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ABSTRACT
Correlated Orbital Theory (COT) provides an exact one-particle framework by imposing rigorous physical constraints on Kohn–Sham eigen-
values and, as a consequence, directly incorporates essential electron correlation into molecular orbitals. This approach paves the way toward
a new class of approximations within Kohn–Sham Density Functional Theory (KS-DFT). However, since all existing quantum theory project
functionals are derived from CAM-B3LYP, we pose the question: Can COT improve the hybrid versions of different exchange-correlation
functionals as well? To that end, we explore two optimization strategies for adjusting the existing parameters within PBE0, TPSS0, and LC-
PBE0: (i) the ionization potential condition and (ii) the HOMO–LUMO condition. In this sense, we critically assess how these functionals
address the “Devil’s Triangle” of KS-DFT: self-interaction error, integer discontinuity, and one-particle spectra. We further examine how
the COT influences the description of two challenging properties, charge transfer and reaction barrier heights. Overall, enforcing both COT
conditions systematically enhances the performance of functionals within the PBE family, although the description of reaction barriers still
leaves room for improvement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0298139

I. INTRODUCTION

At present, the most widely used method in electronic struc-
ture investigations is certainly Kohn–Sham (KS) Density Func-
tional Theory (DFT).1,2 In KS-DFT, the only unknown compo-
nent is the exchange-correlation (XC) functional, which has led
to the development of numerous expressions over the years. One
of the most successful XC functionals is the one proposed by
Perdew–Burke–Ernzerhof (PBE).3 PBE belongs to the class of Gen-
eralized Gradient Approximation (GGA) functionals. These so-
called semi-local functionals depend on both the electron density
(ρ) and its gradient (∇ρ) and, generally, are represented by

EGGA
xc = ∫ εGGA

xc (ρ,∇ρ)ρ(r⃗)dr⃗. (1)

Following the Jacob’s ladder concept for XC functionals,4 the
design philosophy behind PBE was extended to the development
of the Perdew–Kurth–Zupan–Blaha (PKZB) functional,5 a meta-
GGA (MGGA) family member. MGGA functionals go beyond the

GGA idea by incorporating additional ingredients such as the Lapla-
cian of the electron density (∇2ρ) or the kinetic energy density
of the occupied Kohn–Sham orbitals (τ). In this sense, the PKZB
functional was subsequently refined, leading to the development of
the Tao–Perdew–Staroverov–Scuseria (TPSS) functional.6 Anyway,
these functionals share the same general form

EMGGA
xc = ∫ εMGGA

xc (ρ,∇ρ, τ)ρ(r⃗)dr⃗, (2)

where τ(r⃗) = 1
2∑

occ
i ∣ ∇ϕi(r⃗)∣2.

Despite numerous advances, KS-DFT remains inherently lim-
ited by persistent deficiencies; namely, the self-interaction error
(SIE), the lack of derivative discontinuity, and an inaccurate
one-electron energy spectrum, all of which are interrelated but,
from a developmental viewpoint, offer three different routes for
improvement.

A pivotal step toward mitigating these issues was achieved by
incorporating the non-local Hartree–Fock (HF) exchange poten-
tial (vHF

x ) into the KS-DFT world. Consequently, the conventional
approach involves adding a fraction of HF exchange within a given
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exchange functional from DFT, resulting in what are known as
hybrid functionals. For certain properties, such as excitation ener-
gies, hybrid functionals can achieve even greater accuracy when the
exchange operator (vhybrid

x ) is partitioned into short- and long-range
components, Ex = ESR

x + ELR
x . Such a class of functionals is known as

range-separated hybrid (RSH).7–9 In this framework, the Coulomb
operator (r−1

12 ) is generalized as

1
∣r1 − r2∣

= 1 − er f (μ∣r1 − r2∣)
∣r1 − r2∣

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
short−range

+ er f (μ∣r1 − r2∣)
∣r1 − r2∣

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
long−range

, (3)

where erf is the error function and μ is the range-separation para-
meter. This long-range correction (LC) approach enables a more
balanced treatment of electron interactions over different distances.
For instance, LC-PBE010 is the RSH version of PBE0,11 retaining
25% of vHF

x plus 75% of PBE exchange (vPBE
x ) at short-range (as in

PBE0), while employing 100% of HF exchange in the long-range
regime. The following energy expression represents, in general, the
LC exchange functionals,

ELC
x = αESR−HF

x + (1 − α)ESR−DFT
x + (α + β)ELR−HF

x , (4)

where two additional parameters, α and β, are introduced. The for-
mer determines the appropriate admixture of HF and DFT exchange
at short range, while their sum defines the amount of HF exchange at
the long-range limit. Over the years, various RSH functionals based
on PBE have been proposed, with or without modifications to the
PBE exchange (e.g., LC-ωPBE,12 LRC-ωPBEH,13 CAM-PBEH,14 and
tuned LC-PBE,15 among others). These functionals differ in the frac-
tion of HF exchange and the range-separation parameter, and they
show better performance for ionization potential/electron affinity
spectra and excitation energies.16,17

Although global hybrid XC functionals generally outperform
their pure GGA or MGGA counterparts, they are still significantly
affected by SIE.18,19 Moreover, global hybrids fail to reproduce the
correct behavior associated with the integer discontinuity,20 also
performing poorly in the simulation of one-electron spectra.21,22

In this context, the exchange-correlation functionals developed
by us, the Quantum Theory Project (QTP), represent a decisive step
toward solving these issues. Therefore, QTP functionals follow the
Correlated Orbital Theory (COT),23 which incorporates rigorous
physical constraints on Kohn–Sham eigenvalues by tying observable
quantities such as vertical ionization potentials (IPs) and electron
affinities (EAs) to the negative of occupied (−εi) and some unoccu-
pied orbitals (−εa), respectively. COT not only corrects important
spectral deficiencies but also provides a path for achieving a new
class of KS-DFT approximations that inherit the interpretive clar-
ity and high-level accuracy of wave function-based methods while
maintaining the computational tractability of KS-DFT. Although
several other approaches have been proposed to mitigate delo-
calization and self-interaction errors (e.g., PZ-SIC,24 LOSC,25 and
FLOSIC,26 among others), COT stands apart as an independent
framework, or even a philosophy, for developing XC functionals in
which these issues are naturally corrected.

