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Abstract
We introduce and illustrate use of two closely related range-separated hybrid
(RSH) van der Waals density functionals (vdW-DFs), denoted AHBR-mRSH and
AHBR-mRSH∗, for total-energy and quasiparticle characterizations of molecules
using generalized Kohn–Sham (gKS) density functional theory (DFT). For
comparison, we also introduce and document a traditional design for a long-range
corrected (LRC) vdW-DF, denoted ‘B86R-LRC’. All three new vdW-DFs set the
exchange potential as free of asymptotic screening in the coupling between the
electron and its associated exchange hole. Our two AHBR-mRSHs are key
members of a broader class ‘AHBR-mRSH(γ)’ defined by an inverse length scale
γ for a crossover in weighting short- and long-ranged exchange contributions; we
obtain a highly accurate predictor of general molecular-energy differences by
keeping γ= 0.106 (inverse Bohr) deliberately fixed in AHBR-mRSH. We obtain
an optimally tuned (OT) form AHBR-mRSH∗ = AHBR-mRSH(γ∗) by
computing a plausible value of γ∗ for specific types of systems. This
AHBR-mRSH∗ permits characterizations of molecular quasiparticles and
generalizes (1) the existing ‘OT-RSH’ (Stein et al 2010 Phys. Rev. Lett. 105
266802; Rafaely–Abramson et al 2012 Phys. Rev. Lett. 109 226405) approach by
a systematic inclusion of truly nonlocal correlations, and (2) more traditional
LRC forms (e.g. B86R-LRC) by setting the short-range exchange description as
in vdW-DF2-ahbr (Shukla et al 2022 Phys. Rev. X 12 041003). Importantly, we
may view AHBR-mRSH and AHBR-mRSH∗ as internally consistent functionals
for gKS-DFT, being simultaneously accurate on molecular energies and
quasiparticles. This is possible because the ‘AHBR-mRSH(γ)’ class has enough
transferability to almost always limit adverse impacts of tuning γ, as tested here
on the GMTKN55 benchmark suite (Goerigk et al 2017 Phys. Chem. Chem.
Phys. 19 32184). We find that AHBR-mRSH generally outperforms B86R-LRC
on molecular problems. To illustrate usage, we complete the OT design of an
AHBR-mRSH∗ for nucleobases and show that it provides quasiparticle
predictions that are in good agreement with both literature theory and
experimental values for adenine, thymine, cytosine, and guanine.

Supplementary material for this article is available online
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1. Introduction

Hybrid forms of the van der Waals (vdW) density functional (vdW-DF) method
[1–5] are delivering a robust performance across many types of problems [6–16].
One motivation for using hybrid vdW-DFs is that density functional theory (DFT)
calculations in the Kohn–Sham (KS) framework, with density-explicit functional
approximations for the exchange-correlation (XC) energy, can lead to
self-interaction and delocalization errors in the total-energy predictions [17–24].
Use of density-explicit vdW-DFs, like vdW-DF-cx [25] (here abbreviated CX)
and rev-vdW-DF2 [26] (also called vdW-DF2-b86r and here abbreviated B86R)
often produce accurate DFT results [5, 10, 27–29] but can fail on predicting spin
configurations and small-molecule adsorption with frustrated electronic
configurations [12, 13, 16, 20, 30]. Two new range-separated hybrid (RSH)
vdW-DFs, denoted AHCX and AHBR, are helping to improve DFT on some of
those problems, e.g. getting both substrate structure and site-preference right for
CO adsorption on noble metals and on Pt, correctly reflecting the
anti-ferromagnetic ordering of (reactive) copper-peroxide complexes in porous
materials, and minimizing errors in some problems of biochemistry relevance [10,
11, 13, 16].

Motivation for expanding use of RSH vdW-DFs exists because they may serve
as DFT-based predictors of some quasiparticles [31–36]. To this challenge they
bring a consistent inclusion of the truly-nonlocal correlation and weak-interaction
effects [3, 5, 13] that often define the nature of molecular systems.

