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Abstract

The potential of mean-field decomposition techniques in interpreting electronic

transitions in molecules is explored, particularly, the usefulness of these for offering

computational signatures of different classes of such excitations. When viewed as a

conceptual lens for this purpose, decomposed results are presented for ground- and

excited-state energies and dipole moments of selected prototypical organic dyes, and

the discrete nature of these properties as well as how they change upon transitioning

from one state to another is analyzed without recourse to a discussion based on the

involved molecular orbitals. On the basis of results obtained both with and without

an account of continuum solvation, our work is further intended to shed new light on

practical and pathological differences in between various functional approximations in

orbital-optimized Kohn-Sham density functional theory for excited states, equipping

practitioners and developers in the field with new probes and possible validation tools.
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The many successes of the Kohn-Sham formulation of density functional theory (KS-

DFT) in computational molecular and materials sciences cannot be disputed nor under-

estimated by now,1–3 both in its application to ground- and excited-state phenomena in

chemistry and physics. For the latter type of problems, the formulation of KS-DFT within

linear response theory is commonly referred to as time-dependent DFT (TDDFT),4 although

the theory still relies on time-independent exchange-correlation (xc) functionals whenever

the adiabatic approximation is invoked.5 The popularity of TDDFT notwithstanding, the

theory is known to be plagued from a number of severe issues, such as, inaccessibility to

states that involve more than a single excitation,6 core excitations,7 and charge transfers8

(CTs). With regards to the difficulties of accounting for the spatial transfer of charge(s)

within or between molecules in TDDFT, these are ultimately tied to a wrong account of the

electron-transfer self-interaction in the excitation, unlike in time-dependent Hartree-Fock

(TDHF) where this contribution is correctly cancelled through the linear response of exact,

nonlocal HF exchange.9 However, KS-DFT may also be directly converged onto arbitrary

excited states in a number of alternative ways, even though the overwhelming majority of

xc functionals have been designed and parameterized strictly for ground-state purposes. In

the arguably most straightforward and intuitive among these, the maximum overlap method

(MOM) by Gill and co-workers,10 the traditional Aufbau principle is discarded in favour

of a protocol by which the selection of occupied molecular orbitals (MOs) throughout the

self-consistent field (SCF) optimization proceeds via a maximization of the overlap between

an updated determinant and that of the previous iteration. As a means to avoid so-called

variational collapses back to the lower-lying, stationary Aufbau solution for the ground state,

virtual orbitals may be artificially level-shifted to avoid them being filled during the SCF

procedure.11,12 For a comprehensive introduction to the revitalized field of orbital-optimized

(∆SCF) approaches to excited-state KS-DFT, the reader is referred to a recent topical per-

spective by Hait & Head-Gordon as well as the comprehensive volume of references therein.13
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The renewed interest in state-specific KS-DFT approaches now begs questions of if, how,

and why these methods succeed in capturing the physics of the involved excited states. Par-

ticularly, given that the integral Hohenberg-Kohn theorem has no formal counterpart for

excited states,14 we are interested in inspecting and—preferably—quantifying to what ex-

tent modern density functional approximations (DFAs) agree on the electronic structure of

said states when moving beyond a simple comparison on the basis of what excitation energies

these yield and what frontier MOs are involved. In the present study, we will attempt to

elucidate any changes to the physics at play in the electronic transition. Particularly, we

will seek to measure how perturbations to the electronic structure in an optical transition

are manifested through the response of electronic energies and dipole moments to these re-

organizations. For this purpose, we will leverage a novel theory for partitioning mean-field

KS-DFT first-order properties for a chemical system amongst its constituent atoms, namely,

one that decomposes these quantities in an adequate basis of spatially localized MOs.15 The

initial results presented herein collectively show that the use of a localized basis provides a

valid new way of analyzing the nature of various types of electronic excitations, without the

need to draw inferences from traditional TDDFT-derived metrics based on frontier MOs,

e.g., in quantifying and distinguishing between so-called local and CT transitions.16–22