All RSH functionals from the QTP family, QTP00,27 QTP01,28

QTP02,29 and LC-QTP,29 are derived from CAM-B3LYP;30 while

QTP1731 is similar to B3LYP.32–35 These functionals have demon-
strated success in accurately describing a wide range of ground-
state properties, e.g., ionization potentials,21,36 electron affinities,22

isotropic hyperfine coupling constants,37 and reaction barrier
heights.29 In addition, they perform very well for various response
properties, such as core excitation energies,38 vertical excitation
energies (Rydberg and charge-transfer states),17 two-photon absorp-
tion cross sections,39 and a variety of second-order response
properties (including static polarizability, J-coupling, and chem-
ical shift).40 Notably, QTP functionals have also demonstrated
CC/EOM-CC quality in predicting both the fundamental and optical
gaps of challenging extended systems, such as polyacene and trans-
polyacetylene oligomers,41 although they will still suffer from having
100% HF exchange in long-range for infinite systems.42

Given the demonstrated success of QTP functionals, a natu-
ral question arises: Can COT improve the hybrid versions of XC
functionals from different families as well? To address this point,
we selected three PBE-based functionals from different rungs of
Jacob’s ladder: (1) PBE0, a hybrid GGA; (2) TPSS0, a hybrid MGGA;
and (3) LC-PBE0, a range-separated hybrid functional. Therefore,
to evaluate the potential improvements introduced by COT, two
reparameterization strategies are considered here for adjusting the
admixture of HF and PBE-like exchange.

In the first approach, we enforced the exact COT condition that
the negative of all occupied Kohn–Sham orbital energies should cor-
respond to IPs (with or without the core electrons). We refer to this
proposal as the IP condition. In the second approach, along with the
IP condition for the highest occupied molecular orbital (HOMO)
and by insisting that the negative of the energy of the lowest unoccu-
pied molecular orbital (LUMO) corresponds to the EA, we enforced
the HOMO–LUMO COT condition. The HOMO–LUMO condi-
tion is an obvious partial fix for any integer discontinuity problem!
The EA is equivalent to an IP via the HOMO/LUMO condition.
Therefore, in this case, only the first IP and EA values are consid-
ered, which are here referred to as the HOMO/LUMO condition
(although the full spectrum can be examined). Further details on
both approaches are provided in Sec. III.

II. THEORY
The modification of the Dyson equation from Electron Prop-

agator (EP) theory by coupled-cluster (CC)43 leads to an exact
one-particle correlated orbital theory,23 which serves as the foun-
dation for the development of the QTP functionals. The Dyson/EP
theory provides quasiparticle energies and orbitals by solving the
corresponding eigenvalue equation

[ f̂ + Σ̂(ω)]ψp(ω) = εpψp(ω), (5)

where the frequency-dependent self-energy Σ̂(ω) introduces corre-
lation corrections on top of the single-particle Fock operator, f̂ = t̂
+ v̂ + Ĵ − K̂ = ĥ + Ĵ − K̂. Here, t̂, v̂, Ĵ, and K̂ are the usual kinetic
energy, electron–nucleus interaction, electron–electron Coulomb,
and exchange operators.

The eigenvalues of this equation arise when the frequency on
the left-hand side matches that on the right-hand side. A major
advantage of CC theory is that by inserting a CC ground-state
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wave function into the EP theory, the frequency dependence of the
self-energy is eliminated, yielding the COT equation

[ f̂ + Σ̂CC]ψp = εpψp, (6)

where Σ̂CC is the frequency-independent self-energy operator. Its bi-
orthogonal orbital solutions and eigenvalues define a one-particle,
correlated orbital theory.

The next step is to recognize that the COT equation is now
numerically equivalent to the solutions of the IP/EA-EOM-CC
method,43–45

H̄Rk = ωkRk, (7)

where Rk is the amplitude for the kth right-hand state. A subset of
these eigenvalues corresponds, for example, to the “principal” IPs.
In the IP case at CCSD, Rk consists of 1-hole (1h), 2-holes (2h), and
1-particle (1p) operators, and ωk = (Ij) for j occupied IPs. In the
EA case, Rk consists of 1p, 2p, and 1h operators, and ωk = (Ab) for
the b primary electron affinities. The EOM-CC solutions are now
expressed in configuration space, instead of the one-particle space
of the Dyson equation that, from a different viewpoint, would cor-
respond to a Löwdin partitioning of the exact equations, instead
of the frequency-independent partitioning emphasized in our COT
paper.23 However, the fundamental element remains the justified
removal of the frequency dependence from the Dyson equation that
puts these CC inspired COT equations into the same computational
domain as HF or KS theory. It also decouples the IP and EA parts of
the one-body Greens’ function, greatly simplifying its solution in an
infinite-order frequency-independent form. Its removal is also use-
ful to the GW procedure, as the integration over the frequency is the
rate-determining step in the calculation. Another particularly useful
by-product of COT is that the initial solutions of the IP/EA-EOM-
CC equations are the ‘principal’ ones, relegating the other shake-up,
etc., solutions to higher order, where one should add additional
particle–hole operators for accurate descriptions.

In this sense, by construction, the correlated orbital theory
imposes the following conditions on top of single-particle wave
function theories:

IPi = −εi = −⟨ϕi ∣ ĥi + Ĵ − K̂ + Σ̂CC ∣ ϕi⟩, (8)

and

EAa = −εa = −⟨ϕa ∣ ĥa + Ĵ − K̂ + Σ̂CC ∣ ϕa⟩, (9)

where ϕi and ϕa represent, respectively, the occupied and unoccu-
pied orbitals.

In the Kohn–Sham framework, the term Ĵ − K̂ + Σ̂CC is replaced
by Ĵ + v̂xc, where vxc is the exchange-correlation potential. Accord-
ingly, Eq. (8) can be approximated as

IPi ≈ −εi = −⟨ϕi ∣ ĥi + Ĵ + v̂xc ∣ ϕi⟩, (10)

with a similar expression applied to Eq. (9). This condition should
be viewed as a constraint on KS-DFT, as the accuracy of v̂xc is tested
by this IP eigenvalue condition. As discussed elsewhere,19 this is
also critical to how well a KS-DFT approximation satisfies correct
self-interaction.

Because Bartlett’s IP-eigenvalue theorem (KS-DFT’s
Koopmans’ theorem) is rigorously satisfied by Dyson theory
and its CC modification, any KS-DFT should be required to satisfy
this as a prerequisite to making KS-DFT provide accurate results.
That is what the QTP functionals attempt to do.