Quasiparticle orbitals, denoted Ψξ(r) or Ψη(r), characterize the effects of
suddenly adding or removing an electron to or from the N-electron ground state
|Ψ0(N)⟩ [37, 38]. They are wavefunctions given by the state overlap of such
sudden excitations with a specific N+ 1 state |Ψξ⟩ or N− 1 state |Ψη⟩ and we can
ascribe orbital energy levels, ϵQP

ξ =−∆Eξ or ϵQP
η =−∆Eη given by the energy

differences, ∆Eξ or ∆Eη, between these specific excitations and the initial state.
This holds at least when ∆Eξ or ∆Eη remain small, corresponding to so-called
frontier orbitals. We may, for example, seek the highest-occupied molecular
orbital (HOMO) ΨH(r)≡ ⟨Ψη ′ |ψ̂(r)|Ψ0(N)⟩ where ψ̂(r) denotes the operator for
electron removal at r and where η ′ identifies the N− 1 state with the minimal
value of ∆Eη, thus setting the HOMO level ϵQP

H . When instead the
electron-creation operator ψ̂+(r) defines the ground-state excitation we find the
lowest unoccupied molecular orbital (LUMO) ΨL(r) at orbital level ϵ

QP
L (as well

as higher-energy LUMO+ quasiparticles). A search for such quasiparticles
traditionally requires systematic, costly many-body perturbation theory (MBPT)
calculations [39–44]. Meanwhile, in the traditional KS scheme [45, 46] for DFT
we work with independent particles moving in a local effective potential. This
potential is set by the so-called XC energy [45, 47] that we, in practice, describe
in density functional approximations (DFAs) of increasing complexity and
capabilities, for example, [1, 5, 23, 24, 48–59]. From the resulting KS-DFA
solutions, we can extract correspondingly defined independent-particle orbitals,
e.g. ϕH(r) and ϕL(r) at level energies ϵH and ϵL. However, even if we had access
to the exact XC functional and could thus complete formally exact KS-DFT
studies, we would not have alignment between these independent-particle orbital
levels and the quasiparticle levels [21, 31, 46, 60–65]. As discussed, for example,
in [21], the limitation of KS-DFT arises because the local potential must contain a
derivative discontinuity [31, 32, 64, 66, 67] to accurately reflect, for example, the
HOMO-LUMO gap. Nevertheless, it is possible to seek systematic
generalizations of [32, 36, 68–70] to navigate this problem: An optimally tuned
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(OT) RSH vdW-DF can describe frontier quasiparticles also in weakly interacting
systems.

RSH vdW-DFs open for predictions of quasiparticles, and hence of
optical-response properties, because we pursue such calculations within the
generalized KS (denoted ‘gKS’) DFT-solution scheme [21, 46]. That is, we have
AHCX and AHBR implemented in QuantumESPRESSO [71–74] (QE) which
uses orbital-based optimization for the Fock-exchange component; the same
holds for the semilocal-correlation HSE [32, 57, 75–77]. Compared with a
would-be local-potential implementation [21] the RSHs are thus moved closer in
nature to density-matrix formulations of the electronic-structure problem [35,
78–87]. The RSHs of QE are gKS-DFAs and can help us to bypass an explicit
compensation for the derivative discontinuity [21, 31, 32, 66, 67].

We note that screening implicitly enters the exchange description [21, 68] in
most DFAs as they are at least partly based on the electron-gas tradition [1, 4, 5,
41, 48–52, 88, 89]. The resulting local DFA potentials do not reflect the correct,
asymptotically unscreened, nature of electrostatics interactions in molecular
system [21, 61, 90, 91] and this issue also affects the RSHs [10, 13, 57, 77] in
general. For a compact presentation, we describe exchange in the RSHs in
analogy to the formally exact formulation of the XC energy [49, 50],

Exc =
1
2

ˆ
r

ˆ
r ′
n(r) nxc

(
r; |r− r ′|

)
Vr,r ′ . (1)

Here Vr,r ′ = |r− r ′|−1 denotes the Coulomb matrix element and nxc denotes the
XC hole [49, 51]. The exchange component Ex of Exc can be represented similarly
in a generalized gradient approximation (GGA) (like PBE [89]) and in regular
vdW-DFs (like CX, and B86R) by inserting an exchange-hole model [10, 13, 57,
76, 77, 92, 93], denoted nx(r; |r− r ′|), into equation (1). To define exchange in
corresponding RSHs, we insert instead a form ñγx that is a linear combination of
the Fock-exchange expression nFox [23] and nx [7, 10, 57, 77]. As implied by the
superscript, the RSH design permits a cross-over between a short- and
long-ranges behavior, as controlled by a choice of an inverse length scale γ.

