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Abstract

Although the frontier-orbital energies and shapes are commonly used as a starting point

in photoactive molecular design, this approach overlooks the inherently many-body nature

of excited-state wavefunctions. This work highlights why excitation energies cannot only

be considered from the orbital energy and introduces a physically meaningful framework

for interpreting system behavior. The authors present two key parameters that directly

contribute to the excited state energies: the Coulomb attraction and the repulsive exchange

interaction. By analyzing the excited-state energy decomposition, the authors are able to

explain the character of each state as well as the ordering of states in the model systems.

In this work, two model examples are selected to demonstrate the utility of the tool they

developed for energy component analysis and to clarify in which situations the lowest

excited state in either the singlet or triplet state of the molecule does not originate from the

HOMO/LUMO transition. The first model, the push-pull molecule ACRFLCN, illustrates

that the lowest triplet state is a locally excited state that lies below the charge transfer

HOMO/LUMO transition due to stabilization from the Coulomb attraction. The second

model, naphthalene, is used to explain why the singlet HOMO/LUMO transition becomes

the second excited state as a result of enhanced repulsive exchange interaction. Overall,

this study offers a clear way to break down excitation energies into useful physical parts,

supported by an easy-to-understand graphical approach, and applies it to clarify why the

conventional molecular orbital (MO) picture can fail.
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1 Introduction

Electron excitation reaction plays a crucial role in modern chemistry, for example, light-
induced reactions in organic molecules [1, 2], semiconductors [3], and fluorescence [4]. A com-
mon practical strategy for modifying novel light-driven molecules begins with analyzing the
frontier orbital energies, i.e., the energies of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). Many research studies have proposed inter-
esting approaches for manipulating these frontier orbital energies to achieve specific functional
properties [5, 6, 7]. Although this HOMO-LUMO picture can offer a convenient starting point
for qualitative reasoning, it often fails to capture the overall mechanism of the excited state.
This limitation comes not only from neglecting contributions from other molecular orbitals
but also from ignoring geometry relaxation processes [8, 9]. Moreover, different theoretical
methods employ different algorithms to describe the orbital energy, making HOMO/LUMO
energies heavily method dependent [10, 11]. Hence, a more physically based interpretation
tool to decompose the excited energy into meaningful energy components, and also a method
independent, will surely provide valuable insight and significantly improve our understanding
of molecular photophysics and photochemistry.

The paper discussed in this essay proposed a logical framework that defines excitation en-
ergy components for excited state analysis developed from their previous publications [12, 13,
14]. This approach provides a clear physical interpretation of how excited energies can be de-
composed into meaningful contributions and clarifies the limitations of the conventional MO
picture. The authors present a set of correction terms that affect the excited energy beyond
the HOMO/LUMO gap with a handy graphical representation. The first term, referred to as
Coulomb attraction (K2), stabilizes the energy gap between occupied and virtual orbitals due to
attraction from the hole to the excited electron. The second term, exchange repulsion (J2), de-
scribes the exchange interaction between an electron and a hole, which causes the singlet-triplet
splitting. By evaluating these terms, the authors can easily point out when the lowest excited
state (whether a singlet or a triplet state) of a molecule is not derived from the HOMO/LUMO
transition.

To highlight these effects in real molecular systems, two candidate molecules with unique
electronic properties are selected as model systems for the energy component analysis: the
push-pull molecule ACRFLCN and the naphthalene molecule (Fig. 1). The ACRFLCN [15] is
a bichromophoric molecule with a small singlet-triplet gap, making it an ideal case for studying
the different energy components that determine the relative stability of locally excited (LE) and
charge transfer (CT) states. The second molecule, naphthalene, serves as a typical aromatic
molecule where the orbital energies of HOMO-1/HOMO and LUMO/LUMO+1 lie close to-
gether. It leads to several ππ∗ excitations of similar energy with particular state character. The
authors demonstrate how their approach can change this complex interaction into a simpler
viewpoint, such as Platt’s [16] and Pariser’s [17] nomenclature.
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Figure 1: Molecular structures of (a) ACRFLCN and (b) naphthalene. Reproduced from ref.
[18]

2 Theory and methods

This section summarizes the foundation of the authors’ motivation for developing the en-
ergy decomposition approach, along with the practical framework for interpreting energy terms.
Specifically, this section is organized into two major parts. The first part combines three sub-
sections from the original paper: the theoretical background of excited-state energy decompo-
sition, the interpretation of each energy term, and a detailed elaboration of how each energy
term contributes to the overall excited-state energy based on TDDFT formalism. The second
part, computational details, clarifies the computational methods used and introduces additional
descriptors introduced by the authors to simplify the complex terms of the analysis.