Further consequences follow. COT enables the following
relationships for vertical processes of electron loss or gain:

IPi(M) = −εi(M) = EAa(M+) = −εa(M+), (11)

and

EAa(M) = −εa(M) = IPi(M−) = −εi(M−). (12)

Here, M, M+, and M− refer to the neutral, cationic, and anionic
states of a molecular system, respectively. Hence, in Eq. (11), i labels
the occupied orbital of M involved in the electron removal process
for achieving M+, while a refers to the virtual orbital of M+ that must
be filled by an electron to recover M. Analogous interpretations hold
for Eq. (12), but considering now M and M−. Therefore, if the COT
conditions are exactly satisfied, the differences in the eigenvalues for
the orbitals presented in Eqs. (11) and (12) should ideally vanish.

III. COMPUTATIONAL METHODS
The DFT calculations were performed within NWChem

7.0.2,46 unless otherwise stated. The basis set chosen for the
reparameterization process was aug-cc-pVQZ.47,48 The new XC
functionals are developed based on arguments from COT,23 and
two different procedures are employed along this reparameteri-
zation process: (i) IP condition and (ii) HOMO–LUMO condi-
tion. In addition, the following basis sets were used throughout
the paper: cc-pVDZ47(charge-transfer), cc-pVTZ47 (vertical IPs),
aug-cc-pVTZ47,48 (H2

+ potential curve, fractional occupation of
H2O/OH, and vertical EAs), jul-cc-pV(T+d)Z49 (long-range charge-
transfer), and def2-QZVP50 (barrier heights). Information regarding
the molecular geometries of all systems used within this study is
provided in the supplementary material.

A. IP condition
This procedure relies on the central argument from COT

that the negative of the eigenvalues obtained for occupied orbitals
should provide the corresponding exact ionization potentials. This
approach was previously followed in the development of QTP0027

and QTP17,31 which fitted the parameters in order to reproduce
all five experimental IPs of water. It is noteworthy that the specific
choice of molecule is not particularly important in COT. Water was
selected simply because its IPs are well-established experimentally; it
could just as well have been any other molecule. Naturally, different
molecules would lead to different parameters; however, we expect an
approximate universality of the IP when the method is tested across
a broader set of systems. That is, using parameters optimized for
water, we obtain equally good agreement with the observed IPs of 42
arbitrarily chosen molecules, suggesting that any one of them could
have served just as well as water in determining the parameters.51

In the present study, we adopted the same strategy for LC-
PBE0, fitting its parameters to match the same five IP values of water.
However, we restricted the fitting procedure to the four valence
IPs of water for PBE0 and TPSS0, that is, excluding the core O(1s)
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result, since it was not possible to adjust parameter values that simul-
taneously yield accurate results across all orbitals for these global
hybrids. To this end, the performance of PBE0, TPSS0, and LC-PBE0
was investigated, searching for new parameterizations of analogous
functionals using the same generalized gradient or meta-generalized
gradient approximation components, specifically, PBE/TPSS for
both exchange (X) and correlation (C).3,5,52 The results were evalu-
ated using the mean absolute deviation (MAD), although maximum
absolute deviation (MAX) values are also reported. All informa-
tion regarding the valence IP values of water can be seen in the
supplementary material.

B. HOMO/LUMO condition
This procedure follows the relations introduced in Eqs. (11) and

(12), which explore COT in a broader aspect. Hence, in addition to
the initially imposed IP condition for the HOMO, the EA conditions
anticipated by COT are also taken into consideration. This means
that no experimental values were used to optimize the parameters of
these functionals. Therefore, during the conception of QTP02 and
LC-QTP, Haiduke and Bartlett29 proposed rewriting Eqs. (11) and
(12) using H2O, the OH radical, and their ions, that is,

IP(H2O) = −εHOMO(H2O) = EA(H2O+) = −εLUMO(H2O+), (13)

and

EA(OH) = −εLUMO(OH) = IP(OH−) = −εHOMO(OH−). (14)

Therefore, the optimum parameters are chosen as the ones pro-
viding similar values for both of the following absolute energy
differences:

Δε1 =∣ εHOMO(H2O) − εLUMO(H2O+) ∣, (15)

and

Δε2 =∣ εLUMO(OH) − εHOMO(OH−) ∣, (16)

which should be ideally zero in COT.
Specifically for the LC-PBE0 case, different sets of μ and α

(β) were identified as minimizing Eqs. (15) and (16). Following
an approach similar to that of Haiduke and Bartlett, we employed
additional relationships using two different transition metal sys-
tems (CuH and ZnF) and their corresponding ions. The adapted
forms of Eqs. (13)–(16) are provided in the supplementary material
(Eqs. S5–S8).

In other words, the parameterization of existing functionals can
be performed to accurately satisfy one of these two relations, provid-
ing almost negligible values for Δε1 or Δε2. However, it seems not
possible to exactly satisfy both relations at the same time with the
XC functionals available at present, and the procedure chosen here
tries to achieve a more balanced description of both electron loss and
electron gain processes.

At this point, it is also evident that the HOMO/LUMO condi-
tion can be viewed as an “integer discontinuity condition,” since it
considers the addition or removal of electrons to/from the neutral
system. In more detail, these conditions imply that the slopes of the
lines achieved by varying the number of electrons between a neu-
tral system and its cation, as well as between a neutral system and

its anion, should be as similar as possible in the neighborhood of
the associated systems with an integer number of electrons. In other
words, the linearity behavior expected from the exact XC functional
by varying the number of electrons during electron gain or elec-
tron removal processes, as predicted by Perdew and co-workers,53

is enforced by the exact HOMO/LUMO conditions.

IV. RESULTS
As mentioned before, H2O was selected as the reference system

for the reparametrization procedure based on the IP condition, while
the set of systems used for HOMO/LUMO condition optimization
includes neutral, cationic, and anionic forms of H2O/OH molecules.
This choice reflects an established precedent, as these molecules have
been used in the development of QTP00–QTP02 functionals.27–29

Table I presents the values achieved for the optimum percentage of
Hartree–Fock exchange starting from PBE0 and TPSS0.