Recently, our decomposition theory was successfully employed as a means to simulate lo-

cal properties in condensed phases, with an initial application to liquid, ambient water.23 In

that case, the focused partitioning of solvation energies and dipole moments amongst individ-

ual water monomers allowed for the properties to be extracted from truncated water clusters

of greatly reduced size. In the present study, by dissecting an electronic-structure simulation

on a molecular system and repartitioning the result yielded amongst the constituent atoms,

we will instead seek to benefit from the physical soundness of spatially localized MOs to un-

cover correlations, not in liquids, but in transitions between electronic states, which would

otherwise be at risk of staying convoluted in standard mean-field theory.
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As outlined in Ref. 15, a KS-DFT energy may be recast into the following form, parti-

tioned amongst the M atoms of the system at hand

E =
M∑
K

(Eelec,K(D, δK) + Exc,K(ρ,%K) + Enuc,K) , (1)

in terms of nuclear and electronic contributions defined as

Enuc,K = ZK
M∑
K>L

ZL
|rK − rL|

(2a)

Eelec,K = Tr[TkinδK ] + 1
2(Tr[VKD] + Tr[VnucδK ]) + 1

2

∑
σ

Tr[Gσ(D)δK,σ] (2b)

Exc,K = Tr[εxc(ρ)%K ] . (2c)

In Eq. 2a, ZK and rK denote the nuclear charge and position of atom K, while the kinetic

energy and nuclear attraction operators in Eq. 2b are denoted by Tkin and Vnuc, respectively,

alongside the attractive potential associated with atom K, VK , and an effective Fock poten-

tial, Gσ (σ = α, β is an electronic spin index). In Eq. 2b, D denotes the full, spin-summed

1-electron reduced density matrix (1-RDM), while the objects that principally define the

present decomposition—the atom-specific 1-RDMs, {δ}—are constructed as follows:

δK =
∑
σ

δK,σ =
∑
σ

Nσ∑
i

di,σp
K
i,σ . (3)

In turn, the objects in Eq. 3 are formulated via a set of 1-RDMs, di,σ = Ci,σC
T
i,σ, unique to

the individual occupied spin-σ MOs of the system, Ci,σ, and a set of population weights of all

Nσ MOs of α-/β-spin on a given atom K, {pK}. Our earlier investigations in Refs. 15 and

23 have clearly emphasized how the population weights used to assign {d} should ideally

not be drawn from regular Mulliken population analyses,24 but rather recast into a basis

of reduced dimension, such as, the intrinsic atomic orbitals (IAOs) courtesy of Knizia.25,26

Finally, the xc energy in Eq. 2c is expressed in terms of the computed energy density, εxc, as
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derived from the total electronic density, ρ, and possibly its derivatives, which are quantities

that may be trivially defined in an atom-specific manner, {%}, by proceeding through {δ}.

Eq. 1 holds true for any stationary state and we may thus use the theory to decompose

transition energies, ∆E, whenever the excited state in question has been obtained in an

orbital-optimized manner. For vertical Frank-Condon transitions, ∆Enuc,K = 0 ∀ K, and

we are left with sets of atom-specific, electronic contributions associated with each of the

operators in Eqs. 2b and 2c. Specifically, we will distinguish between these by grouping

them as follows: (i) kinetics, (ii) nuclear attraction, (iii) Coulombic repulsion, (iv) exact

exchange, and (v) KS exchange-correlation (cf. the individual operators in Eqs. 2b and 2c).

In addition, we have here further extended our theory to allow for mean-field decompositions

in the presence of domain-decomposed continuum solvation models,27 which may generally

be formulated as a grid-based summation over the atomic electrostatic solvation energies,

each of which is a product of the total 1-RDM and its potential. We will herein present

results obtained using the ddCOSMO model;28,29 besides adding specific electrostatic energy

contributions, the solvation model further implicitly alters all other contributions as well.

