝑙
− 𝐸𝑒𝑥𝑐

𝑝𝑙𝑎𝑠,𝑚𝑜𝑛
) = 𝛤−1∆𝐸𝜉0

𝑝𝑙𝑎𝑠
 ,  

                            (14) 

∆𝐸𝜉0

𝑝𝑙𝑎𝑠
=

1

𝑀
∑ 𝐽|𝑚−𝑚′|𝑚≠𝑚′ =  

2

𝑀
∑ (𝑀 − 𝑛)𝐽𝑛

𝑀−1
𝑛=1 <

              < −
4

𝑅
(
𝑀−1

𝑀
) (𝛾2 − 1)−1 ,     𝛾 =

𝑅

𝑑
                   (15) 

𝐽|𝑚−𝑚′| = 2|𝐷𝑚𝑚′|−1 − |𝐷𝑚𝑚′ +  𝑑|−1− |𝐷𝑚𝑚′ − 𝑑|−1 =

               = 𝐽𝑛=|𝑚−𝑚′|                                             (16) 

 

where 𝐷𝑚𝑚′ = 𝑅𝑚 − 𝑅𝑚′ = (𝑚 − 𝑚′)𝑅 is the distance 

between 𝑚-th and 𝑚′-th monomers within the molecular 

aggregate. The upper limit in Eq. (15) comes from the 

nearest-neighbors approximation, i.e. the sum in Eq. (15) is 

approximated by considering only those monomer indices for 

which |𝑚 − 𝑚′| = 1.  

It is straightforward to verify that the coupling terms  𝐽𝑛 in 

Eq. (16) are always negative [for further details and 

derivations of Eqs. (15)-(16) consult Sec. II of SI].  

Figure 3(a) shows GPI variation, i.e. Eq. (14), as a function 

of the total number of monomers and considering different 

nearest neighbor monomer separations 𝑅. GPI variation is 

always negative, which means that the main bright transition 

(i.e., the J-band) in this linear J-aggregate is always less 

plasmonic than that in the isolated monomer. The reason for 

this behavior resides into the intra-chain Coulomb couplings 

between monomers: when the transition dipoles of nearby 

molecules are parallelly aligned, the dipole-dipole interaction 

decreases the Coulomb energy needed to set up the overall 

transition density, and consequently the plasmonic energy. As 

demonstrated by the upper bound in (15), the closer the 

monomers (i.e., 𝛾 approaching 1) the more effective it is this 

effect.  

To fully appreciate the difference with a clearly plasmonic 

transition, we compare the plasmonic energy for the lowest 

energy transition (i.e., k = 0) of this molecular aggregate 1D 

model with an equally schematic approach of a 1D quantum 

wire. To be comparable in terms of oscillator strength, the 

latter is characterized by a transition dipole as the one 

represented in the inset of Figure 3(b): two point-charges of 

opposite signs, with the same magnitude as the ones used for 

each molecule, but placed at the ends of the wire. In Figure 

3(b) we reported the difference between the GPI of the lowest          

 

 

Figure 3 – Difference between GPI index of a linear 1D J-

aggregate and of the single monomer unit (a) or a wire of 

same aggregate length (b), with respect to the total number of 

monomers in the molecular chain and by varying inter-

molecular distances R. The GPI of the linear chain is 

associated to the lowest energy excited state (i.e. k = 0) where 

all monomer transition dipoles are aligned, while the GPI of 

the monomer to the excited state |φexc⟩. Plots with circles 

include all intersite molecular couplings, while those with 

asterisks have been analytically evaluated with nearest-

neighbors (nn) approximation where every monomer 

interacts only with its two neighbors. Single monomers 

transition dipoles have been approximated as ideal dipoles of 

unit (1nm) length and unit charge. 
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transition (i.e., 𝜉0) of the molecular aggregate and the GPI of 

the plasmonic quantum wire for different aggregate and wire 

lengths. They are always negative, showing that indeed the J-

band is far from being a plasmon. 

The picture that emerges from this comparison is that two 

excitations with similar absorption spectrum (here the J-band 

and the plasmonic quantum wire ones) may have difference 

in their plasmonic character: even if the plus and minus poles 

internal to the medium cancel out in determining the 

oscillator strength of the J-band (see inset of Figure 3(b)), 

they do not for plasmonic energy and GPI.  

 

CONCLUSIONS  

In this work we have evaluated the generalized plasmonicity 

index of a push-pull organic dye and of its bulk J-aggregate 

molecular crystal, by using a many-body perturbation theory 

approach. Our results indicate that the electronic excitations 

within the characteristic red shifted J-band have a lower 

plasmonic character with respect to that of the single 

monomer. Despite the fact that the J-band is a collective 

excitation, it has not a plasmonic character. In order to explain 

and rationalize the MBPT result, we proposed a simple one-

dimensional model to evaluate analytically the plasmonic 

energy of the extended molecular system. The model indeed 

is able to predict the lowering of the plasmonic energy as due 

to a globally negative interaction energy between monomers 

transition densities along the chain (i.e., intra-chain 

couplings), which is also the origin of the characteristic J-

band red-shift.  

In a more general perspective, we have clearly shown that a 

bright excitation in molecular systems, even when coming 

from a collective mechanism, may well have no relation with 

plasmons. This highlights the special status of molecular 

excitations that do present plasmon like excitations.1,2,16,37–42 

 

COMPUTATIONAL DETAILS  

Unit cell structure of bulk molecular J-aggregate has been 

taken from available X-ray diffraction measurements20 

(available in the CCDC No. 961738).  

To simulate the isolated (i.e. in gas-phase) push-pull dye 

we extracted one monomer unit from the bulk J-aggregate 

crystal and then relaxed its structure with Gaussian43 using 

cam-b3lyp xc-functional and fixing a force threshold of     10-

5 Hartree / Bohr. Then, with MOLGW44 code we performed a 

DFT ground state calculation using cam-b3lyp xc-functional 

and cc-pVDZ localized basis set with frozen core 

approximation, then we applied the quasi-particle corrections 

to the DFT energy levels by using an eigenvalue-only self-

consistent GW44 procedure and, at the end, we evaluated the 

BSE optical absorption spectrum using Tamm-Dancoff 

approximation.  

To simulated the bulk molecular crystal, electronic and 

optical properties of the J-aggregate have been obtained by 

using the Quantum Espresso45 (QE) package in conjunction 

with the pane wave MBPT code YAMBO46. Fixing PBE47 xc-

functional and norm-conserving pseudo-potentials48, with QE 

we calculated the ground state DFT electronic structure of the 

aggregate. Then, with YAMBO we applied the GW quasi-

particle correction to the DFT ground state energies using the 

plasmon pole approximation49. At the end, the J-aggregate 

optical absorption spectrum has been obtained through 

solution of the Bethe-Salpeter pseudo-eigenvalue 

equation27,50,51 (BSE) in the Tamm-Dancoff approximation. 

Through direct diagonalization of the BSE Hamiltonian we 

have extracted, for each excited state |ξ𝑘⟩, the transition 

coefficients 𝐶𝑎𝑖

𝜉𝑘 that enter in the expression of the transition 

density (Eq. 5) for each excited state and consequently of the 

plasmonic energy (Eq. 4) and GPI at resonance. In order to 

evaluate the plasmonic energy for each excited state, a 

specific post-processing routine has been implemented both 

in MOLGW and in Yambo.  