As can be seen, similar to the situation observed with the reg-
ular version of these functionals, the reparameterization based on
the IP condition results in a similar amount of HF exchange for
both PBE0 and TPSS0, 71%. Therefore, considering the four valence
IPs of H2O, the PBE IP shows a mean absolute deviation (MAD)
of 0.50 eV relative to experimental values. Similarly, TPSS0 IP pro-
vides a MAD of 0.51 eV. This procedure clearly seems to favor larger
amounts of HF exchange (up to 71%). All values are depicted in the
supplementary material.

Next, concerning the HOMO–LUMO condition for the repa-
rameterization step, the HF exchange percentages now decrease
relative to those found with the IP condition, although the values
are still large. For example, PBE0 HL contains 66% of HF exchange,
while TPSS0 HL presents 65%, again providing similar amounts of
HF exchange. Therefore, Δε1 ≈ Δε2 ≈ 0.46 eV in the case of PBE0 HL
and ≈0.44 eV for TPSS0 HL. Therefore, this procedure also tends to
result in a larger amount of HF exchange compared to the original
versions of these PBE-based global hybrids.

Table II presents the optimal range-separation parameters (α,
β, and μ) for LC-PBE0 and for the versions of this functional
proposed in this study. In this case, similarly to the regular LC-
PBE0, the exact α + β = 1 condition was also imposed during the
reparameterization, thereby reducing the number of independent
parameters. This condition also means that all versions of this
functional consider 100% of HF exchange at the long-range limit.
For most spectroscopic applications, this long-range corrected form
seems excellent, but as mentioned earlier, it is not ideal for solid-state
applications. Therefore, from the IP condition procedure, consider-
ing all five experimental ionization potentials of H2O, the optimal
LC-PBE0 IP parameter set yielded a MAD of 0.26 eV. For the para-
meters selected based on the HOMO/LUMO condition, the errors
defined in Eqs. (15) and (16) were 0.74 and 0.71 eV, respectively. In

TABLE I. Percentage of HF exchange in PBE0, TPSS0, and in the new versions of
these functionals proposed here.

XC Regular (%) IP (%) HL (%)

PBE0 25 71 66
TPSS0 25 71 65
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TABLE II. Range separation parameters in LC-PBE0 and the new versions of this
functional proposed here.

XC α β μ

Regular 0.25 0.75 0.30
IP 0.57 0.43 0.18
HL 0.34 0.66 0.28

addition, the IP condition procedure still favors larger amounts of
HF exchange at short-range than the HOMO–LUMO condition,
57% and 34%, respectively.

A. Self-interaction error
We first investigate the ability of the functionals in reproduc-

ing the potential energy curve (PEC) of H2
+. As illustrated in Fig. 1,

the correct dissociation limit is exactly satisfied by the Unrestricted
Hartree–Fock (UHF) method. In this case, SIE, which is universally
present in DFT, tends to negatively affect the energy results as any
XC functional is chosen for this task. For example, some functionals
shown in Fig. 1 significantly underestimate the energies in the disso-
ciation limit region. The functionals exhibiting this behavior more
dramatically include regular PBE0 and TPSS0 (solid red and blue
lines).

Interestingly, reparameterizations following the IP and HL con-
ditions from COT considerably mitigate the SIE of PBE0 and TPSS0,
as shown by the red and blue dashed/dotted lines in Fig. 1. Although
these functionals still exhibit some degree of SIE, the deviations
compared to the UHF curve are now much smaller than those of
the regular versions of these functionals. For example, at 10 Å, the

deviations of the PBE0-based functionals compared to UHF are
−43.86 kcal/mol (regular PBE0), −18.04 kcal/mol (PBE0 IP), and
−20.78 kcal/mol (PBE0 HL). For TPSS0-type functionals, the devi-
ations are −41.21 kcal/mol (regular), −15.52 kcal/mol (TPSS0 IP),
and −18.80 kcal/mol (TPSS0 HL).

On the other hand, all versions of LC-PBE0 exhibit better
behavior considering the PEC of H2

+. According to Cohen et al.,54

this behavior is expected; that is, these authors observed that the only
class of XC functionals that showed some improvement relative to
SIE was the one containing range separation in the exchange opera-
tor. Again, both the IP and HL versions of LC-PBE0 perform slightly
better than the regular version of this XC functional. In these cases,
the deviations with respect to UHF at 10 Å are −14.09 kcal/mol (reg-
ular LC-PBE0), −13.40 kcal/mol (LC-PBE0 IP), and −13.50 kcal/mol
(LC-PBE0 HL).

B. Integer discontinuity
Another fundamental issue in DFT is the so-called integer dis-

continuity, which arises when electrons are added to or removed
from a chemical system. The expected behavior from the exact XC
functional would be that of a linear total energy variation with the
number of electrons between the associated systems with integer
values, that is, providing a straight line connecting the energies of
the systems with N0, N0 + 1, and N0 − 1 electrons. Figure 2 shows
the results of calculations that consider the removal or addition of
fractional electron occupations, up to the complete ionization or
electron attachment of/to H2O and OH, respectively.

We evaluate the PBE-like functionals against the “exact” behav-
ior, represented by a linear interpolation between the experimental
ionization potential of H2O and the electron affinity of OH, as illus-
trated by the black line in Fig. 2. In this sense, we observe that

FIG. 1. Potential energy curves of H2
+ with respect to the exact dissociation limit energy (−0.50 a.u.) against internuclear distances (dH−H) obtained with PBE-like

exchange-correlation functionals.
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FIG. 2. Relative energy for water (left) and hydroxyl (right) calculations for systems with fractional occupation numbers (ONs). In this case, ON = 0.0 represents H2O and
OH, while ON values of −1.0 and 1.0 are associated, respectively, with H2O+ and OH−.

the regular versions of PBE0 and TPSS0 exhibit a convex curvature
behavior in both the electron removal and electron gain regions,
which is quite common as traditional XC functionals of DFT are
subjected to this test.

On the other hand, the COT variants (PBE0 IP, TPSS0 IP, PBE0
HL, and TPSS0 HL) more closely follow the exact line during the
electron removal, while exhibiting now a concave curvature in the
electron addition region.

However, a completely different behavior is observed for the
variants of the LC-PBE0 functional investigated here. Now, the three
versions closely follow a straight line in the electron removal region,
although the LC-PBE0 IP seems to deviate more compared to the
other two. This trend is also observed along the electron gain pro-
cess; that is, while the regular LC-PBE0 and LC-PBE0 HL versions
remain closer to the “exact” line, LC-PBE0 IP deviates more signif-
icantly and exhibits a concave curvature, similarly to the behavior
seen with all the other functionals derived from the IP condition in
this region.

