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Abstract

Radical emitters have attracted considerable interest because of their potential to

surpass the limitations of singlet emitters due to spin statistics, thereby revolutionizing

organic LEDs. Utilizing the well-known Pariser-Parr-Pople (PPP) model for correlated

electrons in π-conjugated systems, we perform extended CISDT (XCISDT) calculations

to explore the photophysics of various phenalenyl radicals differently decorated with

nitrogen atoms. By introducing the PPP particle-hole difference operator and connect-

ing it to DFT calculations, we offer a new tool for predicting highly emissive organic

radicals using ground state quantum chemistry methods.

1 Introduction

Traditionally, organic light-emitting diodes (OLEDs) have used closed-shell organic molecules

or phosphorescent materials to attain high electroluminescence efficiency. These devices typ-

ically depend on singlet or triplet exciton emission processes. Due to the singlet nature of

the ground state, triplet excitons are non-emissive because of spin-conservation rules during
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light-emission process. In first generation OLEDs, triplet excitons act as substantial energy

sinks, thus restricting their internal quantum efficiency to a disappointing 25% due to spin

statistics. To overcome this limitation, several approaches have been developed to make

triplet excitons emissive, thereby enhancing the maximum internal efficiency of OLEDs to a

satisfactory 100%. One strategy involves phosphorescent chromophores, where the inclusion

of heavy metals promotes intersystem crossing.1,2 Another strategy involves emitters that

exhibit thermally activated delayed fluorescence (TADF),3–11 as well as a combination of

TADF and fluorescent systems used in hyperfluorescence OLEDs.12 Additionally, multireso-

nant charge-transfer (MR-CT) emitters are also utilized.13–24 On top of this, there has been

a recent surge of interest in organic radicals as innovative emitters for OLED devices.25–34

Organic radicals, characterized by their open-shell nature with one or more unpaired elec-

trons, open the door to a new mechanism for light emission in OLEDs. Notably, organic

radicals bypass singlet and triplet states, emitting light through transitions from a spin

doublet excited state to a doublet ground state. This spin-allowed process eliminates the

need for intersystem crossing, potentially resulting in higher quantum efficiencies since all

recombination processes can contribute to light emission without substantial non-radiative

losses.

The strong electron correlation potentially present in organic radicals complicates the

calculation of their excited state properties. Consequently, employing quantum chemistry

methods that can effectively handle the multiconfigurational nature of these electronic states

becomes highly desirable. Among them, we mention multiconfigurational self-consistent

field (MCSCF),35 complete active space self-consistent field (CASSCF)28,36,37 together with

second-order perturbation theory (either CASPT238 or NEVPT234), state-specific multiref-

erence perturbation theory (SSMRPT),39 configuration interaction singles and doubles (CISD),35

coupled cluster,40,41 spin-flip restricted active space configuration interaction (SF-RASCI),42–52

and complete active space configuration interaction density functional theory (CASCI-DFT).53

However, the application of these methods has been confined to rather small systems. As
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a result, conventional ground-state DFT and excited-state time-dependent DFT (TDDFT)

methods remain attractive for studying organic radicals, despite the previously mentioned

theoretical difficulties.25–31,33,54–60 Due to the possible spin-contamination issues in the un-

restricted version of TDDFT for open-shell molecules, explicitly spin-adapted TDDFT (X-

TDDFT) is typically employed. Additionally, spin-polarized DFT calculations incorporating

many-body perturbative corrections at the G0W0 level have also been utilized.61

We employ an alternative approach by conducting a comprehensive study of various

phenalenyl radicals using the Pariser-Parr-Pople (PPP) model Hamiltonian to account for

electron correlation in π-conjugated molecules. Developed in the 1950s,62–64 this model has

been successful in accurately describing the ground state and excited state properties of vari-

ous small organic molecules.63,65–74 The PPP model has recently made a comeback to address

singlet-triplet (ST) inversion in some OLED emitters,17,19,75 as well as doublet emission in

both planar and non-planar organic radicals.76,77 Although the PPP model was originally

designed for π-conjugated hydrocarbons, it can be adapted to accommodate non-planar sys-

tems by incorporating additional terms that account for deviations from planarity.74,77–81