Due to the strong anisotropy of the molecular bulk 

aggregate, the final optical absorption spectrum reported in 

Figure 2(b) has been evaluated by performing three 

independent simulations with three orthogonal external 

exciting field orientations and then taking the spatial average 

over the three obtained spectra, i.e.                               
1

3
∙

ℑ𝑇𝑟[𝜀𝑀,𝑖𝑗(𝜔)], where ℑ stands for imaginary part of and 

𝜀𝑀,𝑖𝑗(𝜔) is the macroscopic, frequency dependent, dielectric 

tensor in the long wavelength limit. 

ASSOCIATED CONTENT  
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The Supporting Information is available free of charge on 

the ACS Publications website. 

      In Section I we have put the theoretical derivation of the 

polymer transition density together with the point-dipole 

approximation of the inter-molecular energy transfer integral 

(Eq. (10) and (12) of main text, respectively). In section II we 

derive the GPI variation from the single molecule to the one-

dimensional J-aggregate model, i.e., Eqs. (14)-(16). In section 

III we show how one can extend the 1D linear chain model 

presented here to a more realistic 3D one by assuming to 

combine several linear chains to build the bulk crystal. 
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Appendix C – Supporting Information of: Quantifying the plasmonic 

character of optical excitations in a molecular J-aggregate 

 

 Appendix C1 – Analytical derivation of 1D aggregate transition 

density 

 We give here the derivation of the transition density associated to a linear chain molecular 

aggregate (i.e., Eq. (7) of main text) by the knowledge on the single monomer transition density 

function. For low energy excitations, the polymer excited state can be expresses as 

 

|𝜉𝑘⟩ = ∑ 𝜑𝑘𝑚|𝑚⟩𝑛                   −𝑀/2 ≤ 𝑘 ≤ 𝑀/2                         C.1.1 

|𝜆𝑚⟩ = |𝜑𝑒𝑥𝑐
𝑚 ⟩∏ |𝜑𝐺𝑆

𝑛 ⟩𝑛≠𝑚                 𝑚, 𝑛 = 1,… . ,𝑀                       C.1.2 

 

Where 𝑀 is the total number of molecules in the aggregate and it must be satisfied the completeness 

relation  ∑ 𝜑𝑘𝑚
∗

𝑚 𝜑𝑘′𝑚 = 𝛿𝑘𝑘′. We now use one of the excited states (C.1.1) to evaluate the polymer 

transition density from molecular aggregate ground state |0⟩ to excited state |𝜉𝑘⟩ 

𝜌𝜉𝑘

𝑝𝑜𝑙(𝑟) = ⟨0|Ψ̂†(𝑟)Ψ̂(𝑟)|𝜉𝑘⟩ = ∑ 𝜑𝑘𝑚⟨𝐺𝑆1, … , 𝐺𝑆𝑖, … , 𝐺𝑆𝑀|∑Ψ𝑖
†(𝑟)Ψ̂𝑖(𝑟)

𝑀

𝑖=1

|𝐺𝑆1, … , 𝑒𝑥𝑐𝑖, … , 𝐺𝑆𝑀⟩ =

𝑀

𝑚=1

 

∑ 𝜑𝑘𝑚
𝑀
𝑚=1 ∑ ⟨𝐺𝑆1|𝐺𝑆1⟩… ⟨𝐺𝑆𝑖|Ψ𝑖

†(𝑟)Ψ̂𝑖(𝑟)|𝐺𝑆𝑖⟩ … ⟨𝐺𝑆𝑚|𝑒𝑥𝑐𝑚⟩… ⟨𝐺𝑆𝑀|𝐺𝑆𝑀⟩ + 𝑖≠𝑚        

∑ 𝜑𝑘𝑚⟨𝐺𝑆1|𝐺𝑆1⟩ … ⟨𝐺𝑆𝑚|Ψ𝑚
† (𝑟)Ψ̂𝑚(𝑟)|𝑒𝑥𝑐𝑚⟩ … ⟨𝐺𝑆𝑀|𝐺𝑆𝑀⟩ = ∑ 𝜑𝑘𝑚𝜌𝑒𝑥𝑐,𝑚

𝑚𝑜𝑛 (𝑟)𝑀
𝑚=1

𝑀
𝑚=1          C.1.3 

Where |𝐺𝑆𝑖⟩ and |𝑒𝑥𝑐𝑖⟩ are ground and excited state of i-th monomer in the aggregate,            𝜌𝑚
𝑚𝑜𝑛(𝒓) =

⟨𝐺𝑆𝑚|Ψ̂†(𝑟)Ψ̂(𝑟)|𝑒𝑥𝑐𝑚⟩ = 𝜌𝑚𝑜𝑛(𝑟 − 𝑅𝑚) is the transition density of m-th monomer centered at 

position 𝑅𝑚 in the aggregate. In the particular case in which the expansion coefficients 𝜑𝑘𝑛 are discrete 

plane waves and all the monomers are equal with the same transition density, the expression of the 

polymer transition density becomes 𝜌𝜉𝑘

𝑝𝑜𝑙(𝑟) =
1

√𝑀
∑ exp (

2𝜋

𝑀
𝑘𝑚)𝜌𝑒𝑥𝑐,𝑚

𝑚𝑜𝑛 (𝑟)𝑚 .  
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Now we employ the general expression (C.1.3) of the molecular aggregate transition density to derive 

the energy transfer integral 𝐽𝑚𝑛between monomers m and n (i.e., Eq. (13) of main text). This term is in 

general given by the Coulomb interaction energy between m-th an n-th monomers transition densities. 

Starting from Eq. (12) of the main text which gives the energy shift of polymer excited state |𝜉𝑘⟩ with 

respect to the monomer excited state |𝑒𝑥𝑐⟩ 

𝑊(𝑘) = 𝐸𝜉𝑘

𝑝𝑙𝑎𝑠 − 𝐸𝑒𝑥𝑐
𝑝𝑙𝑎𝑠 = ∑ 𝜑𝑘𝑚

∗ 𝜑𝑘𝑚′ ∫
𝜌𝑒𝑥𝑐

∗𝑚𝑜𝑛(𝑟−𝑅𝑚)𝜌𝑒𝑥𝑐
𝑚𝑜𝑛(𝑟′−𝑅

𝑚′)

|𝑟−𝑟′|
𝑑𝑟𝑑𝑟′

𝑚≠𝑚′                  C.1.4 

𝐽𝑚𝑚′ = 𝐽𝑚′𝑚 = ∫
𝜌𝑒𝑥𝑐

∗𝑚𝑜𝑛(𝑟−𝑅𝑚)𝜌𝑒𝑥𝑐
𝑚𝑜𝑛(𝑟′−𝑅

𝑚′)

|𝑟−𝑟′|
𝑑𝑟𝑑𝑟′                C.1.5 

Since every transition density has no monopole term, in the first multipolar expansion it can be 

expanded as a point dipole and we can approximate the coupling integral 𝐽𝑚𝑛 in point dipole 

approximation which is the following  

�̂�𝑚𝑚′
𝑖𝑛𝑡 ≈

�̂�𝑚∙�̂�
𝑚′−3(�̂�𝑚∙𝑹)(�̂�

𝑚′ ∙𝑹)

𝑅
𝑚𝑚′
3                           C.1.6 

 

Where �̂�𝑚 is m-th monomer dipole moment (vector) operator, 𝑅𝑚𝑚′  distance between m-th and m’-th 

monomers center of masses (CoM) and 𝑹 the unit vector oriented from m-th to m’-th monomers CoM. 