2.1 Theoretical background and practical interpretation

The core idea of this approach arises from the two-orbital two-electron model (TOTEM)
[14, 19, 20]. The first component is the energy required to promote an electron from the occu-
pied orbital ϕi to the virtual orbital ϕa, represented by the orbital energy gap ϵa − ϵi (Fig 2a).
For the triplet state transition, the electron spin is flipped when it is promoted from ϕi to ϕa.
The authors employ Koopmans’ theorem to describe this transition by separately estimating
the removal of an electron from ϕi (ionization energy) and reattachment of an electron to ϕa

(electron affinity). The removal energy can be determined as

ϵi = hi + (ii|ii) (1)

where hi is energy from the one-electron term, and (ii|ii) is Coulomb repulsion between
the two electrons occupying the same orbital ϕi. To reattach an electron to ϕa, the Koopmans
theorem is applied again to estimate the electron affinity.

ϵ+a = ha + (ii|aa)− (ia|ia) = ϵa − (ii|aa) (2)
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Hence, the total excitation energy for the triplet state becomes

∆ET = ϵ+a − ϵi = ϵa − ϵi − (ii|aa)︸ ︷︷ ︸
K2

(3)

This expression shows that total energy is stabilized by the Coulomb attraction (ii|aa) be-
tween occupied and virtual orbitals. The authors denote this term as K2 and interpret it in the
way that the excited electron is attracted by the hole it left in the ground state density (Fig.2b).
Another important term can be derived only from the singlet excited state energy, which is
expressed as

∆ES = ϵa − ϵi − (ii|aa)︸ ︷︷ ︸
K2

+2(ia|ia)︸ ︷︷ ︸
J2

(4)

The additional term ”2(ia|ia)”, denoted as J2, comes from the electron-hole exchange in-
teraction. This term appears because the singlet state must have an antisymmetric spin config-
uration, as required by the Pauli exclusion principle.

In fact, most of the excited-state quantum chemistry methods already include the term de-
scribed above in their calculation. For example, in TDA-TDDFT, the excitation energies can
be expressed as

∆E =
∑
ia

|Cia|2(ϵa − ϵi)︸ ︷︷ ︸
h′

+J2 +K2 +XC2 (5)

The first term,h′, represents the single electron contribution derived from the ground-state
Fock matrix. The final term, XC2, accounts for additional exchange–correlation effects. Specif-
ically for TDDFT, this term is the response of the exchange-correlation potential.

From eq. 5, it clearly illustrates why the excitation energy cannot be described solely by the
energy difference between electron affinity and ionization potential, and which other terms can
affect the total energy.

Another point worth mentioning from this paper is that orbital energies are heavily depen-
dent on the computational method, whether from Hartree-Fock (HF) or DFT formalism. For
HF, the HOMO/LUMO gap estimate via Koopmans’ theorem provides only a rough approx-
imation and often yields an inaccurate estimate of the excitation energy. However, for local
functional or moderate exchange global hybrid functional (e.g., B3LYP, PBE0), both orbitals
experience the same Kohn-Sham potential, making the HOMO/LUMO gap a reasonable first
guess for excited energy. For this reason, the authors selected TDDFT with an optimally tuned
range-separated density functional in their study for the energy decomposition analysis of ex-
cited states.

Within TDDFT/TDA and CIS, the J2 term can be expressed in terms of one-electron tran-
sition density matrix (1-TDM) as the transition density of the electron-hole pair:
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J2 =

∫∫
ρt(r1)ρt(r2)

r12
dr1dr2 = ⟨ρt|V̂ |ρt⟩ (6)

where r12 is the interelectronic separation. Physically, the J2 represent the interaction of
the transition density (ρt) with it own electrostatic potential (V̂ ρt) (Fig. 2c).