Moreover, the model can be extended to systems containing heteroatoms by adjusting its

key parameters against experimental data.17,82–86 These adaptations significantly broaden

the applicability of the PPP model, enabling its use in the study of strong radical emitters

that are both non-planar and contain heteroatoms.25–34

An important symmetry inherent to the PPP model, but only approximately followed

by more advanced (all-electron) Hamiltonians, is the so-called particle-hole (ph) symme-

try. Alternant hydrocarbons provide a real molecular framework where this symmetry is

closely approximated.76,87–99 In such hydrocarbons, the carbon atoms can be divided into

two distinct sets through a specific marking process: every other carbon atom is marked

with a star, ensuring that no two starred carbons share a direct covalent bond. As a result,

starred carbons only bond with unstarred carbons, and vice versa. Rings composed of an

even number of atoms satisfy this condition, while rings with an odd number of atoms do
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not (see SI Section S3 for examples of alternant and non-alternant hydrocarbons). The PPP

particle-hole symmetry in alternant hydrocarbons is reflected in the unique arrangement of

their orbital energy levels and the specific structure of the molecular orbitals (MOs). In

alternant systems, MOs come in pairs with corresponding positive and negative energies.

If the alternant system has an even number of atoms, the negative energy levels are fully

occupied in the ground state, while the positive levels remain empty; thus, bonding and

antibonding MOs appear as occupied-virtual pairs. Alternant hydrocarbons with an odd

number of atoms have an additional feature, namely a singly occupied non-bonding orbital

at zero energy (see SI Section S3). Finally, the particle-hole symmetry in the PPP model

assumes the absence of heteroatoms. Therefore, when heteroatoms are introduced into the

structure of an alternant hydrocarbon, they alter the energies of the bonding and antibonding

molecular orbitals, resulting in an asymmetry among the energy levels.

In this work, we use the PPP model to investigate particle-hole symmetry breaking and its

effect on doublet emission in several phenalenyl radicals differently decorated with nitrogen

atoms. By comparing with PPP full-CI results, we demonstrate that triple excitations are

necessary to accurately address both particle-hole symmetry breaking and doublet emission

in organic radicals.

The objective of the PPP model is not to provide quantitatively accurate results for

individual molecules.19,100 Rather, PPP serves as a robust and simple method that, when

applied to various molecular structures, reveals qualitative trends regarding the effects of

electron correlation in π-conjugated molecules. The new insights obtained from this approach

will help establish general and reliable guidelines for the rational design of novel organic

radicals with strong doublet emission.
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Figure 1: Molecular structures of three prototypical triangular organic radicals, namely
phenalenyl (PLY), triazaphenalenyl (PLY-3N), and hexaazaphenalenyl (PLY-6N).

2 Methods

The PPP model is the most straightforward model for studying correlated electrons in π-

conjugated molecules. Like the Hückel model, it only considers the 2pz atomic orbitals

(AOs) that are perpendicular to the molecular plane at each atomic site. However, unlike

the Hückel model, the PPP model incorporates electron-electron (e-e) interactions using the

zero differential overlap (ZDO) approximation, which ignores overlap integrals between 2pz

orbitals on different atoms. The PPP model Hamiltonian in the real-space (RS) atomic

orbitals (AO) picture reads:

ĤPPP =
∑
µ

εµn̂µ −
∑

µν,ν>µ

∑
σ

tµν
(
â†µσâνσ + â†νσâµσ

)
+
∑
µ

Uµn̂µ↑n̂µ↓ +
∑

µν,ν>µ

Vµν (Zµ − n̂µ) (Zν − n̂ν) (1)

where âµ,σ and â†µ,σ annihilates and creates, respectively, an electron with spin σ on atom

µ, and n̂µ =
∑

σ â
†
µσâµσ counts the total number of electrons on site µ. The parameters

in the first line of the Hamiltonian above are defined as follows: εµ is the on-site orbital

energy, while tµν the hopping amplitude between atomic sites µ and ν. Specifically, in the

PPP model, hopping is restricted to atoms connected by a σ-bond. The second line of the
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Hamiltonian accounts for electron-electron interactions: Uµ represents the repulsion between

two electrons on the same atom, Vµν denotes the repulsion between electrons on different

atoms, while Zµ is the charge on site µ when π-electrons are removed (Zµ = 1 for both

carbon and aza nitrogen atoms). We follow the Ohno expression for Vµν :
68,71,101

Vµν =
e2

4πε0

/√
r2µν +

(
εre2

4πε0(Uµ + Uν)

)2

(2)

where the relative dielectric constant εr is set to 2 to represent a typical organic medium.71

The RS PPP Hamiltonian is written on the basis that encompasses all possible states

generated by distributing the n π-electrons among the N atoms. Specifically, the basis

states are selected as eigenstates of the z-component spin operator Ŝz. Accordingly, doublet

states can be singled out by diagonalizing the PPP Hamiltonian in both Sz = 0.5 and

Sz = 1.5 subspaces and looking for states that appear exclusively in the Sz = 0.5 subspace.

Conversely, quartet states correspond to eigenstates that are present in both spin subspaces.