Using the product state basis (C.1.2) the matrix elements of (C.1.6) can be evaluated and we get 

𝐽𝑚𝑚′ = ⟨𝜆𝑚|�̂�𝑚𝑚′
𝑖𝑛𝑡 |𝜆𝑚′⟩ ≈

𝝁𝑚
𝑡𝑟∙𝝁

𝑚′
𝑡𝑟 −3(𝝁𝑚

𝑡𝑟∙𝑹)(𝝁
𝑚′
𝑡𝑟 ∙𝑹)

𝑅
𝑚𝑚′
3                      C.1.7 

⟨𝜆𝑚|�̂�𝑚 ∙ �̂�𝑚′|𝜆𝑚′⟩ = ⟨𝐺𝑆1|𝐺𝑆1⟩… ⟨𝑒𝑥𝑐𝑚|�̂�𝑚|𝐺𝑆𝑚⟩… ⟨𝐺𝑆𝑚′|�̂�𝑚′|𝑒𝑥𝑐𝑚′⟩… ⟨𝐺𝑆𝑀|𝐺𝑆𝑀⟩ = 𝝁𝑚
𝑡𝑟 ∙ 𝝁𝑚′

𝑡𝑟  

⟨𝜆𝑚|(�̂�𝑚 ∙ 𝑹)(�̂�𝑚′ ∙ 𝑹)|𝜆𝑚′⟩ = (𝝁𝑚
𝑡𝑟 ∙ 𝑹) (𝝁

𝑚′
𝑡𝑟 ∙ 𝑹)                      C.1.8 

 

where 𝝁𝑚
𝑡𝑟 = ⟨𝑒𝑥𝑐𝑚|Ψ†(𝒓)𝒓Ψ(𝒓)|𝐺𝑆𝑚⟩ is transition dipole moment associated to m-th monomer unit.  
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 Appendix C2 – Plasmonic Energy (GPI) variation between 1D 

aggregate and monomer excited states 

We derive here Eq. (20) of main text which is an approximation for the variation of plasmonic energy 

between the molecular aggregate and single molecule lowest energy excited states.  

Assuming to approximate monomer transition density at position 𝑹𝑚 = 𝑚(𝒅 + 𝒂)  associated to state 

|𝜑𝑒𝑥𝑐⟩ with an extended dipole of length 𝑑 of unit charge , i.e. 𝜌𝑒𝑥𝑐,𝑚
𝑚𝑜𝑚 (𝑟) ≈ 𝛿(𝒓 − 𝑹𝑚) −

𝛿(𝒓 − 𝑹𝑚 − 𝒅) and polymer (composed on M aligned monomers) transition density associated to its 

lowest excited state |𝜉0⟩  as  𝜌𝜉0

𝑝𝑜𝑙(𝑟) ≈
1

√𝑀
∑ 𝛿(𝒓 − 𝑹𝑚) − 𝛿(𝒓 − 𝑹𝑚 − 𝒅)𝑚 , one can approximate the 

plasmonic energy difference  between polymer and monomer lowest energy excited states (Eq. (20) of 

main text) 

Δ𝐸𝜉0

𝑝𝑙𝑎𝑠 = 𝐸𝜉0

𝑝𝑙𝑎𝑠,𝑝𝑜𝑙 − 𝐸𝑒𝑥𝑐
𝑝𝑙𝑎𝑠,𝑚𝑜𝑛 = ∫

𝜌𝜉0

𝑝𝑜𝑙(𝒓)𝜌𝜉0

𝑝𝑜𝑙(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′ − ∫

𝜌𝑒𝑥𝑐
𝑚𝑜𝑛(𝒓)𝜌𝑒𝑥𝑐

𝑚𝑜𝑛(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′ ≈ 

≈
1

𝑀
∑ ∫

[𝛿(𝒓 − 𝑹𝑚) − 𝛿(𝒓 − 𝑹𝑚 − 𝒅)][𝛿(𝒓 − 𝑹𝑚′) − 𝛿(𝒓 − 𝑹𝑚′ − 𝒅)]

|𝒓 − 𝒓′|

𝑀

𝑚,𝑚′=1

𝑑𝒓𝑑𝒓′ − ∫
[𝛿(𝒓) − 𝛿(𝒓 − 𝒅)][𝛿(𝒓′) − 𝛿(𝒓′ − 𝒅)]

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′ = 

[𝐸𝑒𝑥𝑐
𝑝𝑙𝑎𝑠,𝑚𝑜𝑛 +

1

𝑀
∑ 2|𝑅𝑚 − 𝑅𝑚′|−1 − |𝑅𝑚 − 𝑅𝑚′ + 𝑑|−1

𝑚≠𝑚′

− |𝑅𝑚′ − 𝑅𝑚 + 𝑑|−1] − 𝐸𝑒𝑥𝑐
𝑝𝑙𝑎𝑠,𝑚𝑜𝑛 = 

1

𝑀
∑ 2|𝑅𝑚 − 𝑅𝑚′|−1 − |𝑅𝑚 − 𝑅𝑚′ + 𝑑|−1

𝑚≠𝑚′ − |𝑅𝑚′ − 𝑅𝑚 + 𝑑|−1                  C.2.1 

The effects of intra-chain couplings are even more pronounced if we consider the variation of plasmonic 

energy between a linear chain and an extended dipole of the same length which roughly simulates a 

quantum wire where electronic states are completely delocalized as in an electron gas. In this case Eq. 

(C.2.1) must be simply shifted by the constant (negative) term Δ𝑃 = −
2

𝑎
(

𝜎

𝜎+1
) , where 𝜎 = (𝑁 − 1)

𝑅

𝑎
 . 

Eq. (C.2.1) and related GPI with the correction term Δ𝑃 is what we have reported in Figure 3(b) of the 

main text where one can observe a stronger negative variation when monomers are closer due to Δ𝑃. 
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 Appendix C3 – Extension of 1D aggregate to a 3D aggregate 

model 

In this section we extend our one-dimensional molecular aggregate model to a three-dimensional one. In 

simple terms, one can imagine the bulk crystal we have simulated as formed by aggregating 𝑁𝐶 linear 

chains in three dimensions with parallel orientations. Just as we have done for the linear chain, at first 

order approximation, one can express the bulk crystal excited state |𝜉𝜈⟩ as a linear combination of 𝑁𝐶 

polymer states (C.1.1) each one in an excited state 𝑘 

|𝜉𝜈
𝑏𝑢𝑙𝑘⟩ ≈ ∑ 𝛼𝜈𝑘

(𝑐)
|𝜉𝑘

(𝑐)
⟩ = ∑ 𝛼𝜈𝑘

(𝑐)
𝜑𝑘𝑚|𝜆𝑚

(𝑐)
⟩𝑐𝑘𝑚𝑐𝑘                     C.3.1 

 

where 𝜈 = 0,… ,𝑁𝐶 − 1 (𝑀𝑡𝑜𝑡 = 𝑀𝑁𝐶  is total number of monomers within the bulk crystal and 𝑀 total 

number of monomers per chain) −
𝑀

2
< 𝑘 ≤

𝑀

2
 𝑘 ∈ ℤ , 𝑛 = 1,… ,𝑀  𝑛 ∈ ℕ and                                𝑐 =

1, … , 𝑁𝐶 and we have the orthonormalization conditions for the coefficients, i.e. ∑ 𝛼𝜈𝑘
∗(𝑐)