The relevant contributions in Eq. 2b have been formulated in terms of standard Coulomb,

J , and exchange, K, integrals, where the exchange ratio is 0 < α only for xc functionals at

the hybrid level or higher.30 Barring the solvation energy and the second term in Eq. 2b,

all other individual contributions depend directly on the atom-specific 1-RDMs in Eq. 3. In

many other alternative decomposition schemes, particularly those that are similarly exact

(i.e., lossless), properties are instead partitioned amongst the constituent atoms on the basis

of the full 1-RDM. In the arguably most intuitive example of such a decomposition, the

energy density analysis (EDA) by Nakai,31,32 D is partitioned on account of which atoms

the individual AOs are localized on (that is, irrespective of any further population measures)

by limiting the trace operations for most of the products with D in Eqs. 2 to only those
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AOs that are assigned to atom K. However, one term, namely, the first contribution to

the electron-nuclear attraction in Eq. 2b, remains shared between these two decomposition

schemes. Denoting this term as a global nuclear attraction (since it depends on the full,

orbital-invariant 1-RDM, on par with the solvation energy), all other electronic contribu-

tions will generally differ in between the present and the EDA partitioning, including the

latter of the two nuclear-attraction terms, which we will henceforth denote as local, given

that the involved 1-RDM object is atom-centric rather than defined for the full molecule.33

Coulombic
Repulsion

Kinetics Nuclear
Attraction
(Global)

Nuclear
Attraction

(Local)

Exact
Exchange

Exchange-
Correlation

102

101

100

0

100

101

102

Ex
cit

at
io

n 
En

er
gy

 C
on

tri
bu

tio
n 

/ e
V

219.8 eV

-111.1 eV

-1.4 eV

10.8 eV

108.7 eV 9.4 eV

F2

NH3

HF
B3LYP
CAM-B3LYP
M06-2X

Figure 1: Accumulated contributions to the total excitation energy of the CT transition
in the separated F2 · · · NH3 system, as calculated using the present decomposition, HF
alongside a selection of DFAs, the aug-pc-1 basis set, and a combination of IBOs/IAOs.
Selected individual contributions for F2 (solid lines) and NH3 (dashed lines) using the M06-
2X functional are indicated in green, while the sum of these are annotated in dark red.
Please see Table S1 of the Supporting Information for all individual contributions.

To being with, we study the pathological CT transition recently featured in Ref. 13 be-

tween a pair of isolated F2 and NH3 molecules, separated at a distance of 1000 Å, leading

to a supersystem consisting of charged F−2 and NH+
3 fragments. Throughout our study, the
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DFAs employed are B3LYP,34,35 CAM-B3LYP,36 and M06-2X37 (in addition to standard

HF) in the aug-pc-n family of (augmented) double-, triple-, and quadruple-ζ quality basis

sets (n = 1, 2, 3).38 The unrestricted ∆SCF results for the lowest-lying CT triplet state

in the separated F2 · · · NH3 system are presented in Fig. 1, partitioned into accumulated

contributions after the inclusion of each of the non-vanishing operator terms in Eqs. 2. As

is clear by traversing through the individual contributions in Fig. 1, the accumulated con-

tributions from, e.g., exact exchange and exchange-correlation effects may appear minor on

the whole (monitoring only total changes to the excitation energy, the sum of the F2 and

NH3 contributions changes by a mere −2.8 eV and an additional −1.0 eV, respectively, in

the case of M06-2X), but this need not necessarily be true in the case of what alterations to

the underlying atomic contributions these produce. Most pronouncedly, while the inclusion

of xc contributions from Eq. 2c is observed to only lower excitation energies by 1 − 2.5

eV depending on the mean-field treatment of choice, it radically shifts the balance between

positive and negative atomic contributions to these. In uncorrelated HF theory, this shift is

assigned in full to the inclusion of exact exchange on top of all other contributions.

Looking at the total contributions to the excitation energy associated with each of the

two molecules, the electronic structure of F2 is observed to be only marginally perturbed

(EF2 = −1.382 eV), whereas the opposite is true for the NH3 molecule, to which the parti-

tioned excitation energy is almost exclusively assigned (ENH3 = 10.818 eV). This observation

aligns well with chemical intuition as the true excitation energy should be equal to the

sum of the signed vertical ionization potential of NH3 and electron affinity of F2, which are

calculated to be EIP(NH3) = 10.826 eV and EEA(F2) = −1.375 eV at the M06-2X/aug-pc-1

level of theory. The consistency by which atomic contributions derived from the present

decompositions align with thermochemical data is thus assuring, in the same way as was

true for the agreement between the simulated solvation energy of a single water monomer

in the bulk phase in Ref. 23 and the tabulated enthalpy of vaporization of liquid water at
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25 °C. Due to point-group symmetry, the EDA partitioning yields identical results for F2 in

this case, but not NH3, for which the individual contributions to the excitation energy show

the effect of the positive partial charge to be almost evenly distributed among the N and

H atoms, whereas the present decomposition localizes this on the nitrogen to a greater extent.