The discussion regarding the convexity and concavity of the
functionals is further clarified in Fig. 3. This figure illustrates the
deviation from piecewise linearity for a fluorine atom with a frac-
tional number of electrons, connecting the neutral species (number
of electrons, N = 9) with its cationic (N = 8) and anionic (N = 10)
forms. The plot shows how the total energies of the fractional elec-
tron systems deviate from the ideal piecewise linear interpolation
defined by the energies of the integer electron systems. Notably, the
functionals from the IP condition (PBE0 IP, TPSS0 IP, and LC-PBE0
IP) show excellent behaviors along the electron removal process, as
evidenced by their deviation curves staying closer to zero through-
out this interpolation range. This behavior indicates minimal

localization/delocalization errors in comparison to the regular func-
tionals for such an ionization process. Although global-hybrid
functionals derived from the HL condition also show excellent
improvement in the electron-loss region compared to the regular
ones, their true strength emerges in the electron-gain process, as
they closely follow the expected behavior. Similarly, LC-PBE0 HL
achieves remarkable results along the electron gain region, while the
original LC-PBE0 shows concave curvatures here, and the function-
als obtained from the IP condition exhibit convex behavior along
this process.

C. One-particle spectrum
We also evaluated the performance of all PBE-like function-

als in predicting the one-particle spectrum by calculating vertical
ionization potentials (IPs) from orbital eigenvalues, i.e., by compar-
ing the reference IPs to the negative of the eigenvalues obtained for
occupied orbitals. Table III presents the deviations of the function-
als from the IP-EOM-CCSD/cc-pVTZ reference values.21 The test
set includes 401 valence ionization potentials from 63 molecules.

As is well known, the PBE0 functional does not provide accu-
rate orbital eigenvalues, resulting in a poor description of such IPs.
For example, the MAD of PBE0 across the entire set of valence IPs
is 3.06 eV, with a MAX value of 8.45 eV. Reparameterization using
the IP condition significantly improves the accuracy, reducing the
MAD to 0.61 eV and the MAX to 3.02 eV. In addition, the PBE0
HL variant performs even better for the entire set, giving a MAD of
0.41 eV and a MAX of 3.61 eV. Moreover, the mean signed deviation
(MSD) values indicate that the regular PBE0 (MSD = −3.03 eV) sig-
nificantly underestimates the IPs, whereas PBE0 IP (MSD = 0.47 eV)
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FIG. 3. Deviation of PBE-based functionals from the piecewise linear interpolation regarding the fractional electron occupancies.

TABLE III. Mean absolute deviation (MAD), mean signed deviation (MSD), and max-
imum absolute deviation (MAX) in vertical ionization potentials (eV) for the 401IP test
set computed with PBE-like functionals relative to IP-EOM-CCSD reference values.21

The basis set used is cc-pVTZ.a

All valence HOMO

MAD MSD MAX MAD MSD MAX

PBE0 3.06 −3.03 8.45 2.95 −2.89 4.37
PBE0 IP 0.61 0.47 3.02 0.37 −0.11 0.97
PBE0 HL 0.41 0.08 3.61 0.49 −0.42 1.25

TPSS0 2.99 −2.99 8.14 2.89 −2.89 4.24
TPSS0 IP 0.65 0.47 4.66 0.37 −0.09 1.02
TPSS0 HL 0.41 0.05 3.59 0.51 −0.45 1.30

LC-PBE0 0.32 −0.03 4.85 0.29 −0.16 1.17
LC-PBE0 IP 0.59 0.52 3.44 0.29 0.11 0.79
LC-PBE0 HL 0.33 0.17 4.42 0.25 −0.03 0.83

QTP00 0.65 0.58 3.48 0.32 0.16 0.92
QTP01 0.31 −0.05 5.03 0.29 −0.16 1.14
QTP02 0.34 0.20 4.51 0.24 0.00 0.79
aNotes: “Regular” refers to the original functional; “IP” indicates that the parameteriza-
tion obeys the ionization condition from COT; and “HL” indicates that the functional
obeys the HOMO/LUMO conditions from COT. The results for the QTP functionals
were retrieved from Ref. 21.

and the PBE0 HL (MSD = 0.08 eV) overestimate these values to a
small extent.

Although the regular TPSS0 functional yields better results than
the regular PBE0, the errors remain significant, with a MAD of
2.99 eV and a MAX of 8.14 eV. The previously observed trend per-
sists under the different COT conditions: the IP and HL conditions

improve the accuracy. However, when comparing the reparameter-
ized versions of TPSS0 to those of PBE0, the latter performs better
overall. For example, TPSS0 IP yields a MAD of 0.65 eV and a
MAX of 4.66 eV, while TPSS0 HL exceptionally results in a MAD of
0.41 eV and a MAX of 3.59 eV. As before, the regular TPSS0 signifi-
cantly underestimates the IPs, with an MSD of −2.99 eV. In contrast,
TPSS0 IP and TPSS0 HL overestimate the values slightly, with MSDs
of 0.47 and 0.05 eV, respectively.

Range separation appears to significantly correct the IP spec-
trum issues observed for the regular PBE0. For example, LC-PBE0
produces an MAD of 0.32 eV, compared to 0.59 eV for LC-
PBE0 IP and 0.33 eV for LC-PBE0 HL. In this case, applying the
COT conditions does not substantially alter the results. Again, the
HOMO/LUMO condition performs better than the IP condition.
Interestingly, the MAX value for regular LC-PBE0 is the largest
among RSH functionals, at 4.85 eV, while LC-PBE0 IP and LC-PBE0
HL show MAX values of 3.44 and 4.42 eV, respectively. All LC-
PBE0 variants yield small MSD values: the regular version slightly
underestimates the IPs (−0.03 eV), while the IP and HL versions
overestimate them, with MSDs of 0.52 and 0.17 eV, respectively.

In fact, the existing QTP functionals also provide very accurate
results compared to IP-EOM-CCSD/cc-pVTZ considering the 401
IP set.21 Therefore, QTP01, QTP02, and QTP00 provide MAD val-
ues of 0.31 eV, 0.34 eV, and 0.65 eV, respectively. This reinforces
the excellent performance of all LC-PBE0 versions for this particular
property.