𝛼𝜈𝑘′
(𝑐′)

=𝑘𝑘′

𝑐𝑐′

𝛿𝑘𝑘′𝛿𝑐𝑐′  and  ∑ 𝜑𝑘𝑛
∗ 𝜑𝑘′𝑛′𝑛𝑛′ = 𝛿𝑛𝑛′𝛿𝑘𝑘′. From Eq. (C.3.1) we can derive bulk transition density 

associated to excited state 𝜈 and the energy shift (i.e., Eq. (11) in the main text) due to both intra- and 

inter-chain couplings 

𝜌𝜉𝜈

𝑏𝑢𝑙𝑘(𝑟) = ⟨0|Ψ̂†(𝒓)Ψ̂(𝒓)|𝜉𝜈
𝑏𝑢𝑙𝑘⟩ = ∑ 𝛼𝜈𝑘

(𝑐)
𝜌𝑘

𝑝𝑜𝑙(𝒓 − 𝑹𝑐) = ∑ 𝛼𝜈𝑘
(𝑐)

𝜑𝑘𝑚𝜌𝑒𝑥𝑐
𝑚𝑜𝑛(𝒓 − 𝑹𝑐,𝑚)𝑐𝑘𝑚𝑐𝑘                 C.3.2 

𝐸𝜉𝜈

𝑝𝑙𝑎𝑠,𝑏𝑢𝑙𝑘
= ∑∑(𝛼𝜈𝑘

(𝑐)
)
∗

𝑘𝑘′𝑐𝑐′

𝛼
𝜈𝑘′
(𝑐′)

∫
𝜌𝑘

𝑝𝑜𝑙(𝒓 − 𝑹𝑐)𝜌𝑘′
𝑝𝑜𝑙(𝒓′ − 𝑹𝑐′)

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′ = 

∑|𝛼𝜈𝑘
(𝑐)

|
2
𝐸

𝜉𝑘
(𝑐)

𝑝𝑙𝑎𝑠,𝑝𝑜𝑙

𝑐𝑘

+ ∑ (𝛼𝜈𝑘
(𝑐)

)
∗
𝛼

𝜈𝑘′
(𝑐′)

𝑊𝑐𝑐(𝑘, 𝑘′)

𝑐(𝑘≠𝑘′)

+ ∑ (𝛼𝜈𝑘
(𝑐)

)
∗
𝛼

𝜈𝑘′
(𝑐′)

𝑊𝑐𝑐′(𝑘, 𝑘)

(𝑐≠𝑐′)𝑘

+ ∑ (𝛼𝜈𝑘
(𝑐)

)
∗
𝛼

𝜈𝑘′
(𝑐′)

𝑊𝑐𝑐′(𝑘, 𝑘′)

(𝑐≠𝑐′)

(𝑘≠𝑘′)

= 

𝐸𝑒𝑥𝑐
𝑝𝑙𝑎𝑠,𝑚𝑜𝑛 + ∑ |𝛼𝜈𝑘

(𝑐)
|
2

𝑊𝑐𝑐(𝑘, 𝑘)𝑐𝑘 + ∑ (𝛼𝜈𝑘
(𝑐)

)
∗

𝛼
𝜈𝑘′
(𝑐′)

𝑊𝑐𝑐(𝑘, 𝑘′)𝑐(𝑘≠𝑘′) +

                                ∑ (𝛼𝜈𝑘
(𝑐)

)
∗

𝛼
𝜈𝑘′
(𝑐′)

𝑊𝑐𝑐′(𝑘, 𝑘) + ∑ (𝛼𝜈𝑘
(𝑐)

)
∗

𝛼
𝜈𝑘′
(𝑐′)

𝑊𝑐𝑐′(𝑘, 𝑘′)(𝑐≠𝑐′)

(𝑘≠𝑘′)

(𝑐≠𝑐′)𝑘            C.3.3 

𝑊𝑐𝑐′(𝑘, 𝑘′) = ∫
𝜌𝑘

𝑝𝑜𝑙(𝒓)𝜌
𝑘′
𝑝𝑜𝑙

(𝒓′)

|𝒓−𝒓′|
𝑑𝒓𝑑𝒓′                       C.3.4 

 

Where 𝑅𝑐 indicates center-of-mass location of c-th polymer chain. 
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The terms (C.3.4) generally indicate the coupling between c-th polymer chain transition density in 

excited state |𝜉𝑘
𝑝𝑜𝑙⟩ and c’-th polymer chain transition density in excited state |𝜉

𝑘′
𝑝𝑜𝑙

⟩. We can see that 

when one makes different polymer chains to interact, there is: an energy level shift due to an average of 

intra-chain couplings for each polymer excited state |𝜉𝑘
𝑝𝑜𝑙⟩  (second term of (C.3.3)); intra-chain mixing 

between different polymer excited states of same chain (third term in (C.3.3)); inter-chain mixing 

between different chains in the same polymer excited state k (fourth term of (C.3.3)) or both of the last 

two simultaneously (fifth term of (C.3.3)). The weighted sum of all these terms through the coefficients 

𝛼𝜐𝑘
(𝑐)

 contributes to the energy level shift of the bulk excited states |ξ𝜐
𝑏𝑢𝑙𝑘⟩ with respect to the single 

monomer excited state |𝑒𝑥𝑐⟩. If we assume only the polymer chain lowest excited state (i.e. k=0) Eq. 

(C.3.3) is simplified and we can express energy shift of bulk excited state |ξ𝜐
𝑏𝑢𝑙𝑘⟩  with respect to the 

polymer lowest excited state as 

Δ𝐸𝜉𝜈

𝑝𝑙𝑎𝑠,𝑏𝑢𝑙𝑘 = 𝐸𝜉𝜈

𝑝𝑙𝑎𝑠,𝑏𝑢𝑙𝑘 − 𝐸𝜉0

𝑝𝑙𝑎𝑠,𝑝𝑜𝑙 = 𝑊(𝜈) = ∑ (𝛼𝜈0

(𝑐))
∗
𝛼𝜈0

(𝑐′)
∫

𝜌
𝜉0

∗𝑝𝑜𝑙(𝒓−𝑹𝑐)𝜌𝜉0

𝑝𝑜𝑙
(𝒓′−𝑹

𝑐′
)

|𝒓−𝒓′|
𝑑𝒓𝑑𝒓′

𝑐≠𝑐′             C.3.5 

≈
1

𝑁𝐶
∑ 𝑒

𝑖
2𝜋

𝑁𝐶
𝜈(𝑐′−𝑐)

(
𝝁

𝜉0,𝑝𝑜𝑙
(𝑐)

∙𝝁
𝜉0,𝑝𝑜𝑙

(𝑐′)
−3(𝝁

𝜉0,𝑝𝑜𝑙
(𝑐)