Results for excitation energies across a selection of prototypical aromatic donor-acceptor

systems are next presented in Fig. 2, with the magnitude and sign of the atomic decompo-

sitions of the excitation energies depicted by superimposing Gaussian distributions of these

onto molecular 2D structures generated using RDKit.39 Please note that, for the sake of

brevity, all contributions associated with hydrogen atoms have been carefully folded onto

their neighbouring heavy atoms. The transitions in Fig. 2 have all previously been estab-

lished as either local or CT in the literature;40,41 however, these classifications have all relied

on various diagnostics, most of which are based on traditional MO-based (TDDFT-derived)

inference maps. The systems in Fig. 2 are abbreviated as follows: N -phenylpyrrole (PP),

N,N -dimethyl-4-nitroaniline (DMNA), and 4-(dimethylamino)benzonitrile (DMABN). In the

latter case, results have been computed for both a planar and a twisted (by 90◦) configura-

tion to mimic the two limits in its twisted intramolecular CT process. In all cases, optimized

gas-phase geometries have been borrowed from the recent benchmark study in Ref. 42.

Fig. 2 shows results for unrestricted ∆SCF simulations of the singlet states in question,

while Fig. S1 of the Supporting Information (SI) presents corresponding results subject

to approximate spin-projection (i.e., implicitly relying on simulations of the corresponding

triplet states as well) in an attempt to remove any possible spin contamination.43 As was

the case in Fig. 1, no recourse to the concept of frontier orbital pairs has been made, except

for fixing the occupation of the excited state. Besides the use of IAOs for estimating the

charge populations to be used in Eq. 3, these results (along with those in Fig. 1) have been

obtained in a basis of standard intrinsic bond orbitals25 (IBOs) with a separate localization
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Figure 2: Total changes in individual atomic electronic energy contributions along the
studied transitions in PP, DMNA, and (twisted) DMABN (in vacuo or ddCOSMO solution),
as calculated using Eqs. 2 at the CAM-B3LYP/aug-pc-1 level of theory and a combination
of IBOs/IAOs. In all plots, pink and green colors indicate negative and positive shifts,
respectively, and the plots have been normalized across all individual transitions.
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of core and valence MOs.44 Results obtained using other types of spatially localized orbitals,

i.e., Foster-Boys46 (FB) and Pipek-Mezey47 (PM), are collected in Fig. S2 of the SI. In

summary, both these types of MOs are found to be clearly inferior to IBOs for the present

purpose, e.g., by yielding results that fail to reflect the underlying point-group symmetry

used, on par with what we have previously observed in both of our earlier studies.15,23

In Fig. 3, we further complement the results in Fig. 2 by providing an alternative

visualization of possible charge movements by means of corresponding decompositions of the

molecular dipole moments of the states in question. For that purpose, we note that dipole

moments—irrespective of the level of mean-field theory used—may be expressed as

µMF =
M∑
K

(µelec,K(δK) + µnuc,K) , (4)

with nuclear and electronic contributions defined as

µαnuc,K = ZKr
α
K (5a)

µαelec,K = −Tr[µ̄αδK ] , (5b)

in terms of AO dipole integrals, µ̄α, for each of the Cartesian components, α = x, y, z. As

such, Fig. 3 seeks to measure the depletion (augmentation) of electronic density along the

transitions in Fig. 2 in a more rigorous manner than if we had opted to monitor changes to

partial atomic charges, as such results are orbital-invariant (relying on the total 1-RDM).