The K2 term can be slightly affected by the function used in the range separation s(r12).
Using 1-TDM, the K2 term can be written in simple form when correlation is neglected, and the
two-body function (γt) can be factorized into a single pair of natural transition orbitals (NTOs):

K2 ≈ −
∫∫

ρh(rh)ρe(re)
s(rhe)

rhe
drhdre (7)

Where ρh and ρe are hole and electron density, respectively. From this expression, the K2

term can be represented as the interaction between the electron and hole densities, similar to
the electrostatic representation in Eq. 6.

For the last term XC2 in TDDFT/TDA, it represents the response of the exchange-correlation
potential. It simply accounts for contribution terms to the excited energy that are not included
in the orbital gap, Coulomb attraction (K2), and exchange repulsion (J2). According to the
authors’ results, this term is relatively small (less than 0.7 eV) and has only a minor effect on
the overall excitation energy.

Figure 2: Representation of energy terms contributing to excited-state energies (a) excitation
energies of triplet (ΨT ) and singlet (ΨS); (b) the K2 interpreted as a dynamic electron-hole
binding energy, and (c) the J2 corresponding to the transition density repulsion [18].

Moreover, the authors introduce two additional descriptors for analyzing the state character.
The first descriptor, dexc, provides a flexible measure of charge-transfer behavior, exciton bind-
ing, and Rydberg character. It is defined as a root-mean-square separation between electron
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and hole. Due to the mathematical form similarity between dexc and K2, the authors will point
out their relationship in the discussion section.

The second one is the LOC descriptor, which measures the probability that an electron and
a hole are located on the same basis function simultaneously. LOC is equivalent to 1 - CT when
each basis function is treated as an individual fragment. States with LOC = 0.000 correspond
to “-” states in Pariser’s nomenclature, whereas values of LOC greater than 0.03 indicate “+”
states.

2.2 Computational details

The geometries of ACRFLCN and napthalene are optimized using LRC-ωPBEh/def2-SV(P)
with response coefficient (CHF ) = 0.20 and range-separation parameter (ω) = 0.2000 au and no
influence of solvent. Then, the vertical excitations for both molecules are computed at the same
level of theory with optimally tuned values of ω = 0.140 au for ACRFLCN and ω = 0.225 au
for naphthalene. h′,K2, J2, and XC2 were analyzed for each molecule as describe above.

Geometry optimizations and vertical excitation calculations were carried out using Q-Chem
versions 5.2 and 6.0. The author also utilize The libwfa library in Q-Chem to analyze wave
functions, ESPs, and to compute the LOC descriptor. To decompose the excited-state energy
into each component (h′, K2, J2, and XC2), the keyword ”EXCIT ENERGY COMPONENTS
= TRUE” was specified in the Q-Chem input files. General post-processing of excited-state re-
sults was performed using TheoDORE, while ESP visualizations were generated with PyMOL.

3 Results and discussion

As discussed in Section 2.1, the first term in equation 5 approximately corresponds to the
minimum HOMO/LUMO transition, whereas the remaining three terms play an important role
in adjusting the excitation energy depending on the nature of the excited state, particularly for
locally excited (LE) states. In the triplet state, the K2 term makes the dominant contribution
to the energy shift. The state with a larger K2 will be lower in energy and lie below other
states. While in the singlet state, the contribution of the J2 term can be more important and
may raise the energy above that of another singlet excited state. Overall, the post-MO terms
are particularly important for LE states where triplet LE states are stabilized via K2 and singlet
LE states are destabilized via J2. The authors selected ACRFLCN and napthalene molecules
to exemplify these two cases.

3.1 ACRFLCN: effect of CT and LE states

ACRFLCN is a bichromophoric molecule that contains an acridine donor (upper part) and
a triphenylamine acceptor (lower part). Both fragments are linked by a spiro junction, making
them perpendicular to each other. Computational results show that HOMO is located on the
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donor part, while the LUMO and HOMO-1 are primarily located on the acceptor part. As a
result, the HOMO/LUMO transition can be identified as an intramolecular CT state, whereas
the HOMO-1/LUMO transition is classified as an LE state.