∙𝑹
𝑐𝑐′

)(𝝁
𝜉0,𝑝𝑜𝑙
(𝑐′)

∙𝑹
𝑐𝑐′

)

𝑅
𝑐𝑐′
3 )𝑐≠𝑐′                    C.3.6 

=
1

𝑁𝐶
∑ 𝑒

𝑖
2𝜋

𝑁𝐶
𝜈(𝑐′−𝑐) |𝝁𝜉0,𝑝𝑜𝑙|

2
(1−3𝑐𝑜𝑠2𝜃)

𝑅
𝑐𝑐′
3𝑐≠𝑐′ =

|𝝁𝜉0,𝑝𝑜𝑙|
2
(1−3𝑐𝑜𝑠2𝜃)

𝑁𝐶
∑

𝑐𝑜𝑠2(
2𝜋

𝑁𝐶
𝜈(𝑐−𝑐′))

𝑅
𝑐𝑐′
3𝑐≠𝑐′               C.3.7 

≈ |𝝁𝜉0,𝑝𝑜𝑙|
2
(1 − 3𝑐𝑜𝑠2𝜃)

2(𝑁𝐶−1)

𝑁𝐶

𝑐𝑜𝑠2(
2𝜋

𝑁𝐶
𝜈)

Δ𝑅3                       C.3.8 

where we have indicated with 𝝁0,𝑝𝑜𝑙
(𝑐)

= ⟨0(𝑐)|Ψ†(𝒓)𝒓Ψ(𝒓)|𝜉0
(𝑐)

⟩ the transition dipole of c-th polymer 

chain,  �̂�𝑐𝑐′ the unit vector pointing from center-of-masses (CoM) of c-th to c’-th polymer chain; 𝑅𝑐𝑐′ =

(𝑐 − 𝑐′)∆𝑅  the distance between CoM of c-th and c’-th polymer chains and in (C.3.6) we have used a 

point-dipole approximation and assumed plane wave expansion coefficients                 𝛼𝜈0
(𝑐)

=

1

√𝑁𝐶
𝑒𝑥𝑝 (𝑖

2𝜋

𝑁𝐶
𝜈𝑐),  𝜃 (< 90°) is the slip angle between line joining centers of polymer chains and direction 

of polymer transition density (see Figure S.1). In (C.3.7) we assumed all polymer chains transition 

dipoles are equal and pointing in the same direction.  

We can see that Eq. (C.3.5) has the same form of Eq. (12) of main text. If the slip angle 𝜃 = 54,73°, there 

is no energy shift with respect to the polymer chain since Eq. (S.3.10) is identically zero. This same effect 
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happens when 𝜈 =
𝑁𝐶

4
 . If we consider Eq. (C.3.8) which assumes nearest neighbor approximation, when 

𝜃 > 54,73° the energy shift ∆𝐸𝑝𝑙𝑎𝑠 is never negative (positive) when                 |𝜈| <
𝑁𝐶

4
 (

𝑁𝐶

4
< |𝜈| <

𝑁𝐶

2
) 

and the bulk excited states must have always higher (lower) energy with respect to the polymer lowest 

excited state. When 𝜃 < 54,73° the situation is reversed. When bulk excited state index is 𝜈 = 0 and 𝜃 > 

54,73° one should expect to have a big energy blue-shift since there is maximum H-aggregate behavior 

with respect to the single polymer chain lowest excited state (i.e. H-aggregate polymers arranged as in 

Figure C3(b)). In this case all transition dipoles of the polymers are aligned and coherently summed and 

there is an enhancement of the total transition dipole (see formula C.3.9). Instead, when 𝜃 > 54,73° and 

the bulk excited states assume the extrema values 𝜈 = ±
𝑁𝐶

2
  there is maximum J-aggregate behavior (see 

Figure C1(a)) since energy shift (C.3.8) assumes the most negative value with respect to the polymer 

lowest excited state but the state is dark since total transition dipole is very low (i.e. J-aggregate polymers 

arranged as in Figure C1(a)). The other bulk excited states shall assume an energy shift with respect to 

the polymer chain lowest excited state in the window   

±|𝝁𝜉0,𝑝𝑜𝑙|
2 (1−3𝑐𝑜𝑠2𝜃)

Δ𝑅3

2(𝑁𝐶−1)

𝑁𝐶
            C.3.9 

 

  

Figure C3 - extended dipole model for linear chain 2D aggregate model in J- (a) and H- (b) aggregate arrangement. 

Extension to the 3D model is straightforward by just vertically stacking the 2D aggregate.  

 

From the expression of bulk transition density (C.3.2) one can also obtain the bulk total transition dipole 

for generic excited state |ξ𝜐
𝑏𝑢𝑙𝑘⟩ and get all selection rules for the bulk crystal visible excited states, 

namely 

|𝜇𝜉𝜈

𝑏𝑢𝑙𝑘|
2
= 𝝁𝜉𝜈

𝑏𝑢𝑙𝑘 ∙ 𝝁𝜉𝜈

𝑏𝑢𝑙𝑘 = ∫𝒓 ∙ 𝒓′𝜌𝜉𝜈

𝑏𝑢𝑙𝑘(𝒓)𝜌𝜉𝜈

𝑏𝑢𝑙𝑘(𝒓′)𝑑𝒓𝑑𝒓′  

= ∑ (𝛼𝜈𝑘
(𝑐)

)
∗
𝛼

𝜈𝑘′

(𝑐′)
∫ 𝒓𝑐𝑐′

𝑘𝑘′

𝜌𝜉𝑘

𝑝𝑜𝑙(𝒓 − 𝑹𝑐)𝑑𝒓 ∙ ∫ 𝒓′𝜌𝜉
𝑘′

𝑝𝑜𝑙(𝒓′ − 𝑹𝑐′)𝑑𝒓′ = ∑ (𝛼𝜈𝑘
(𝑐)

)
∗
𝛼

𝜈𝑘′

(𝑐′)
𝝁

𝜉𝑘

(𝑐),𝑝𝑜𝑙
∙ 𝝁

𝜉
𝑘′

(𝑐′),𝑝𝑜𝑙
𝑐𝑐′

𝑘𝑘′
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= ∑ (𝛼𝜈𝑘
(𝑐)

)
∗
𝛼

𝜈𝑘′

(𝑐′)
𝜑

𝑘𝑚
∗ 𝜑𝑘′𝑚′𝑐𝑐′

𝑘𝑘′

𝝁𝑚
(𝑐),𝑚𝑜𝑛 ∙ 𝝁

𝑚′

(𝑐′),𝑚𝑜𝑛
= ∑ |𝛼𝜈𝑘

(𝑐)|
2

∑ 𝜑
𝑘𝑚
∗ 𝜑𝑘𝑚′𝑀

𝑚𝑚′

(𝑐,𝑐),𝑚𝑜𝑛
𝑚𝑚′𝑐𝑘 +

∑ (𝛼𝜈𝑘
(𝑐))