As N grows, the size of the RS basis expands exponentially, reaching 2,944,656 states in the

Sz = 0.5 subspace for the phenalenyl radicals in Fig. 1, leading to Hamiltonian matrices that

are extremely large and sparse. First few eingestates and eigenvalues are derived using the

implicitly restarted Lanczos algorithm as implemented in the ARPACK package.102 This RS

diagonalization yields full-CI results. To facilitate direct comparison with current quantum

chemical techniques, we move to the MO picture of the PPP Hamiltonian. Specifically, in

the mean-field Hartree-Fock (HF) approximation the PPP Hamiltonian in Eq. 1 boils down

to the one-electron Fock operator:

F̂PPP =
∑
µ

(εµ + Jµµ −Kµµ) n̂µ +
∑

µν,µ ̸=ν

(−tµν −Kµν)
∑
σ

(
â†µσâνσ + â†νσâµσ

)
(3)

In accordance with the PPP model, the ZDO approximation was utilized, resulting in a
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diagonal Coulomb operator:

Jµµ =
N∑

λ=1

(Pλλ − Zλ)Vλµ (4)

while the exchange operator reads:

Kµν = (Pµν/2− Zνδµν)Vµν (5)

In Eqs. 4 and 5 the density matrix elements are defined as :

Pµν = 2
SOMO−1∑

k=1

ckµckν + cSOMO,µcSOMO,ν (6)

where in the first term k runs on the doubly occupied MOs in the ground state configuration,

while the second term accounts for the singly occupied MO (SOMO). ckµ are the expansion

coefficients of the k-th MO on the AOs (see SI, Section S1, Eqs. S1 and S2). The Fock

operator above is addressed self-consistently through the variational principle. Typically,

around 40 HF iterations are required to achieve convergence on the density matrix elements.

After obtaining the HF MOs for the ground state configuration |g⟩, single, double, triple,

and higher-order excited configurations are generated by transferring one, two, three, etc.,

electrons from occupied to virtual MOs.

The PPP Hamiltonian is subsequently expressed in the basis defined by the various config-

urations and diagonalized using the CI approach (see SI, Section S1). The PPP Hamiltonian

in the CI basis is considerably less sparse than in the RS basis. However, the results converge

rapidly with the number of excitations,17,75 enabling the reliable analysis of excited states

in phenalenyl radicals.

Molecular excited states |f⟩ derived from the diagonalization of the CI Hamiltonian are

employed to calculate optical spectra. The relevant electric dipole moment operator reads:

ˆ⃗µ = µ̂x⃗i+ µ̂y j⃗ =
∑
µ

(Zµ − n̂µ)(xµ⃗i+ yµj⃗) (7)
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where xµ, yµ are site µ Cartesian coordinates in the molecular plane. Consequently, absorp-

tion spectra are obtained as:

A(ω) ∝ ω
∑
f

|µfg|2 exp
[
(ω − ωfg)

2

2σ2

]
(8)

where the sum runs over the excited eigenstates, ωfg = Ef − Eg is the relevant transition

energy, and µfg = ⟨f |µ̂|g⟩ is the transition dipole moment. We assigned a Gaussian band-

shape (σ = 0.1 eV) to each transition. Transition energies and transition dipole moments

enter the oscillator strength of the |f⟩ ← |g⟩ transition:103

ffg =
2

3

me

h̄e2
ωfg|µfg|2 (9)

where me is the electron mass and e the electron charge. Results presented in this study

were obtained using an in-house PPP code in Fortran. This code extends the capabilities of

the version introduced in Ref. 17 to handle open-shell systems.

3 Results & Discussion

3.1 PLY, PLY-3N and PLY-6N as playground systems

In this study, we begin by focusing on the three phenalenyl radicals depicted in Fig. 1.

Phenalenyl (PLY) is an odd-alternant hydrocarbon with D3h symmetry that has been ex-

tensively studied in its ground state using magnetic resonance techniques.104–108 In contrast,

little research on PLY has been conducted using optical spectroscopy, making it challeng-

ing to model its excited state properties. In Refs. 109,110, a weak absorption maximum

at ∼2 eV is reported for PLY in MeTHF-ethanol mixture (7:1 v/v). When it comes to

azaphenalenyls, experimental data are even scarcer, and relevant systems often need to be

kinetically stabilized by bulky groups.111–115 For instance, in Ref. 113, an absorption peak
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slightly below 2 eV is observed for perchloro-2,5,8-triazaphenalenyl radical.