Using TDDFT with the Tamm–Dancoff approximation, the authors calculated the HOMO
to LUMO and HOMO–1 to LUMO gaps to be 5.856 eV and 6.933 eV, respectively. However,
they found that the lowest excited state (T1) is located at 3.030 eV, which is mainly due to the
HOMO-1 to LUMO transition, forming a locally excited state. The next triplet state T2 is found
at 3.324 eV, which is purely a HOMO/LUMO transition and corresponds to a CT state. The
first singlet state lies only 0.012 eV above the T2 state and has the same electron configuration
as the T2 state. Finally, the bright S2 state occurs at 4.258 eV, which is a locally excited
state dominated by the HOMO-1 to LUMO transition. All four excited-state properties are
summarized in Table 1. The authors point out that the lowest excited state of each multiplicity
(T1 and S1) has a different character, and the energy gap between locally excited states (1.228
eV) is much larger than that between CT states (0.012 eV).

Table 1: Excitation energies (eV), oscillator strengths (f), and main electronic configurations
of the first two singlet and triplet states of ACRFLCN using LRC-ωPBEh/def2-SV(P) (TDA).
Reproduced from ref. [18]

State ∆E f aConfigurations
3LE (T1) 3.03 - 0.85h1l + 0.37h3l
3CT (T2) 3.324 - 0.99hl
1CT (S1) 3.336 0.000 0.99hl
1LE (S2) 4.258 0.334 0.91h1l

a Dominant configurations and coefficients; hxly refers to the HOMO–x/LUMO+y transition.

The energy component analysis was used to explain these findings. The authors plotted
each component in a stacked bar graph, with the positive contributions (h′ and J2) stacked on
top of each other and the negative contributions (K2 and XC2) treated as offset, as shown in
Figure 3. Note that XC2 values in LRC-ωPBEh level are always negative, although this may
vary depending on the functional used. From this graph, the total excitation energy can be read
at the top of the left bar for each state. In triplet states, the h′ term (green) of 3LE state is 7.960
eV, which is larger than 3CT state (6.041 eV). However, 3LE is massively stabilized by K2 (red)
and some XC2 (yellow), causing it to be in the lowest state. The bottom graph illustrates the
exciton size, showing that the 3LE state has a dexc below 4.0 Å, whereas 3CT exceeds 5.5 Å.
This highlights an inverse correlation between the K2 and dexc values. When comparing 3CT
and 1CT, their energy contribution and exciton size are nearly identical. The exchange repulsion
in these states vanishes due to the complete charge separation character. For the 1LE state, the
state character differs significantly from its triplet counterpart (3LE), has a higher exciton size
(4.539 Å) and a smaller K2 term (-3.479 eV). The energy gap between 3LE and 1LE is 1.228
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eV, primarily coming from +0.426 eV from J2 and + 0.725 eV from ∆K2. Furthermore, the
authors also compute the formal J2 term for the singlet state using the same response vector as
the 3LE state, but with reversed spin coupling, to examine the similarity of their wave functions.
Remarkably, the formal J2 was found to be 2.784 eV, which would place the excitation energy
of the corresponding singlet state at 5.814 eV. This result suggests that the 1LE state modified its
wave function compared to 3LE to lower its energy by reducing the exchange repulsion from
2.784 eV to 0.426 eV. This stabilization is achieved by allowing the singlet HOMO/LUMO
configuration to interact more strongly with other electronic configurations.

Figure 3: Energy components (top) and exciton size descriptors (bottom) for the excited states
of ACRFLCN. Exciton sizes dexc are displayed in black for singlets and red for triplets. [18].

Figure 4 provides a visual representation of the two-electron contribution. The hole and
electron natural transition orbitals (NTOs), shown in cyan and orange, are displayed at the
center. The corresponding electron (blue) and hole (red) densities, along with their electrostatic
potentials (ESPs) associated with the K2 term, are shown above. Transition densities and their
ESPs responsible for the J2 contribution are shown in the lower panel.