The extent of screening in the exchange description of DFAs and RSHs can
now be made explicit as follows. The Fock-exchange hole nFox (r; |r ′− r|)
describes a system without screening [7, 94, 95]. In contrast, for constraint-based
GGAs [89, 93], HSE [57, 76, 77], and AHBR [10, 13], one keeps XC
contributions defined by long-wavelength plasmons together [50] and suppress
large-|r− r ′| contributions to the model exchange hole [76, 93]. In effect, these
hole models have full asymptotic screening and we can introduce an effective
dielectric constant ε(r; |r− r ′|) for counting exchange contributions in GGAs and
in the vdW-DFs by setting ε−1(r; |r− r ′|) = ñγx (r; |r− r ′|)/nFox (r; |r− r ′|). This
leads to an electron-exchange-hole coupling [49, 96],

Ex =
1
2

ˆ
r

ˆ
r ′
n(r) Vγ

x,scr

(
r,r ′

)
nFox

(
r; |r− r ′|

)
, (2)

that is given in terms of a screened interaction Vγ
x,scr(r,r ′)≡ Vr,r ′ε−1(r; |r− r ′|).

Again, γ controls a roll-over to an asymptotic behavior. The nature of PBE, HSE,
CX, B86R, and AHBR is reflected by using ε−1 → 0, i.e. using ε−1(r; |r−
r ′| →∞) = 0 in Vγ

x,scr and in equation (2). A long-range-corrected (LRC) hybrid
like VV10-LRC [97] uses ε−1 → 1 while global hybrids [6, 94, 95, 98–101]
use ε−1 = α < 1, that is, set by a Fock-exchange mixing α that is independent
of |r− r ′|.
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In search for highly accurate DFAs that exclusively address molecular systems,
it is appealing to enforce the ε−1 → 1 asymptotic limit on Vγ

x,scr when describing
exchange contributions [22, 61, 68, 90, 91, 97] for molecules. This means moving
DFT to the equally valid Hartree–Fock (HF)-KS scheme [46], where the relevant
XC functional contains nothing but correlation. With that move the fundamental
and HF-KS-DFT gaps are expected to align [21]. We note that exact (near-exact)
DFT descriptions of the HOMO (LUMO) states, for a finite system like a
molecule, are characterized by an asymptotic |r− r ′|−1 interaction form in
equation (2) [61, 90, 91]. This form is also consistent with the observation that
exchange must correct for errors that the Hartree term causes when one electron is
located far from the set of nuclei [21].

Still, a direct implementation of this HF-KS scheme within the RSH
framework of the AHBR approximation [5, 13] is a challenge; such a direct path
implies trusting the existing vdW-DF2 correlation [1, 2] to reliably reflect all
screening across all length scales and including that which we presently handle in
Vγ
x,scr(r,r ′)≡ Vr,r ′ε−1(r; |r− r ′|) and equation (2) [49, 50]. On the one hand,

staying with ε−1 → 0 asymptotic screening behavior (as in AHBR) is sometimes
considered important [16, 18, 102, 103] to ameliorate impact of static correlation
[19, 20, 104]. On the other hand, the nonlocal-correlation part of the vdW-DF
method is robust, respects all plasmon constraints [1], and has hole conservation
to all orders in expansions of its implicit screening logic [5, 105, 106]. It
simultaneously avoids an excessive inclusion of correlation from low-density
regions [3, 5, 25, 107–109] and therefore gives a plausible description of
correlation contributions arising at asymptotic separations between the electron
and its associated (XC) hole. It might work, for molecule-type problems, when
matched with an asymptotically unscreened exchange.
In this perspective on RSH vdW-DF use for molecules, we therefore ask and

answer two questions: (1) Does the strong AHBR performance [13] survive if we
work with a new XC-functional class, denoted ‘AHBR-mRSH(γ)’, that avoids
asymptotic screening in the exchange description and (2) Can we thus
simultaneously obtain accurate molecular-energy and molecular-quasiparticle
descriptions with a consistent inclusion of vdW forces?