Fortunately, PPP parameters for carbon atoms are well-defined and transferable across

various π-conjugated molecules.63,68,71,116,117 Specifically, we set the carbon on-site energy

to zero, use a standard on-site electron-electron interaction value of UC = 11.26 eV, and a

nearest-neighbor C-C hopping value of t = −2.4 eV. The situation is different for nitrogen

atoms, as there is no universally accepted set of PPP parameters for them.67–71,116,118–124 In

this study, if not differently stated, we will use the aza nitrogen PPP parameters identified

by Bedogni et al.17 for 2T triangulenes, setting the on-site electron-electron repulsion to

UN = 15.5 eV and the site energy εN to -5 eV. The hopping integrals for C-N bonds were

set to the same value as those for C-C bonds, a decision that has minimal impact on the

results (see SI Section S2). For the molecular geometry, we set all bond angles to 120° and

all bond lengths to 1.4 Å. Results for different geometries show only marginal differences, as

detailed in SI Sections S2 and S5.

As outlined in Section 1, commonly used all-electron methods for organic radicals un-

derscore the critical importance of accurately representing the potentially strong multicon-

figurational nature of electronic states in these compounds. However, the rapid growth in

the number of multiple excited configurations makes higher-order studies with all-electron

methods impractical for large systems. In contrast, the PPP model, with its minimal active

space, is particularly well-suited for examining the role of higher-order excited configurations

in organic radicals. It is important to exercise caution when extending pure spin excited state

theories from closed-shell systems to radicals, as the definition of excitation levels needs to be

re-evaluated. Specifically, single excitations must be expanded to include double excitations

which involve the simultaneous promotion of an α electron from the SOMO to virtual MOs

and the promotion of a β electron from occupied MOs to the SOMO.125 This leads to the

spin pure extended CIS (XCIS) theory for the excited states of radicals.77,125 The extension

to higher order excitations leads to XCISD, XCISDT, etc. In the following we will always

use the extended version of the corresponding CIs to preserve spin-purity.
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Figure 2: Excitation energies of the first few electronic states of PLY (panel a), PLY-3N
(panel b), and PLY-6N (panel c) at various theoretical levels, together with the relative
contributions of singly (S), doubly (D), triply (T), and quadruply (Q) excited configurations
for the first seven doublet and quadruplet eigenstates of PLY (panel d), PLY-3N (panel e),
and PLY-6N (panel f) calculated at the PPP-XCISDT level. Model parameters are specified
in the main text.

The transition energies shown in Fig. 2a, b and c, demonstrate that truncating the

expansion at the XCISD level stabilizes the ground state, but the stabilization of the excited

states due to triple excitations is lacking. Consequently, XCISD overestimates transition

energies, an error that is corrected when triply excited configurations are fully included, as

also shown by the absolute energies in Fig.S5 in the SI, Section S4.

Panels d, e and f reveal the relative contributions of single (S), double (D), triple (T),

and quadruple (Q) excitations in the lowest seven eigenstates of PLY, PLY-3N and PLY-

6N. Singly and triply excited configurations have a negligible impact on the ground state
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of the three molecules. In accordance with Brillouin’s theorem, single and triple CIs do

not directly mix with the ground state configuration, and their contribution is limited to

indirect interactions with doubly excited configurations. In the first few excited states, the

three molecules show double and triple excitations contributing similarly, around 10%. This

finding aligns with our results for 2T triangulenes in Ref. 17 and indicates that a reliable

approach to the excited states of these molecules should include not only double, but also

triply excited configurations. Accordingly, given its balance between computational cost and

accuracy, PPP-XCISDT was employed for the exploratory studies in this work. Comparison

between PPP-XCISDT and ab initio CASSCF/CASPT2 results for PLY, PLY-3N, and PLY-

6N is reported in the SI, Section S5.

Furthermore, Fig. 2 tells something more. In panel a, PLY lowest excited state is 2E ′′

and, since its ground state transforms as 2A′′
1, the

2E ′′ ← 2A′′
1 transition is allowed by point

group symmetry. However, it is forbidden by particle-hole symmetry, so that the calculated

transition dipole moment is null (see below). We note that the weak absorption maximum

observed experimentally for PLY at approximately 2 eV109,110 can be reproduced by incor-

porating inductive effects in the PPP model. Indeed, the PPP particle-hole symmetry can

be relaxed by inductive effects126 (see SI Section S6). PLY second excited doublet state is

dark by point group symmetry, transforming as 2A′′
2, and no effect of particle-hole symmetry

breaking is expected. In panel b, the three aza nitrogens on the molecular rim stabilize

the 2A′′
2 dark state by ∼0.5 eV with respect to PLY. This effect is not observed for the

2E ′′ doublet, which, however, gains oscillator strength due to partial particle-hole symmetry

breaking induced by doping with three nitrogen atoms on the molecular rim (as discussed

below). In panel c, the six nitrogens stabilize the 2A′′
2 dark state so much that it ends up

below the doubly degenerate state, which remains almost at the same energy as in PLY

and PLY-3N. In both PLY-3N and PLY-6N, the nitrogen atoms located on the rim play a

more significant role in breaking particle-hole symmetry compared to the minor PPP on-site

energy variations induced by inductive effects. Finally, in all three cases the first excited
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quartet state 4A′
1 is always well above both 2E ′′ and 2A′′

2 doublet excited states, being not

appreciably affected by the increasing number of aza nitrogen atoms on the molecular rim.