Table III also presents data that focus exclusively on HOMO
energies (i.e., the first ionization potentials). In this case, the perfor-
mance ranks from the best to the worst as follows for global hybrids:
IP condition, HOMO/LUMO condition, and regular. Therefore,
the best performances among global hybrids are those from PBE0
IP (MAD = 0.37 eV) and TPSS0 IP (MAD = 0.37 eV). All PBE0
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variants underestimate the results. Similarly, all TPSS0 versions
underestimate the HOMO energies (to different extents), with
TPSS0 IP achieving a nearly null MSD value. As seen before
for the range-separated hybrids, all LC-PBE0 variants yield again
quite small MAD values nearby 0.25–0.29 eV, with MSD values of
−0.16 eV (for regular LC-PBE0), 0.11 eV (for LC-PBE0 IP), and
−0.03 eV (for LC-PBE0 HL).

Next, our investigation is extended to vertical electron affini-
ties (see Table IV). Therefore, starting with functionals derived from
both PBE0 and TPSS0, the worst performance is achieved by the
regular versions. For example, PBE0 and TPSS0 give MAD values
of 1.41 and 1.30 eV, respectively. In contrast, the IP-based versions
of these functionals perform better than their regular counterparts,
i.e., PBE0 IP with a MAD of 0.23 eV and TPSS0 IP with a MAD of
0.21 eV. The HL forms closely follow in performance, as both PBE0
HL and TPSS0 HL achieve a MAD of 0.33 eV. Surprisingly, all forms
of LC-PBE0 perform very well for this property, with MAD values
ranging from 0.12 to 0.16 eV.

In addition, the majority of the XC functionals from Table IV
overestimate the EA results. For example, for the global hybrids, the
MSD ranges from 0.21 to 1.41 eV, respectively, for TPSS0 IP and
regular PBE0. MSD concerning LC-PBE0 derivatives ranges from
−0.01 to 0.01 eV, respectively, for LC-PBE0 IP and regular LC-PBE0.
The maximum deviation values for all IP-based functionals are up to
0.54 eV (PBE0 IP), while HL-based have MAX up to 0.77 eV (PBE
HL), and the regular versions are up to 2.77 eV (PBE0).

In this case, all the PBE-like functionals were unable to get even
close to the great performance of the QTP functionals for the same
test set. For instance, LC-QTP achieved the best result with a MAD
of 0.08 eV, followed closely by QTP02 with a MAD of 0.11 eV. The
third-best performance was obtained with QTP01 (MAD = 0.18 eV),
followed by QTP00 (MAD = 0.20 eV). All relevant numerical results
are provided in the supplementary material. However, it is impor-
tant to mention that a far more detailed investigation of vertical
electron affinity was conducted by Pavlicek and co-workers.22

D. Challenges: Charge-transfer and barrier heights
One common limitation of contemporary KS-TDDFT is the

difficulty in accurately predicting excitation energies to charge-
transfer (CT) states. In our study, we focus specifically on long-range
charge-transfer (LR-CT) excitations, which are closely linked to the
inability of existing XC functionals to correctly capture the integer
discontinuity, often resulting in large underestimations of excitation
energies.55 To investigate this, we analyze the NH3

...HNO2 dimer at
nine different intermolecular distances (d) from the LRCTEE9 test
set.56 All LR-CT information is shown in Table V.

The results obtained with the original versions of PBE0 and
TPSS0 highlight the difficulty that standard XC functionals face in
describing CT states. For example, the conventional PBE0 func-
tional yields a MAD of 4.98 eV and a MAX of 5.65 eV relative
to the reference data. A similar trend is observed for the MGGA
functional TPSS0, with a MAD of 4.81 eV and a MAX of 5.49 eV.
It is worth noting that, since analytic second derivatives are not
implemented for MGGA functionals in NWChem, all TPSS0 linear
response calculations were performed using Orca 6.0.1.57

In contrast, introducing range separation largely solves this
issue. For instance, LC-PBE0 achieves a MAD of just 0.80 eV, rep-
resenting an improvement of more than 4 eV over standard PBE0!
The MAX value of LC-PBE0 is also significantly lower, 0.85 eV.

However, applying COT via the IP condition offers a much
simpler and, perhaps, more effective solution to this issue, as seen
when this approach is followed starting with PBE0; that is, PBE0 IP
now provides a significantly reduced MAD of 0.75 eV. Although the
MAX of PBE0 IP (1.01 eV) remains higher than that of LC-PBE0,
this value is now much smaller than that from the standard PBE0.
A similar improvement is observed for TPSS0. Hence, TPSS0 IP
achieves a MAD of 0.70 eV and a MAX of 0.94 eV. These results
suggest that both global hybrid functionals can become suitable
alternatives for simulating such a challenging property as long-range
charge transfer when corrected via the IP condition.

TABLE IV. Vertical electron affinity obtained using PBE-like functionals and mean absolute deviation (MAD) with respect to EA-EOM-CCSD results (eV).22 The basis set used is
aug-cc-pVTZ.a

PBE0 TPSS0 LC-PBE0

EA-EOM-CCSD Regular IP HL Regular IP HL Regular IP HL

NH3 −0.62 0.21 −0.48 −0.42 0.13 −0.50 −0.43 −0.71 −0.71 −0.72
H2O −0.63 0.34 −0.44 −0.37 0.25 −0.46 −0.38 −0.68 −0.68 −0.69
H2CO −0.60 1.47 −0.49 −0.34 1.30 −0.49 −0.36 −0.69 −0.67 −0.69
N2 −2.12 0.66 −1.57 −1.35 0.53 −1.61 −1.36 −1.72 −1.89 −1.79
CO −1.59 0.81 −1.06 −0.90 0.68 −1.09 −0.90 −1.32 −1.38 −1.36
CO2 −0.93 0.22 −0.76 −0.67 0.11 −0.79 −0.68 −1.07 −1.07 −1.08
C2H2 −0.71 −0.21 −0.64 −0.60 −0.25 −0.65 −0.60 −0.82 −0.81 −0.81
HCN −0.52 0.06 −0.44 −0.40 −0.06 −0.45 −0.40 −0.61 −0.60 −0.61

MAD 1.41 0.23 0.33 1.30 0.21 0.33 0.16 0.12 0.14
MSD 1.41 0.23 0.33 1.30 0.21 0.33 0.01 −0.01 0.00
MAX 2.77 0.54 0.77 2.65 0.50 0.76 0.40 0.23 0.32
aNotes: “Regular” refers to the original functional; “IP” indicates the parameterization that obeys the ionization condition from COT; and “HL” indicates the functional that obeys
the HOMO/LUMO conditions from COT.
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TABLE V. Vertical excitation energies (eV) for long-range charge-transfer excited states of the NH3
...HNO2 dimer obtained in TDDFT calculations with the jul-cc-pVTZ basis set

and deviations with respect to reference results from Ref. 56.