Keeping the extent of short-range Fock-exchange mixing fixed at α= 0.25, we
find that AHBR-mRSH(γ) retains accuracy (in almost all cases) across a broad
range of γ values, as tested on the full GMTKN55 benchmark suite of molecular
properties [110]. We therefore propose to use a generic version (defined by
γ= 0.106), denoted AHBR-mRSH, as a robust and versatile XC functional for
DFT molecular-energy characterizations and we suggest use of the OT form
AHBR-mRSH∗ as a consistent, vdW-inclusive predictor of molecule
quasiparticles. We illustrate and test such use for frontier-orbital quasiparticles of
nucleobases and Watson-Crick (WC) pairs.

The rest of the paper is organized as follows. Sections 2 and 3 contain theory
and computational details. Section 4 contains our results and discussion while we
present a summary and outlook in section 5. The paper also has a
supplementary-information (SI) document [111] that helps detail that the
system-specific form AHBR-mRSH∗ can be expected generally remain accurate
also on molecular energy differences.

2. Theory

Using the gKS formulation of QE’s hybrid implementation [72–74], we can
circumvent the impact of the derivative-discontinuity that exists in the traditional
KS solution scheme to DFT [21, 31, 60]. With the exact KS scheme [45, 90] (for
a system with N electrons), we can solve for the orbital structure and energies
ϵH(N) and ϵL(N) of the HOMO [61] and LUMO [84, 91] levels. We can also
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obtain the HOMO energy ϵH(N+ 1) of the ‘N+ 1’ system. In exact KS-DFT,
minus ϵH(N+ 1) aligns with the exact-DFT description of the electron affinity
(EA) ADFT = EDFT(N)−EDFT(N+ 1) while minus ϵH(N) aligns with the
ionization potential (IP) IDFT = EDFT(N− 1)−EDFT(N) [31, 112]. However, the
fundamental gap GDFT ≡ IDFT −ADFT = ϵQP

L − ϵQP
H exceeds the exact KS-DFT gap

gKS = ϵL(N)− ϵH(N) by the derivative-discontinuity ∆KS
xc = GDFT − gKS =

ϵH(N+ 1)− ϵL(N). The difference arises because there must an abrupt change in
the local KS-potential description of exchange exactly as the electron number
N+ δN passes through δN= 0 [21, 60, 113–118]. This derivative discontinuity
complicates direct use of KS-DFT for discussions of the quasiparticle nature.
Fortunately, the gKS implementations of RSHs have instead an orbital focus and
a simpler connection to quasiparticle levels: unlike for a local potential, we expect
no singular orbital changes by infinitesimal δN changes [21, 35, 67].

There are many papers on understanding and on navigating the derivative
discontinuity problems [60] that exist both when using DFAs and for exact
KS-DFT [17, 21, 31–36, 39–41, 48, 62, 63, 66, 67, 69, 70, 82, 84, 113–139]. Our
strategy for seeking a new vdW-inclusive predictor of molecular quasiparticles
via a hybrid-type gKS vdW-DF mirrors that used in the PBE/HSE-based OT-RSH
[32, 70].

We differentiate between three main gKS schemes [46]. They are equivalent
ways to get exact-DFT total energies, EDFT, but their details impact the extent that
we can use DFAs to simultaneously describe total energies EDFA, orbitals, and
orbital levels ϵDFA

i . The gKS framework includes the original KS and the HF-KS
[46, 82] schemes; the first (second) of these pursue orbital optimization as given
by a single-particle Schrödinger equation (as given in the HF scheme while
including a local potential that reflects all electron-electron interactions) [21, 46,
114, 135, 136]. The gKS framework for DFT/DFAs furthermore includes
hybrid-type ‘gKS’ approaches, mixing the KS and the HF-KS gKS schemes [21,
32, 35, 46]. For DFA studies, we use that hybrid-type approach for launching a
new type of OT-gKS studies with consistent inclusion of nonlocal-correlation
effects.