Figure 3: Particle-hole symmetry breaking effects on optical spectra of PLY-3N (panels a-d)
and PLY-6N (panels e-h). (a) Absorption spectra of PLY-3N: colored lines show results for
several εN values (same color code as in panels b and c), the crosses mark the position of
the first dark doublet excited state. Calculated spectra are normalized to the maximum
absorbance of the most intense spectrum; (b) Expectation value of the difference operator
calculated on PLY-3N ground state for different εN values; (c) PLY-3N oscillator strength
relevant to the first bright doublet excited state for different εN values; (d) PLY-3N frontier
PPP-HF-MOs for two values of εN ; (e) The same as (a) for PLY-6N; (f) The same as (b) for
PLY-6N; (g) The same as (c) for PLY-6N; (h) The same as (d) for PLY-6N. All calculations
performed at PPP-XCISDT level.
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To better quantify particle-hole symmetry breaking, we introduce the difference operator,

defined as the difference between the original PPP Hamiltonian in Eq. 1 and the PPP

Hamiltonian transformed by particle-hole symmetry (see SI Section S7 for its derivation):

D̂ =
∑
µ

[Uµ + 2εµ] (n̂µ − 1) (10)

where the term in the square bracket is constant if there is no heteroatom in the system. The

absolute value of the ground state expectation value |⟨D̂⟩| = |⟨g|D̂|g⟩| is a direct measure of

how much the particle-hole symmetry is broken, which in turn impacts the optical transition

probabilities. In the following, we will see how |⟨D̂⟩| changes as a function of the aza nitrogen

PPP on-site energy in both PLY-3N and PLY-6N. The behavior observed for |⟨D̂⟩| will be

compared with the oscillator strength of the 2E ′′ ← 2A′′
1 transition, as the lowest energy

transition allowed by point group symmetry but forbidden by particle-hole symmetry.

In Fig. 3, panels a and e show spectra calculated at the PPP-XCISDT theory level,

with the 2A′′
2 dark doublet state indicated by a cross. Results are shown across a range of

aza nitrogen PPP on-site energy values, εN , spanning from -6 eV to 0 eV, while keeping

UN = 15.5 eV. This range of energies encompasses scenarios from strongly electronegative

nitrogen to a hypothetical situation where nitrogen electronegativity matches that of carbon,

thus elucidating the role of nitrogen in these systems.

For PLY-3N (Fig. 3a), as the electron-withdrawing nature of the nitrogen increases (i.e.,

with more negative εN), both bright and dark states move first to the blue (εN going from

0 to -2 eV), and then red-shift for -6 eV < εN < -3 eV, with the dark 2A′′
2 doublet lying

below the bright 2E ′′ state for εN = −6 eV. In panel b, the absolute value of the ground

state expectation value of the particle-hole difference operator first decreases, reaching a

minimum for εN = −2 eV, and then increases for further stabilization of the aza nitrogen

orbital. Indeed, when εN = −2 eV the term in the square bracket in Eq. 10 is equal

to 11.5 eV in the case of nitrogen atoms and to 11.26 eV for carbon atoms, thus making
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minimal the particle-hole symmetry breaking as well as the oscillator strength of the 2E ′′

← 2A′′
1 transition (see panel c). Moving away from εN = −2 eV, particle-hole symmetry is

increasingly broken, |⟨D̂⟩| increases, and the oscillator strength of the 2E ′′ ← 2A′′
1 transition

blows up.

Moving to PLY-6N (Fig. 3e), both dark and bright states again first blue-shift when

the aza nitrogen PPP on-site energy is made more negative (i.e., −2eV< εN <0), and then

red-shift for εN going from −3 eV to −6 eV. Here, the dark 2A′′
2 state lies below the bright

one for εN ≤ −5 eV. Similarly to PLY-3N, both |⟨D̂⟩| (panel f) and oscillator strength of

the 2E ′′ ← 2A′′
1 transition (panel g) show a minimum for εN = −2 eV, increasing for either

εN ≤ −3 eV or εN ≥ −1 eV.