∗

𝛼
𝜈𝑘′

(𝑐) ∑ 𝜑
𝑘𝑚
∗ 𝜑

𝑘′𝑚′𝑀
𝑚𝑚′

(𝑐,𝑐),𝑚𝑜𝑛
𝑚𝑚′𝑐(𝑘≠𝑘′) + ∑ (𝛼𝜈𝑘

(𝑐))
∗

𝛼
𝜈𝑘

(𝑐′)
∑ 𝜑

𝑘𝑚
∗ 𝜑

𝑘𝑚′𝑀
𝑚𝑚′

(𝑐,𝑐′),𝑚𝑜𝑛

𝑚𝑚′(𝑐≠𝑐′)𝑘 +

∑ (𝛼𝜈𝑘
(𝑐))

∗

𝛼
𝜈𝑘′

(𝑐′)
∑ 𝜑

𝑘𝑚
∗ 𝜑

𝑘′𝑚′𝑀
𝑚𝑚′

(𝑐,𝑐′),𝑚𝑜𝑛

𝑚𝑚′(𝑐≠𝑐′)

(𝑘≠𝑘′)

                C.3.10 

𝑀
𝑚𝑚′

(𝑐,𝑐′),𝑚𝑜𝑛
= 𝝁𝑚

(𝑐),𝑚𝑜𝑛 ∙ 𝝁𝑚

(𝑐′),𝑚𝑜𝑛
                    C.3.11 

Where (C.3.11) indicates inner product between transition dipole of m-th monomer in c-th chain with 

transition dipole of m’-th monomer in c’-th chain. 

 

 Appendix C4 – Frenkel Hamiltonian from molecular exciton 

theory 

Following the molecular exciton theory of Davydov49, the total energy operator of a molecular crystal 

can be modeled with the so called Frenkel effective Hamiltonian 

�̂� = ∑ 𝜖𝑒𝑥𝑐
𝑚 �̂�𝑚

† �̂�𝑚𝑚 + ∑ 𝐽𝑚𝑚′�̂�𝑚
† �̂�𝑚′𝑚≠𝑚′            C.4.1 

where we have fixed to zero total energy of the entire aggregate ground state |0⟩ ,                         𝑎𝑚
† =

|𝜆𝑚⟩⟨0|  (�̂�𝑚 = |0⟩⟨𝜆𝑚|) is molecular exciton creation (annihilation) operator at n-th molecular site 

and where  

|0⟩ = ∏ |𝜑𝐺𝑆
𝑖 ⟩𝑀

𝑖=1           |𝜆𝑚⟩ = |𝜑𝑒𝑥𝑐
𝑚 ⟩∏ |𝜑𝐺𝑆

𝑖 ⟩𝑖≠𝑚          i =1,…,M       C.4.2 

𝐽𝑛𝑚 = ∫𝜑𝑒𝑥𝑐
∗𝑛 𝜑𝐺𝑆

𝑚 𝑉𝑛𝑚𝜑𝐺𝑆
𝑛 𝜑𝑒𝑥𝑐

∗𝑚𝑑𝜏𝑛𝑑𝜏𝑚         C.4.3 

𝜖𝑒𝑥𝑐
𝑚 = 𝐸𝑒𝑥𝑐 − 𝐸𝐺𝑆 + ∆𝐷𝑒𝑥𝑐

𝑚           C.4.4 

∆𝐷𝑒𝑥𝑐
𝑚 = ∑ ∫(|𝜑𝑒𝑥𝑐

𝑚 |2 − |𝜑𝐺𝑆
𝑚 |2)𝑉𝑚𝑖|𝜑𝐺𝑆

𝑖 |
2
𝑑𝜏𝑚𝑑𝜏𝑖𝑖≠𝑚        C.4.5 

|0⟩ is the total molecular aggregate ground state, |𝜆𝑚⟩ is a direct product of 𝑀 molecular states in which 

𝑀 − 1 molecules are in the ground state |𝜑𝐺𝑆⟩ of energy 𝐸𝐺𝑆 and the n-th one in the excited state |𝜑𝑒𝑥𝑐⟩ 
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of energy 𝐸𝑒𝑥𝑐. For a simple model we shall assume excitation energies (3.4) all equal for each molecular 

site (i.e. no disorder) so that there is no dependence on monomer index m;          𝑉𝑛𝑚 = 𝑉𝑚𝑛 =

∑ 1 |𝑟𝑛𝑖
− 𝑟𝑚𝑗

|⁄𝑖≠𝑗  is the Coulomb coupling operator between n-th and m-th monomers (here indices i,j 

run over all electrons of n-th and m-th monomers, respectively, and 𝑑𝜏𝑛 = 𝑑𝑟𝑛1
…𝑑𝑟𝑛𝐿

 where L is total 

number of electron per molecule); 𝐽𝑛𝑚 = 𝐽𝑚𝑛 are coupling integrals due to exciton exchange interaction 

and account for inter-molecular energy transfer rate and their magnitude is proportional to the inverse 

transfer time of excitation from n-th to m-th monomer49. For J-(H-) aggregate configurations 𝐽𝑛𝑚 < 0 

(𝐽𝑛𝑚   > 0)24 ; Eq. (C.4.5) is a negative energy shift term (i.e. red-shift) and is related to the variation of 

van der Waals interaction energy49,53 between states |𝜆𝑚⟩ and |0⟩. It physically represents the change in 

the interaction energy of a single molecule with all the others upon transition to excited state |𝜑𝑒𝑥𝑐⟩
49,53 

(or else, it is the shift of the excitation energy level of the molecule due to aggregation – the excitonic 

shift, for short). Equation (C.4.1) is a simplified model of the more general Frenkel-Holstein one19 that 

includes also exciton-phonon coupling. Since we are not interested in describing the latter effect as it 

does not play role in the J-band27,28,137, we shall assume Born-Oppenheimer approximation, valid in the 

regime where the nuclear dynamics are slow compared to the excitonic dynamics. We shall consider the 

following approximations for our one-dimensional polymer model: (i) small electronic neutral 

excitations (only single exciton states); (ii) neglect the overlap between neighboring molecular 

wavefunctions (i.e. tight binding approximation valid for loose aggregates27 describing Frenkel type 

excitons in which the electron-hole pair stays localized within each molecule29), thus avoiding to include 

exchange anti-symmetry between electrons of different molecules (taking into account electron exchange 

effects gives rise to an admixture of charge-separated states, corresponding to Wannier-Mott excitons29); 

(iii) assume a two-state model (i.e., |𝜑𝐺𝑆⟩ and |𝜑𝑒𝑥𝑐⟩ ) for the single monomer; (iv) periodic boundary 

conditions (PBC) to avoid edge effects and (v) infinite exciton coherence length (delocalization length), 

i.e., the electronic excitations are coherently delocalized over the entire aggregate, leading to a broad (i.e. 

constant envelope) spatial coherence function35,138 𝐶(𝑟) = ⟨ξ𝑘| ∑ �̂�𝑛+𝑟
† �̂�𝑛𝑛 |ξ𝑘⟩, where |ξ𝑘⟩ is the 

molecular exciton wavefunction associated to 𝑘-th excited state. The latter condition happens when the 

inter-molecular energy transfer rate 𝐽 is so fast that it never decoheres with the molecular vibrational 

modes (i.e. free exciton model), this is a valid assumption when 𝜆2𝜔0 |𝐽|⁄ ≪ 1 where 𝜔0 is the molecular 

vibrational quantum and 𝜆2 the Huang-Rhys (H-R) factor that quantifies the shift between ground and 

excited state PES minima24. The latter condition implies also the Born-Oppenheimer (BO) regime. 