We begin by looking at the results for the PP(2A1) transition in Figs. 2 and 3. Operating

under the premise that this excitation is indeed of entirely local π-π∗ character (whatever

the interpretation of this entails when we move beyond an MO picture), we observe how all

atomic energy contributions in Fig. 2 are uniformly positive in this case, in vacuo as well

as solution. However, the contributions to the total excitation energy are hardly localized
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Figure 3: Individual atomic contributions to the molecular dipole moment (in vacuo) of
each of the studied singlet states in PP, DMNA, and (twisted) DMABN, as calculated using
Eqs. 5 at the CAM-B3LYP/aug-pc-1 level of theory and a combination of IBOs/IAOs. In all
plots, red and blue colors indicate negative and positive contributions along the longitudinal
z-axis (chemistry convention, with the positive direction pointing from donor to acceptor),
respectively, and the plots have once again been normalized across all states.

11



on just one or a pair of centers, making any parallel to be drawn to the well-established

interpretation from the classical orbital picture, e.g., as a π-π∗ excitation from the nitrogen

lone pair to the phenyl moiety, somewhat difficult as the overall distributions in general

appear more composite altogether. From the decomposed dipole moments in Fig. 3, the

change in direction of the molecular dipole moment is seen to result from an increase in po-

larity, although the charge distributions appear very similar in the ground and excited states.

In Fig. S7 of the SI, the PP results of Fig. 2 are partitioned into individual contribu-

tions from each of the operators in the Hamiltonian, akin to Fig. 1. As discussed earlier,

the total, accumulated results in Fig. 2 come about in complex manners, with each of the

operator terms in Eq. 2 contributing in various, system-dependent manners, but we satis-

factorily note that all three of the tested DFAs are observed to agree on these distributions

(cf. Fig. S3). The same holds true with respect to the employed one-electron basis set; Fig.

S4 of the SI convincingly demonstrates how not only the total excitation energies hardly

vary upon extending the aug-pc-n basis sets, for each and every of the studied transitions,

but likewise for the individual atomic contributions. In general, all tested DFAs agree on

the impact of the individual, decomposed components to the total excitation energies, and

differences in between the xc functionals thus result from varying absolute magnitudes of

each of these. The reason behind this similarity is the resemblance of the spatially localized

MOs yielded by the different DFAs, as also confirmed by comparing total excitation energies

in Fig. S5 of the SI for the six states in question obtained with the B3LYP and CAM-

B3LYP xc functionals, both excluding and including ddCOSMO solvent effects. In Fig. S5,

these results are further compared to corresponding TDDFT results, which show much larger

variances, sensitive to both the DFA used and in the magnitude of the solvatochromic shift.13

In the following panel of Fig. 2 (as well as Fig. S8 of the SI), results are reported for the

transition to the 2A1 state in DMNA, which by all possible metrics is understood to involve
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charge transferred from the (donor) amino group to the (acceptor) nitro group across the

aromatic linker. In addition, Fig. S9 of the SI presents corresponding results for the closely

related 4-nitroaniline (NA) system, for which it is fair to expect decomposed results to re-

semble those for the DMNA(2A1) transition, while at the same time differing from those

for the above PP(2A1) transition. Traditionally, both transitions to the 2A1 states have

been interpreted as being accompanied by a predominant shift from the canonical Lewis

structure depicted in Fig. 2 to the corresponding zwitterionic resonance structure, partic-

ularly in a polar solvent, as discussed at length in, e.g., Ref. 48. Comparing the results

for the DMNA(2A1) and PNA(2A1) transitions in Figs. S8 and S9, respectively, these do

indeed bear a strong and convincing resemblance. This is, however, not even remotely true

for the alternative EDA partitioning, cf. Fig. S6 of the SI, which remains predetermined

by (while scaling with) the composition and extent of the underlying basis set due to the

dependence on D. In Fig. 2, the DMNA(2A1) results show atoms, for which the associ-

ated energy contributions are increased in the transition to the excited state (on par with

the PP(2A1) results), but also atoms, which energetically benefit from this photoinduced

process. Given what is known about this transition above all certainty, we note that our

decomposition—in contrast to the transition in PP—yields a collection of contributions of

opposite signs, which we will henceforth proceed to interpret as a possible signature of CT,

at least for the present type of separated donor-acceptor systems. This hypothesis is further

supported by the fact that more atoms get assigned a negative contribution to the exci-

tation energy in a polar environment than in vacuo. Lastly, in terms of the decomposed

dipole moment in Fig. 3, the difference in the strength of the individual contributions as

well as the overall polarity around the amino group in the ground and excited states are

significantly more pronounced than what was observed in the case of PP, in agreement with

the expected shift to a distinctly more charge-separated electronic structure in the 2A1 state.