The Hartree-Fock molecular orbitals of PLY-3N and PLY-6N, depicted in Fig. 3d and

h, respectively, offer additional insights on the particle-hole symmetry breaking. PLY-3N

shows a doubly degenerate HOMO within the εN range considered, while the roles of LUMO

and LUMO+1 are reversed when increasing the electron-withdrawing character of the aza

N atoms. In the case of PLY-6N, for increasingly negative εN values we have a change in

the nature of HOMO and HOMO-1 as well as LUMO and LUMO+1. For comparison, the

HF-MOs relevant to PLY are provided in SI Section S3. Unlike PLY-3N and PLY-6N, PLY

exhibits energy levels that are symmetrically distributed above and below the SOMO.

The varying |⟨D̂⟩| and oscillator strength behavior observed for PLY-3N and PLY-6N

with changes in the aza nitrogen PPP site energy underscores the crucial role played by het-

eroatoms on the phenalenyl rim in breaking the particle-hole symmetry. Figure 4 illustrates

|⟨D̂⟩| and the oscillator strength dependence on the phenalenyl rim parameters, specifically

εN and UN . The green dot on the maps corresponds to the PLY parameters, where the rim is

only composed of carbon atoms. If starting from this point we start decorating sites 2, 6, and

10 (cf. Fig. 1) with electron-withdrawing atoms, with progressively more negative on-site

energy, the particle-hole symmetry breaking is strengthened as shown by increasingly larger

values of the average difference operator. As a result, the color map on the right also shows

14

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2 ORCID: https://orcid.org/0000-0002-0843-4191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2
https://orcid.org/0000-0002-0843-4191
https://creativecommons.org/licenses/by/4.0/


Figure 4: Left color map illustrates how |⟨D̂⟩| varies with UN and εN . Right color map
reports how the oscillator strength of the transition 2E ′′ ← 2A′′

1 depends on UN and εN . In
each map, the green dot indicates the parameters relevant to PLY, while the red dot those
relevant to PLY-3N. Calculations performed at the PPP-XCISDT level, using the model
parameters specified in the main text.

an increasing oscillator strength for the 2E ′′ ← 2A′′
1 transition. However, upon increasing

the on-site electron repulsion on sites 2, 6, and 10 from the value relevant to carbon atoms

to that relevant to nitrogen atoms, the entity of the particle-hole symmetry breaking gets

reduced. The red dot on the map corresponds to the parameters relevant to PLY-3N. For

the sake of completeness, corresponding color maps obtained decorating sites 1, 3, 5, 7, 9,

and 11 (cf. Fig. 1) with electron-withdrawing atoms are reported in the SI Section S8 and

show a similar behavior.

3.2 Breaking the Symmetry: The Effect of Nitrogen Doping

The molecules discussed so far belong to the D3h point group and have a low-energy dark

doublet (2A′′
2) state that gets stabilized by the increasing number of aza nitrogens on the

molecular rim. In order to further investigate the rim role in phenalenyl radicals, we deco-

15

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2 ORCID: https://orcid.org/0000-0002-0843-4191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2
https://orcid.org/0000-0002-0843-4191
https://creativecommons.org/licenses/by/4.0/


Figure 5: Decorating the rim of the phenalenyl radical with an increasing number of aza
nitrogens. Calculated absorption spectra (panel a), oscillator strength integrated over the 0
eV - 3 eV spectral range (panel b), and absolute value of the ground state expectation value
of the difference operator (panel c) for six different phenalenyls decorated with an increasing
number of aza nitrogen atoms on the rim. In panel a, colored crosses mark the position of
PLY-3N and PLY-6N first dark doublet state. In panel a, spectra are normalized to the
maximum absorbance of the most intense spectrum. In panels b and c, a black dot is used
for PLY results. Other parameters are defined in the main text. Calculations performed at
the PPP-XCISDT theory level.

rated the external edge of PLY with an increasing number of aza nitrogen atoms, as shown

in Fig. 5. All spectral features shift to the red as the number of N atoms on the external

rim increases (see Fig. 5 panel a). The first dark (2A′′
2) doublet state shifts from ∼2.2 eV

in PLY-3N to ∼1.5 eV in PLY-6N. When the molecular symmetry deviates from D3h, the

doublet dark state gains sizeable oscillator strength. A second weaker absorption peak ap-

pears at ∼2.6 eV in PLY-1N and gradually red-shifts when increasing the number of aza

N atoms on the rim. Accordingly, in PLY-2N, PLY-4N and PLY-5N, the two absorption

peaks observed in PLY-1N collapse into a single peak that moves to lower energies with the

increasing number of aza N atoms. Quite interestingly, in PLY-1N a single aza nitrogen is

already able to induce particle-hole symmetry breaking as also shown by a |⟨D̂⟩| value of
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∼1.4 eV (panel c). By adding a second nitrogen atom as in PLY-2N, |⟨D̂⟩| goes to ∼2.8

eV. By inspection of panel c, we see that each nitrogen atom contributes ∼1.4 eV to the

|⟨D̂⟩| value. Similar behavior is shown by the oscillator strength, with each aza N atom

contributing ∼0.02 (panel b). Additional systems differently decorated with nitrogen atoms

are shown in the SI Section S9.