The hole (ρh) and electron (ρe) densities are constructed by weighted sums over the NTOs,
along with their associated ESPs. As shown in the top panel of Figure 4, the electron density
and its ESP exhibit very similar shapes for all states and are primarily localized on the acceptor
group. In contrast, the hole density reflects the nature of the excited state: for charge-transfer
(CT) states, it is localized on the donor group, whereas for locally excited (LE) states, it remains
on the acceptor group. The K2 term can be approximated by computing the overlap between
the hole density and the electron ESP or vice versa. In CT states, the K2 values are greatly
reduced due to a very small overlap between hole density and electron ESP.

The bottom part illustrates that the product of hole and electron NTOs leads to the transition
density for the excited state and its associated ESPs. The J2 term is obtained by self-repulsion
of the transition density (eq. 6). In CT states, the transition density and its ESP are very small,
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leading to a correspondingly small J2 term. In contrast, the 1LE state exhibits a moderate
transition density, which generates a strong ESP with a clear dipolar shape, explaining the
stronger J2 term. The authors also highlight a key difference in the wave functions between the
1LE (S2) and 3LE (T1) states, which are mainly composed of the HOMO-1/LUMO transition.
A clear difference in hole NTO shape can be observed: in the T1 state, it is entirely located on
the acceptor part (Figure 4 (a)), whereas the spatial distribution extends partially into the donor
unit in S2 (Figure 4 (d)). This change leads to enhanced charge transfer, which can be seen
in the larger dexc value of S2 compared to T1 in Figure 3. This leads to reduced electron–hole
overlap, resulting in diminished transition density and ESPs, and consequently a reduction in
both the K2 and J2 terms.
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Figure 4: Energy contribution analysis for the (a) T1 (3LE), (b) T2 (3CT), (c) S1 (1CT), and (d)
S2 (1LE) states of ACRFLCN. Electron and hole densities and their induced ESPs are shown at
the top, followed by the dominant NTOs in the middle, and the transition density with its ESP
at the bottom. Modified from ref. [18].
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3.2 Naphthalene: Ionic and Covalent States

Napthalene is a classic model of an aromatic molecule, which all excited states can be
constructed from the same set of MOs. As a result, considering only the MO energy gap is
insufficient to distinguish between different excited state characters. In this case, the alterna-
tive frameworks, such as Platt’s nomenclature and Pariser’s +/- nomenclature, can be used to
provide valuable insight. Another important aspect of this system is that the relative signs of
the interacting configurations also play a crucial role in determining the excited state energies.

The first four singlet and triplet excited states of napthalene, along with their properties,
were calculated and reported in Table 2. All of these states can be explained by the transition
from the HOMO-1 and HOMO to the LUMO and LUMO+1. The HOMO/LUMO and HOMO-
1/LUMO+1 transitions are dominant and do not mix with each other, giving 1B+

2u and 1B−
2u

state characters as shown in Figure 5. On the other hand, the transition of HOMO-1/LUMO
and HOMO/LUMO+1 are greatly mixed, forming the 1B+

3u and 1B−
3u states, which differ only

in the relative sign used in their linear combination, as introduced by Pariser [17]. In Table 2,
the LOC descriptor serves as a convenient parameter for distinguishing between “+” and “-”
states, which becomes zero for “-” state. Notably, the excited states span an energy range of
almost 4 eV, even though they are built from the same four MOs. To gain further insight into
this energy ordering, the authors analyzed the individual energy contributions using energy
component analysis presented in Figure 6.

Table 2: Excitation energies (eV), oscillator strengths (f), main configurations, and LOC values
of the first four triplet and singlet states of Napthalene using LRC-ωPBEh/def2-SV(P) (TDA).
Reproduced from ref. [18]

State ∆E f aConfigurations LOC

13B+
2u (T1) 3.071 - 0.93hl 0.138

13B+
3u (T2) 4.212 - 0.74h1l + 0.64hl1 0.063

13B−
3u (T3) 4.510 - 0.74hl1 - 0.65h1l 0.000

23B+
2u (T4) 4.684 - 0.95h1l1 0.088

11B−
3u (S1) 4.779 0.000 0.70hl1 - 0.70h1l 0.000

11B+
2u (S2) 5.085 0.097 0.93hl 0.074

11B+
3u (S3) 6.815 2.023 0.68h1l + 0.68hl1 0.040

21B+
2u (S4) 6.990 0.393 0.89h1l1 0.072

a Dominant configurations and coefficients; hxly refers to the HOMO–x/LUMO+y transition.