PBE0 TPSS0 LC-PBE0

d(NH3 ⋅ ⋅ ⋅HNO2) Referencesa Regular IP HL Regular IP HL Regular IP HL

3.6772 7.10 3.94 7.23 6.87 4.12 7.31 6.89 6.52 6.90 6.67
6.1133 8.22 3.90 7.77 7.35 4.06 7.84 7.34 7.45 7.73 7.59
8.5632 8.75 3.97 8.12 7.66 4.13 8.19 7.66 7.97 8.25 8.12
11.0156 9.13 4.03 8.34 7.86 4.19 8.41 7.85 8.29 8.57 8.43
13.4708 9.35 4.07 8.48 8.00 4.23b 8.56 7.99 8.51b 8.78 8.65
15.9272 9.51 4.10 8.59 8.10 4.27 8.66 8.08 8.66 8.93 8.80
18.3868 9.62 4.13 8.67 8.17 4.29 8.74 8.15 8.77 9.05 8.91
23.3034 9.77 4.17 8.78 8.27 4.33 8.85 8.25 8.93 9.20 9.07
25.7630 9.83 4.18 8.82 8.31 4.34 8.89 8.29 8.98 9.26 9.12

MAD 4.98 0.75 1.19 4.81 0.70 1.20 0.80 0.51 0.66
MSD −4.98 −0.72 −1.19 −4.81 −0.65 −1.20 −0.80 −0.51 −0.66
MAX 5.65 1.01 1.52 5.49 0.94 1.54 0.85 0.58 0.71
aThe reference data were obtained using MS-CASPT2.
bValues obtained using the Tamm–Dancoff approximation due to convergence issues at the full TDDFT level.

In addition, even greater accuracy is achieved when the IP
condition is applied on top of LC-PBE0. The best performance in
Table V is obtained with LC-PBE0 IP, which yields a MAD of 0.51 eV
and a MAX of 0.58 eV.

Next, regarding the HOMO/LUMO condition, the global
hybrid functionals derived from this approach performed better
than their original counterparts and worse than the IP derivatives.
For example, PBE0 HL and TPSS0 HL yield MAD values of 1.19 and
1.20 eV, respectively. Similarly, LC-PBE0 HL shows improved per-
formance over its original version, with a MAD of 0.66 eV, providing
the second-best overall results for LR-CT predictions.

Finally, the MSD results indicate that all forms of the XC func-
tionals studied tend to underestimate the LR-CT excitation energies
relative to the reference dataset, which is in accordance with Tozer.55

The MSD values range from −4.98 eV for the original PBE0 to
−0.51 eV for LC-PBE0 IP.

Mendes and co-workers17 evaluated the performance of the
QTP functionals for LR-CT under the same conditions used in this
study. Their results showed that LC-QTP delivered the best perfor-
mance, with a MAD of 0.16 eV. The remaining QTP functionals
are ranked as follows: QTP00 (MAD = 0.37 eV), QTP02 (MAD
= 0.42 eV), and QTP01 (MAD = 0.84 eV). These results indicate
that, although COT enhances the performance of the PBE-based
functionals, neither of the new variants nor the standard forms
outperforms most of the QTP functionals.

For completeness, we also investigate an additional
charge-transfer test set that includes ten different dimers:
NH3

...F2, C3H6O ⋅ ⋅ ⋅F2, C4H4N2
...F2, C3H6O ⋅ ⋅ ⋅CH3NO2,

C4H5N ⋅ ⋅ ⋅C4H4N2 (H-bonded), C4H5N ⋅ ⋅ ⋅C4H4N2 (stacked),
C2F4

...C2H4 (d = 5 Å), C2F4
...C2H4 (d = 3.5 Å), NH3

...OF2, and
NH3

...C4H4N2. The geometries and reference values were obtained
from Kozma et al.58 Absolute and signed deviations are shown in
Fig. 4, while maximum deviations and raw data are presented in
Table S4.

FIG. 4. Heat map showing the mean absolute deviation (MAD) and mean signed
deviation (MSD), in eV, of the calculated charge-transfer excited states with
respect to EOM-CCSDT-3 reference data from Kozma et al.58 The cc-pVDZ basis
set was used.

In another study,51 charge transfer was reported for a set
of TCNE molecules, exhibiting a linear behavior on the distance
between two units based on six data points.

As observed previously, enforcing both COT conditions sub-
stantially improves the performance of all functionals for charge
transfer, e.g., reducing the MAD by more than 2 eV in the case of
global hybrids modified by the IP condition. Once again, both con-
ditions contribute positively to the RSH LC-PBE0 functional. In this
test, the best performance is achieved by LC-PBE0 IP, with a MAD
of 0.56 eV. TPSS0 IP and PBE0 IP rank second and third, respec-
tively. Within the same methodology, the QTP functionals perform
as follows:17 QTP00 yields a MAD of 0.36 eV, QTP02 gives 0.61 eV,
LC-QTP results in 0.69 eV, and QTP01 presents a MAD of 0.76 eV.
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As the final test of KS-DFT performance for challenging prop-
erties, the ability of PBE-like functionals in reproducing the reaction
barrier heights of the BH76 test set is evaluated. This test set is a com-
bination of the NHTBH38 and HTBH38 databases from Verma and
coworkers56 and considers forward and reverse reaction directions.
The MADs for these systems are presented in Fig. 5, and the MSD
values are illustrated in Fig. 6. The actual barrier height and MAX
values are provided in Table S5 in the supplementary material.

Therefore, the comparison of the regular, IP, and HL vari-
ants of the three hybrid functionals studied herein, PBE0, TPSS0,
and LC-PBE0, reveals some differences related to the barrier height
accuracy. For example, PBE0 yields a MAD of 3.99 kcal/mol,
which is not improved with IP condition (4.03 kcal/mol). How-
ever, under the HOMO/LUMO condition, PBE0 achieves its best
performance, MAD = 3.51 kcal/mol. The maximum error goes
from 14.17 kcal/mol (PBE0) to 12.77 kcal/mol (PBE0 IP), while

FIG. 5. Mean absolute deviations (MADs) obtained using PBE-like exchange-correlation functionals compared to the reference values from Verma et al.56 (in kcal/mol). The
basis set used is def2-QZVP.