Results discussed so far demonstrate the utility of the PPP model and |⟨D̂⟩| in predict-

ing radicals with significantly broken particle-hole symmetry as extremely promising doublet

emitters for OLED with 100% internal quantum efficiency. Realistic (all-electron) hamiltoni-

ans do not strictly obey particle-hole symmetry, as it is only an approximate symmetry. The

half-filled (i.e., one electron per site on average) PPP model inherently assumes particle-hole

symmetry. The degree to which this symmetry is preserved in more advanced all-electron

Hamiltonians depends on how closely the assumptions of the PPP model align with the

specific system being studied. The degree to which particle-hole symmetry is preserved di-

minishes as these systems deviate from the idealized conditions assumed by the PPP model.

Looking back at the difference operator expression in Eq. 10, it relies on the on-

site electron density, weighted by the repulsion between two electrons on the same atom

(Uµ), plus twice the on-site energy (εµ). This calculation is then summed over the en-

tire molecule. Therefore, we can consider whether |⟨D̂⟩| can be determined using the to-

tal molecular energies obtained from quantum chemistry methods. Indeed, an effective

molecular electron-electron repulsion energy Ueff can be estimated as the difference be-

tween the ionization potential and the electron affinity of the PLY radical,127,128 Ueff =

E(PLY −) + E(PLY +)− 2E(PLY ), where E is the DFT ground state radical total energy

in the different oxidation states. Similarly, the effective on-site energy εeff can be obtained

from the radical ionization potential as εeff = E(PLY ) − E(PLY +), thus leading to the

effective |D|eff = Ueff +2εeff . Of course, similar reasoning applies to other radicals as well.

In Fig. 6, we compare |⟨D̂⟩| calculated with respect to the PPP-XCISDT ground state and

DFT ground state. If the quantitative agreement is far from perfect, the qualitative trend
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is well reproduced, with |⟨D̂⟩| increasing as the number of aza nitrogen atoms on the edge

grows.

Figure 6: Particle-hole symmetry breaking in DFT and PPP. Ground state |⟨D̂⟩| calculated
for several phenalenyl radicals at DFT and PPP-XCISDT theory levels. PPP model param-
eters specified in the main text. DFT calculations performed using ROB3LYP functional
with 6-31G(d,p) basis set as implemented in the Gaussian16 package,129 and same regular
geometry used for PPP calculations. DFT results were rescaled with respect to the value of
|⟨D̂⟩| relative to PLY, 6.77 eV.

4 Conclusions

Radical emitters have the potential to achieve 100% internal quantum efficiency in OLED ap-

plications, as their emission arises entirely from spin-allowed doublet-to-doublet transitions.

This ensures that all generated excitons can contribute to light emission, unlike singlet emit-

ters, which are constrained by exciton spin statistics. The emission color of doublet emitters

can be precisely tuned through molecular design, necessitating computational studies to

identify the most efficient species. However, from a theoretical perspective, strong electron

correlation in these systems complicates the calculation of their excited state properties.

Although multiconfigurational approaches are typically employed, their high computational

cost makes them unsuitable for rapid screening and exploratory studies. Consequently, the
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PPP model is a logical choice, offering a simple framework for describing interacting elec-

trons in π-conjugated systems. Due to its simplicity, the PPP model is also well-suited for

examining the impact of higher-order excited configurations on doublet emission. Moreover,

since particle-hole symmetry is an exact symmetry of the PPP Hamiltonian, this model is

ideal for studying its effect on the arrangement of radical MOs and the influence of chemical

substitution. The PPP model, originally formulated for planar π-conjugated hydrocarbons,

can be extended to non-planar systems through the inclusion of terms accounting for out-of-

plane distortions. This expansion significantly enhances the versatility of the model, enabling

its application to non-planar strong radical emitters.