Within these assumptions the general molecular exciton eigenstate of Eq. (C.4.1) is described by a 
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coherent superposition of product states (i.e. an entangled state) in which only one monomer carries the 

electronic excitation21,22,27  

|ξ𝑘⟩ = ∑ 𝜓𝑘𝑚|𝜆𝑚⟩𝑀
𝑚=1            s.t.    ⟨ξ𝑘′|�̂�|ξ𝑘⟩ = 𝐸𝑘𝛿𝑘𝑘′    C.4.6 

𝐸𝑘 = 𝜖𝑒𝑥𝑐 + ∑ 𝜓𝑖𝑘
∗ 𝜓𝑗𝑘𝐽𝑖𝑗𝑖≠𝑗 = 𝐸𝑒𝑥𝑐 − 𝐸𝐺𝑆 + ∆𝐷𝑒𝑥𝑐 + 𝐿(𝑘)    C.4.7 

the coefficients 𝜓𝑛𝑘 must be chosen in order to satisfy the conditions 

∑ 𝜓𝑖𝑘′
∗ 𝜓𝑗𝑘𝐽𝑖𝑗𝑖≠𝑗 = 𝛿𝑘𝑘′𝐿(𝑘)           s.t.  ∑ 𝜓𝑖𝑘′

∗
𝑖 𝜓𝑖𝑘 = 𝛿𝑘𝑘′     C.4.8 

With PBC and no disorder (i.e. all monomers have equal excitation energies), by virtue of translational 

symmetry, the energy eigenstates coefficients of (C.4.6) are discrete plane waves29  

|ξ𝑘⟩ =
1

√𝑀
∑ 𝑒𝑖

2𝜋

𝑀
𝑘𝑚𝑀

𝑚=1 |𝜆𝑚⟩            −𝑀/2 ≤ 𝑘 ≤ 𝑀/2      C.4.9 

where 𝑀 is total number of monomers. Without inter molecular interactions the excited states (C.4.9) are 

M-fold degenerate with respect to the wave vector index k. This degeneracy is removed when we take 

into account the inter molecular interactions 𝑉𝑛𝑚. In molecular crystals the latter is usually small49,53 and 

one can assume weak coupling regime (i.e. |𝐽| ≪ 𝐸𝑒𝑥𝑐 − 𝐸𝐺𝑆). Hence, in the first order perturbation 

theory, the excitation energies are49  

⟨ξ𝑘|�̂�|ξ𝑘⟩ = 𝐸(𝑘) = ⟨𝜆�̅�|�̂�|𝜆�̅�⟩ + 𝐿(𝑘) = ∆𝜖𝑒𝑥𝑐 + ∆𝐷𝑒𝑥𝑐 + 𝐿(𝑘)   C.4.10 

where 

∆𝜖𝑒𝑥𝑐 = 𝐸𝑒𝑥𝑐 − 𝐸𝐺𝑆       C.4.11 

𝐿(𝑘) =
1

𝑀
∑ 𝐽𝑚𝑚′𝑒𝑖

2𝜋

𝑀
𝑘(𝑚−𝑚′)

𝑚≠𝑚′ =
1

𝑀
∑ 𝐽𝑚𝑚′𝑐𝑜𝑠 (

2𝜋

𝑀
𝑘(𝑚 − 𝑚′))𝑚≠𝑚′ =  

2

𝑀
∑ (𝑀 − �̃�)𝐽�̃�𝑐𝑜𝑠 (

2𝜋

𝑀
𝑘�̃�)𝑀−1

�̃�=1       C.4.12 

Where �̅� indicate a certain fixed monomer in the aggregate. Eq. (C.4.11) gives the isolated monomer 

transition energy; Eq. (C.4.12) is an exciton splitting term49,53 , usually called zonal component29, related 
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to monomer excited state delocalization via the inter-molecular couplings 𝐽𝑛𝑚. Last relation in (C.4.12) 

is valid whenever 𝐽𝑚𝑚′ = 𝐽�̃�=|𝑚−𝑚′|, i.e. for translational invariant couplings as for the Coulomb 

interaction. In the dimer case (i.e., N=2) Eq. (C.4.12) gives the known Davydov exciton splitting term 

and represents an interaction energy due to exchange of excitation energy between the two molecules53. 

With increasing number of monomers, a quasi-continuum band of N molecular excited states forms as 

the result of the delocalization of the single monomer excited state due to inter molecular coupling and 

is expressed by the energy dispersion relation (C.4.10); if one assumes only nearest neighbors coupling 

𝐽 , the value of 𝑊 = 4|𝐽| is a measure of exciton bandwidth24. By relation (C.4.12) one can also evaluate 

a group velocity as 𝑣𝑔(𝑘) ≡
𝑅

ℏ

𝜕𝐸(𝑘)

𝜕𝑘
= −

2𝐽𝑅

ℏ

𝑁−1

𝑁
𝑠𝑖𝑛(𝑘) and an exciton effective mass19 𝑚∗(𝑘) ≡

(
𝑅

ℏ

𝜕𝑣𝑔

𝜕𝑘
)
−1

= −
ℏ2

2𝐽𝑅2

𝑁

𝑁−1

1

𝑐𝑜𝑠(𝑘)
 , where 𝑅 is neighboring monomers distance. We can see that, when the 

coupling is weak, like in molecular crystals, dispersion is small and negligible. The wavevector index k 

is associated to the number of nodes of the molecular exciton wave-function (C.4.9). In molecular exciton 

wave-functions, the nodes correspond to a change in the phase relation between transition dipoles53, so 

for a 1D aggregate only the node-less (i.e. 𝑘 = 0) excited state is optically allowed from the ground 

state24,35.   

 

 Appendix C5 – 1D aggregate energy dispersion from intra-chain 

molecular couplings 

If we consider the higher energy polymer excited states (𝑘 ≠ 0) of the same band associated to the 

monomer excited state |𝜑𝑒𝑥𝑐⟩, one gets  

∆𝜂𝜉𝑘
≈ Γ−1 (𝐸𝜉𝑘

𝑝𝑙𝑎𝑠,𝑝𝑜𝑙 − 𝐸𝑒𝑥𝑐
𝑝𝑙𝑎𝑠,𝑚𝑜𝑛) = Γ−1∆𝐸𝜉𝑘

𝑝𝑙𝑎𝑠
     C.5.1 

∆𝐸𝜉𝑘

𝑝𝑙𝑎𝑠 =
1

𝑀
∑ 𝐽|𝑚−𝑚′|𝑐𝑜𝑠 (

2𝜋

𝑀
𝑘(𝑚 − 𝑚′))𝑚≠𝑚′ =

2

𝑀
∑ 𝐽�̃�(𝑀 − �̃�)𝑐𝑜𝑠 (

2𝜋

𝑀
𝑘�̃�)𝑀−1

�̃�=1      C.5.2 

𝐽�̃� = 2(�̃�𝑅)−1 − (�̃�𝑅 + 𝑑)−1 − (�̃�𝑅 − 𝑑)−1        C.5.3 

Where −𝑀/2 ≤ 𝑘 ≤ 𝑀/2. In Figure C.5(a)-(d) we have reported Eq. (C.5.2) as a function of polymer 

excited state (wavevector) index k considering a progressively increasing total number of monomers 𝑀 
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starting from at least M = 2. One can see how a quasi continuous band of electronic excited states forms 

as the number of monomers increases. Energy dispersion is more pronounced for closer inter molecular 

distances 𝑅, since Coulomb coupling terms 𝐽�̃� are stronger. We can observe also that the nearest 

neighbors approximation is quite good even for closer inter monomer distances and can be 

straightforwardly used instead of considering all the inter molecular couplings.  