FIG. 6. Mean signed deviations (MSDs) obtained using PBE-like exchange-correlation functionals compared to the reference values from Verma et al.56 (in kcal/mol). The
basis set used is def2-QZVP.
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the MSD varies from −3.74 kcal/mol (PBE0) to 3.58 kcal/mol
(PBE0 IP).

In contrast, the original TPSS0 exhibits better performance
compared to its COT variants, i.e., MAD = 3.95 kcal/mol. The MAD
from TPSS0 IP is 4.83 kcal/mol, and the one from TPSS0 HL is 4.32
kcal/mol. The MSD values also reflect consistent trends observed
previously: −3.79 kcal/mol for the regular version, 2.89 kcal/mol for
the IP one, and 2.35 kcal/mol for TPSS0 HL. Notably, the IP con-
dition version of TPSS0 presents the largest MAX value among all
TPSS0 variants (16.48 kcal/mol).

The three best-ranked functionals in this analysis come from
all LC-PBE0 variants. Furthermore, in this case, both COT strategies
yield improvements over the regular version. The MAD decreases
from 3.28 kcal/mol (regular) to 2.30 kcal/mol (IP condition) and
2.74 kcal/mol (HL condition). Similarly, the MAX errors are lower
in the COT variants, with the LC-PBE0 HL showing the small-
est overall maximum deviation (8.77 kcal/mol). The MSD values
reveal reduced systematic errors upon COT reparameterization:
from −2.04 kcal/mol (regular) to 0.84 kcal/mol (LC-PBE0 IP) and
−1.19 kcal/mol (LC-PBE0 HL), supporting the benefits of applying
COT to obtain the optimum amount of HF exchange, particularly
by means of the IP condition.

V. CONCLUSIONS
We investigated the potential improvements of three hybrid

functionals from the PBE family by applying the conditions estab-
lished by the correlated orbital theory. To this end, we selected
PBE-like hybrid XC functionals from different rungs of Jacob’s
ladder: PBE0 (GGA), TPSS0 (MGGA), and LC-PBE0 (RSH). Two
reparameterization strategies were employed to optimize the admix-
ture of HF and PBE-like exchange: (i) the IP condition and (ii) the
HOMO/LUMO condition.

Reparameterization based on the IP condition favored signif-
icantly larger fractions of HF exchange into the new functionals
compared to their original versions (25%), reaching 71% in PBE0 IP
and TPSS0 IP. In comparison, the HOMO/LUMO condition led to
slightly smaller HF exchange fractions (although still large), yielding
66% for PBE0 HL and 65% for TPSS0 HL. In the case of LC-PBE0,
we also enforced the condition α + β = 1, ensuring that all variants
contain 100% of HF exchange in the long-range limit. However,
the amount of HF exchange in the short-range was increased under
both reparameterization strategies: the IP condition led to 57% HF
exchange, while the HOMO/LUMO condition resulted in 34%.

Next, regarding the self-interaction error, which is clearly
present in the original (regular) versions of PBE0 and TPSS0, as
evidenced by their inaccurate reproduction of the H2

+ potential
energy curve, the enforcement of the IP and HOMO/LUMO condi-
tions from COT significantly mitigates this issue in both functionals.
Although all variants of LC-PBE0 demonstrate nice energy results
for the H2

+ energy curve, both the IP and HOMO/LUMO versions
perform slightly better than the original form of such a functional in
this respect.

The next step was to investigate how well the functionals
reproduce the energy profile of a system as electrons are added or
removed. Deviations from straight-line behavior in this context are
referred to as manifestations of integer discontinuity issues. First,
considering PBE0 and TPSS0, in general, both COT versions more

closely follow the exact, piecewise-linear behavior expected from
the exact theory. However, the IP variants perform better in the
“electron removal” region, while the HL condition guarantees better
behavior in the “electron addition” region. In contrast, the LC-PBE0
variants exhibit a distinct pattern: all three versions perform well
considering the expected straight line in the electron removal region,
and there are some signs of improvement caused by COT in this
aspect. However, in the electron addition region, the LC-PBE0 IP
version shows a significant deviation in the opposite direction to
the one observed with the original version of this functional, while
the HOMO/LUMO variant more closely follows the expected linear
behavior.

Analyzing the one-particle spectra, both COT variants of PBE0
and TPSS0 largely outperform their original versions. In this case,
the HL-optimized global hybrids showed the best performances.
Once again, considering the entire 401 valence IPs, all variants of
LC-PBE0 demonstrate excellent performance. An additional inves-
tigation considered the first electron affinities for a smaller test set.
This study revealed, not surprisingly, that the IP and HL optimized
versions of PBE0 and TPSS0 yield excellent results compared to
the original functionals. At the same time, all LC-PBE0 functionals
performed very well.

One of the major challenges faced by KS DFT is the accurate
description of charge-transfer processes, particularly at long range,
since this difficulty is closely tied to the correct treatment of the
derivative discontinuity issue. Therefore, to illustrate the impact of
COT on this, we considered the NH3

...HNO2 dimer set, where the
use of the IP condition demonstrated its effectiveness. Specifically, it
reduces the error seen in standard PBE-like global hybrids from as
much as 4.81–4.98 eV to as little as 0.70–0.75 eV. Next, both COT
conditions also improve the already nice performance of LC-PBE0.
For a second CT test set, composed of ten dimers and 13 states, the
performance pattern is exactly the same.

Accurate prediction of reaction barrier heights remains a signif-
icant challenge. In this case, the best results are obtained for all LC-
PBE0 variants, with the IP condition yielding the lowest deviations,
closely followed by the HL version. On the other hand, applying
the COT conditions on top of TPSS0 for the BH76 test set actually
worsens the accuracy compared to the original functional. In con-
trast, the HOMO/LUMO condition improves the performance of
PBE0.

Overall, we demonstrated that enforcing the principles of
correlated orbital theory in hybrid functionals from the PBE
family appears to yield benefits along various rungs of Jacob’s
ladder of exchange-correlation functionals. However, none offer
improvements over the QTP family of functionals for the examples
studied.

SUPPLEMENTARY MATERIAL

All numerical results obtained during the conception of this
study are reported within the supplementary material.
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