Using PPP, in Fig. 2, we demonstrated that triply excited configurations are important

for accurately addressing excited states of three prototypical phenalenyl radicals, namely

PLY, PLY-3N, and PLY-6N. In PLY, the lowest optical transition is allowed by point group

symmetry, but it is forbidden by particle-hole symmetry, thus making this molecule not

fluorescent and of little interest for OLED applications. Upon rim doping with nitrogen

atoms, the particle-hole symmetry gets destroyed and the 2E ′′ ←2 A′′
1 transition becomes

bright as in PLY-3N and PLY-6N. However, the aza nitrogens on the molecular edge also

stabilize the 2A′′
2 dark state. In the case of PLY-6N, the dark state energy stabilization

is so strong that it ends up below the doubly degenerate state making the molecule not

fluorescent.

To better quantify the entity of the particle-hole symmetry breaking, we introduced the

difference operator D̂ (cf. Eq. 10) as the difference between the original PPP hamiltonian

and the particle-hole transformed one. In Figs. 3 and 4, we performed an exploratory study

investigating the effect of nitrogen PPP on-site energy εN and electron-electron repulsion UN

on particle-hole symmetry breaking and doublet emission in PLY-3N and PLY-6N. In partic-

ular, strong particle-hole symmetry breaking can be obtained in the presence of heteroatoms

where Uµ + 2εµ significantly differs from that of carbon atoms.

In Fig. 5, starting from PLY, we decorated the edge with increasing number of nitrogen
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atoms. Just a single heteroatom along the edge is sufficient to break particle-hole symmetry,

resulting in |⟨D̂⟩| = 1.4 eV. Adding more nitrogen atoms amplifies this effect, with each

additional nitrogen contributing approximately 1.4 eV to the total |⟨D̂⟩| value. Similarly,

the oscillator strength increases with each nitrogen atom, contributing around 0.02 to the

overall value.

Triple excitations are computationally intensive, making their use in all-electron methods

for exploratory studies challenging. However, our analysis indicates that the absolute value

of the ground state average difference operator is already a reliable indicator of particle-hole

symmetry breaking and finite oscillator strength. Although all-electron Hamiltonians do not

follow particle-hole symmetry exactly, it is still possible to calculate an effective |D|eff by

using ground state DFT molecular energies. In Fig. 6, we compared the ground state |⟨D̂⟩|

calculated at both the PPP and DFT levels for several phenalenyl radicals. We found a

strong agreement between the two methods, paving the way for the use of ground state DFT

in the search for new highly emissive organic radicals.
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(121) Zahradńık, R.; Tesařová, I.; Panćı̌r, J. Experimental and theoretical (HMO and LCI-

SCF) study of singlet-triplet transitions in conjugated hydrocarbons and their deriva-

tives. Collection of Czechoslovak Chemical Communications 1971, 36, 2867–2880.

(122) Griffiths, J. Practical aspects of colour prediction of organic dye molecules. Dyes and

Pigments 1982, 3, 211–233.

(123) Grossjean, M. F.; Tavan, P. Wavelength regulation in bacteriorhodopsin and

halorhodopsin: A Pariser–Parr–Pople multireference double excitation configuration

interaction study of retinal dyes. The Journal of Chemical Physics 1988, 88, 4884–

4896.

(124) Albert, I. D. L.; Das, P. K.; Ramasesha, S. Optical nonlinearities in symmetric cyanine

dyes and related systems. Journal of the Optical Society of America B 1993, 10, 1365.

36

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2 ORCID: https://orcid.org/0000-0002-0843-4191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2
https://orcid.org/0000-0002-0843-4191
https://creativecommons.org/licenses/by/4.0/


(125) Maurice, D.; Head-Gordon, M. On the Nature of Electronic Transitions in Radicals:

An Extended Single Excitation Configuration Interaction Method. The Journal of

Physical Chemistry 1996, 100, 6131–6137.

(126) Ramasesha, S.; Soos, Z. Magnetic and optical properties of exact PPP states of naph-

thalene. Chemical Physics 1984, 91, 35–42.

(127) Scriven, E.; Powell, B. J. Toward the parametrization of the Hubbard model for salts of

bis(ethylenedithio)tetrathiafulvalene: A density functional study of isolated molecules.

The Journal of Chemical Physics 2009, 130, 104508.

(128) Di Maiolo, F.; Masino, M.; Painelli, A. Terahertz-pulse driven modulation of electronic

spectra: Modeling electron-phonon coupling in charge-transfer crystals. Physical Re-

view B 2017, 96, 075106.

(129) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheese-

man, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H. et al. Gaus-

sian˜16 Revision B.01. 2016; Gaussian Inc. Wallingford CT.

Figure 7: TOC Graphic

37

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2 ORCID: https://orcid.org/0000-0002-0843-4191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-qghqc-v2
https://orcid.org/0000-0002-0843-4191
https://creativecommons.org/licenses/by/4.0/