In the final four panels of Fig. 2, results are presented for transitions to the two lowest-
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lying excited states in planar and twisted DMABN (cf. also individual results in Figs.

S10–S13 of the SI). The two excited states in question are denoted by A and B term symbols

herein, since they transform according to these irreducible representations of the C2 point

group and this then allows for them to be identified across all values of the twist angle

leading from the planar to the twisted geometry. As detailed in Ref. 49, the donor and

acceptor units effectively become electronically uncoupled for this system upon enforcing

orthogonality between the amino group and the phenyl moiety in the twisted configuration.

In particular, the 2A excited state, which has commonly been referred to as the CT state

among the two, is believed to relax into a highly dipolar quinoidal electronic structure, re-

sulting in a characteristically enlarged dipole moment, cf. the results in Fig. 3.

However, assessing only the length of the total molecular dipole moment as an indicator

of a charge-separated excited state is obviously too simplified a distinction, given that the

1B and 2A states fail to differ much from one another based on this metric alone. Comparing

instead the atomic partitioning of these dipole moments is observed from Fig. 3 to reveal a

more detailed picture. Whereas both the distributions of atomic contributions to the ground

(1A) and excited (1B) state dipole moments are enhanced upon twisting the amino group

out of the plane, the distribution of the dipole moment for the 2A state is moreover seen

to change sign in the contributions assigned to the terminal nitrile group. However, both

excited states are obviously polarized in their electronic structures and considerably so in the

twisted configuration. This is further supported by inspecting the decomposed excitation

energies in Fig. 2. As noted earlier, results that span a collection of atomic contributions of

opposite, rather than equal signs may be indicative of a proper CT process in between a pair

of units that donate and accept electrons, respectively, but this remains a measure which

need obviously be evaluated in combination with the length scale at which these separations

appear. As such, neither of the two excited states in the planar configuration appears partic-

ularly charge-separated, which is further reflected by the weak solvatochromic shift of both
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in moving from in vacuo to solution. In the twisted configuration, however, the distributions

of atomic contributions appear more separated and the solvent responses are likewise signifi-

cantly stronger. In future studies, it might prove instructive to monitor the changes to both

sets of decomposed properties for these two states in a finer sampling along the twist angle,

but this unfortunately lies outside the scope of the present work.

The present study has proposed and numerically demonstrated a new conceptual lens

through which to analyze, quantitatively assess, and differentiate various kinds of electronic

transitions, without recourse to traditional MO-based inference maps in the form of popu-

lation analyses, natural transition orbitals, and attachment/detachment densities. In sum-

mary, our results appear to show that a collection of atomic energy contributions of opposite

signs, rather than equal, may in itself serve as an indication of a CT excitation in standard

donor-acceptor systems, although the spatial separation of these units necessarily needs to

be taken into account as well. Likewise, decomposed molecular dipole moments, and how

these change in transitioning from one state to another, may aid in elaborating and further

refining upon current standardized definitions of what local and CT excitations amount to

by viewing these within an entirely different theoretical frame. It is our hope that these

signatures may aid in paving the way towards a more sophisticated understanding of the

physics at play in a range of complex optoelectronic processes taking place across extended

π-conjugated networks, with a significant relevance in contemporary materials sciences and

beyond. Among possible future applications, the present decompositions may shed new

light on various electroluminescent processes, e.g., thermally activated delayed fluorescence

for indirectly harvesting triplet excitons in OLEDs,50–52 or the intramolecular singlet fission

process at the heart of new classes of emerging organic solar cells.53,54 Besides MOM-based

excited-state simulations, constrained KS-DFT techniques offer yet another means by which

we may probe and decompose these phenomena.55 Finally, the fact that fundamentally unre-

lated DFAs have here been found to yield decomposed results in qualitative agreement with
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one another, but with subtle differences in the magnitudes of each of the studied compo-

nents, prompts the intriguing question as to whether these responses might serve a possible

practical purpose in the inverse engineering of future xc functionals.
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