In napthalene, all excited states can be considered locally excited ,as confirmed by their
low exciton size (dexc < 3.5 Å). Thus, the K2 values are quite similar for all excited states,
around -5 eV. When comparing T1 and T2, the energy gap is 1.141 eV, where only 0.413 eV
comes from ∆h′. The main contributions arise from ∆K2 = 0.414 eV and ∆XC2 = 0.313
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Figure 5: Linear combinations of canonical orbitals of lowest four triplet and singlet excited
states of napthalene. [18].

eV, indicating that T1 is more localized than T2. The next pair, T2 and T3, differs only in the
sign of their state character,but they are separated by around 0.3 eV. This difference originates
from ∆K2 = 0.209 eV and ∆XC2 = 0.178 eV, which are enhanced for the more local nature of
13B+

3u state, as reflected by its higher LOC value. Next, the T4 state is located above T3 state
because its involved the HOMO-1/LUMO+1 transition, which has a larger energy gap, leading
to an enhanced ∆h′ = 0.816 eV. However, T4 also exhibits more local nature than T3, making
the larger offset part contribution from ∆K2 and ∆XC2.

Figure 6: Energy components (top) and exciton size descriptors (bottom) for the excited states
of napthalene. Exciton sizes dexc are displayed in black for singlets and red for triplets. [18].

The first singlet excited state, S1, has the same state character as T3, stressing the differ-
ent role of the J2 term in singlet and triplet states, with J2 = 0.234 eV in this case. The S2,
dominated by HOMO/LUMO transition, appears as the sixth excited state despite its low one-
electron component (h′ = 9.270 eV) because its energy is strongly destabilized by exchange
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repulsion (J2 = 0.939 eV). The authors also computed the formal J2 using the same response
vector as T1 and obtained 4.203 eV. As in the ACRFLCN case, this indicates that the exchange
term is strongly reduced when going from the triplet to the singlet by promoting the CT char-
acter with the cost of reduced K2 and XC2. The S3 state is dominated by the HOMO-1/LUMO
and HOMO/LUMO+1 transition, causing a large h′ term. In addition, a relatively large J2 con-
tribution (1.672 eV) further pushes this state to the higher excitation energy. Finally, the S4 has
a high one-electron term (10.971 eV) due to the HOMO-1/LUMO+1 transition, along with a
high J2 term (1.313 eV), placing it at the highest energy among all states.

4 Conclusion

This work proposes an energy component analysis for excited states, which provides a valu-
able framework for investigating and explaining the excited state order and highlighting the fact
that relying on only the MO gap is insufficient to describe the real systems. The excited state
energies can be decomposed into mainly four parts: the weighted orbital energy difference (h′),
a Coulomb attraction (K2), an exchange repulsion (J2), and two-electron exchange/correlation
(XC2). In locally excited state, the K2 term is enhanced, leading to a significant stabilization,
especially for the triplet states. In contrast, the J2 is also be promoted and tends to destabilize
the locally excited singlet state.

For example, in ACRFLCN, the HOMO/LUMO transition forms the T2 state, while HOMO-
1/LUMO transition is represented by the lowest T1 state. This order can be explained by the
fact that T1 has a locally excited state with enhanced K2, causing the overall energy to be lower
than T2, despite its larger MO gap. In the singlet state, the order was reversed because of the
enhanced J2 term in the locally excited state.

In the case of napthalene, where all excited states can be considered locally excited, the
HOMO/LUMO transition corresponds to the T1, whereas the lowest singlet state, S1, is con-
structed by the linear combination between HOMO-1/LUMO and HOMO/LUMO+1 transition.
Overall, all eight excited states were found to be described by linear combinations of transitions
involving only four canonical orbitals: HOMO-1, HOMO, LUMO, and LUMO+1.
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