  

 
 

Figure C.5 –Exciton energy splitting vs excited state index k (i.e, dispersion relation) for a one-dimensional 

chain J-aggregate considering different inter monomer distances R = a + d (d is the single monomer length 

and distance a permits to vary inter-monomer distance by keeping d fixed) and by varying total number of 

monomers M. 
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5 Conclusions 
 

 

 

The original contribution of this PhD activity is the ab-initio investigation of the electronic and optical 

properties of a J-aggregate composed of push-pull organic dyes, that represents a realistic prototype for 

the study of the microscopic understanding of the optical excitations in complex molecular crystals with 

enhanced light-matter interaction, beyond the most often studied case of oligo-acenes or polithiopenes 

aggregates. We can summarize the main outcomes and conclusions of this PhD activity as follows:  

 

(1) In the first part dedicated to the TDDFT first principles results, we showed that the J-band, i.e., the 

intense peak dominating the absorption onset of the molecular aggregate, results from a collective 

molecular behavior coming from solid-state effects (i.e. inter-molecular Coulomb couplings) and its red-

shift with respect to the single molecule absorption onset cannot be fully explained by considering 

separated portions of the aggregate. Since the overall red-shift of that narrow band results from competing 

microscopic coupling mechanisms, the only way is to take into account all the inter-molecular 

interactions in the first-principles simulation.   

 

(2) In the second part, we adopted a framework alternative to TDDFT, namely MBPT. The description 

of correlated many-body effects, coming from two-particle interactions (i.e., electron-hole interaction), 

proper of the MBPT approach, clearly showed a further advancement in the characterization of the optical 

spectra of J-aggregates and of the corresponding electronic excitations. Specifically, we found that the 

J-band is formed by a several number of excitations the most intense of which, responsible for the strong 

optical absorption, exhibits a combination of inter- and intra-molecular charge-transfer (CT) behavior 

where there is coexistence between inter and intra-molecular interactions. This mixed character results 

from the dense molecular packing which favors electron delocalization around neighboring molecules 

and the push-pull nature of the constituting molecules and cannot be caught by the TDDFT approach 

used in the first part. In the specific system under investigation, the push-pull mechanism of the single 

monomers determines a significantly different optical behavior from that found for low lying excited 

states in oligoacenes95,139 (e.g. pentacene95) where basically the constituent molecular units, not being 

polar, do not manifest any intra-molecular CT character. Excitations within the J-band with very weak 

intensity and pronounced intermolecular CT character have been also found.  



 82 

In summary, the MBPT approach improved the TDDFT one as it showed a better description of CT states 

which comes out from using a non local screened exchange interaction with the correct long range 

Coulomb-like behavior102,104, missing in TDDFT with standard (semi)local xc kernel (e.g. LDA, PBE), 

and also it included BZ k-points other than Γ (while in the TDDFT framework we worked strictly at Γ). 

Nevertheless, the TDDFT results remain still valid for what concerns the description of those excited 

states with no (or very low) inter-molecule CT character, i.e., those in which there is no inter-molecular 

electron transfer and each molecule stays charge neutral. 

 

(3) In the last part of this work we showed the non-plasmonic behavior of the J-band that results from 

the microscopic polarization mechanisms inside the crystal and is physical explained in terms of the 

couplings between the molecular transition densities. Specifically, we demonstrated that a bright 

excitation in a molecular system such as the J-band of J-aggregates, even when coming from a collective 

mechanism which manifests a strong absorption, may have no relation with plasmonic behavior. In fact, 

excitations with similar absorption spectrum (e.g. a linear molecular aggregate vs a quantum wire with 

same total oscillator strengths) may have difference in their plasmonic character since the latter strictly 

depends on the Coulomb interaction between the molecular transition dipoles formed within the medium. 

The presence or not of an equal amount of positive and negative displaced charges internal to the medium, 

while makes no difference for the total oscillator strength, it does for the plasmonic behavior. With this 

result, we respond to the surrounding question whether or not any strong absorption band, with some sort 

of collective character in its microscopic origin, shares the status of plasmon.        

 

The overall picture that emerges from this study is that the optical character of the J-band in a J-aggregate 

results from a complex interplay between collective crystal-like interactions and intra-molecular 

interactions. The usual textbook picture of the optical properties of J-aggregates (specifically the J-band) 

is based on the excitonic delocalization on several molecules of a neutral molecular excitation. Such 

excitation may or may not have an intra-molecular CT character depending on the molecular features, 

but no inter-molecular CT character is involved. Our rigorous first-principles results showed that reality 

is more complex than that. We find that the J-band clearly mixes with inter-molecular CT excitations not 

accounted for by the standard picture. One can also relate the inter- and intra-molecular CT behavior 

with the non-plasmonic character of the excitations within the J-band: the presence of both intra- and 

inter-molecular CT effects within the J-band favors localized electronic states and makes the induced 

charge density not-homogeneous within the unit cell, thus deviating from the ideal electron gas behavior 
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(i.e., completely delocalized states) which is the reference point for plasmonic-like systems. This fact 

directly reflects on the non-plasmonic character of the J-band.    

Our results showed also the need to use a numerical first-principles approach to overcome the limits of 

the simplified theoretical analytical models used so far to describe extended molecular aggregates since 

the latter are not able to: (i) account for ground state variation of the molecules in aggregate phase due 

to solid-state effects (e.g., van der Waals interactions); (ii) account for exchange of electrons between 

different molecules which is non-negligible when there is molecular wavefunctions overlap in densely 

packed aggregates; (iii) simulate complex realistic crystal morphologies beyond the simple 1D chain 

model; (iv) describe the presence of multiple excited states within the J-band, including those with pure 

charge transfer character (i.e. dark excited states) that would not be possible to detect with conventional 

absorption experiments; (v) represent microscopic physical quantities (e.g., induce charge densities, 

exciton joint probability density functions, etc.) that help to analyze the character of the optical 

excitations. 

 

With these findings and their interpretation, on the one hand we have contributed to clarify the character 

of excitations in organic semiconductors; on the other hand we have contributed to a better understanding 

of the optical properties of J-aggregate molecular crystals that have been also analyzed through the 

unconventional perspective of molecular plasmonics materials. In a more general way, we have also 

demonstrated the power of first-principles methods to study nanomaterials.    

 

In the future, we are planning to quantify, in addition to the plasmonic character, also the excitonic 

character of the optical excitations in the single push-pull dye and J-aggregate. This will proceed through 

the definition and application of an excitonic index, on top of the plasmonic one (i.e., GPI) used in this 

work. Through the excitonic index we shall provide a measure of the electron-hole interaction strength 

associated to an optical excitation in a molecular-like system or nanostructure.  
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