We motivate focus on the AHBR-mRSH(γ) XC functionals as a path to
molecular quasiparticles by the following five observations. First, when using the
exact functional for the HF-KS solution scheme, the derivative discontinuity is
expected to either vanish or be small (i.e. ∆HF-KS

xc ≈ 0) and there is no discrepancy
between IDFT and −ϵHF-KS

H [36, 135]; unfortunately, we do not have the exact
correlational functional for the HF-KS solution scheme [21]. Second, in exact
KS-DFT studies we retain the IDFT =−ϵKS

H alignment [61] but we loose a direct
connection to other quasiparticle energies because ∆KS

xc > 0 [21, 60, 135]; also,
we do not have the KS potential corresponding to the exact XC functional (except
when reconstructed for special atomic cases [61, 66, 91]). Third, DFA studies
using GGAs or regular vdW-DFs (like CX and B86R that also have a GGA-type
DFA for exchange) give good accounts of

IDFA ≡ EDFA (N− 1)−EDFA (N) ; (3)

Such DFA studies are characterized by ∆KS
xc = 0 values [35]. However, that does

not mean that we can use the resulting KS levels as quasiparticle energies. This
follows because the failure to reproduce the correct derivative discontinuity of the
exact KS scheme causes mis-alignments of −ϵKS

H and IDFA values [140, 141].
Fourth, use of a general RSH (like HSE or AHBR) or global hybrid (like
DF2-BR0) in gKS-DFA studies will ameliorate some of the above-summarized
frustration in linking gKS levels and quasi particle energies; however, we must
enforce ε−1 → 1 for asymptotic exchange contributions in molecules [22]
(implying a |r− r ′|−1 coupling of the electron and associated hole) to recoup the
−ϵKS

H = IDFA success demonstrated in [61]. The |r− r ′|−1 coupling and hence
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asymptotic effective-potential form is also required for accuracy in describing
unoccupied molecular orbitals [91].

Nevertheless, fifth, we can succeed at crafting a vdW-inclusive quasiparticle
predictor via gKS-DFA calculations. This holds if we tune it to approach the
exact HF-KS gKS-DFT, as far as possible. Taking inspiration from the OT-RSH,
we can summarize the tuning in terms of the γ value that controls the roll-over of
Fock-exchange mixing in the effective exchange modeling nγ . A key necessary
condition for a AHBR-mRSH(γ) gKS-DFA to mimic exact HF-KS DFT is
compliance with the criterion on the HOMO energy position [32, 140]:

− ϵDFA,γ
H = IγDFA . (4)

To begin an explicit construction for a new broad class, denoted ‘AHBR-
gRSH’, of RSH-vdW-DFs for gKS-DFA studies, we use access to an analytical
exchange-hole modeling for B86R and hence for AHBR [10, 13]. As in [32,
68–70], we split the Coulomb matrix element

Vr,r ′ = V
(
y= |r− r ′|

)
, (5)

V(y) =
WFX,α,β (γy)

y
+
WDF,α,β (γy)

y
, (6)

using separation-dependent weightings,

WFX,α,β (γy) = α+β erf(γy) , (7)

WDF,α,β (γy) = 1− [α+β erf(γy)] . (8)

The first (second) of these weightings is then used when counting contributions
arising from the Fock-exchange hole nFox (from the B86R exchange-hole model
[13] nx). The resulting RSH approach implies using an effectively screened
electron–hole interaction with a hybrid exchange-hole modeling Vγ

x,scr(r,r ′)≡
Vr,r ′ε−1(r;y= |r− r ′|) given as a range-dependent dielectric constant

ϵ−1 (r;y) =WFX,α,β (γy)+WDF,α,β (γy)
nx (r;y)
nFox (r;y)

, (9)

in equation (2). The crossover in the screening nature, at electron–hole separation
y∼ γ−1, reflects a RSH exchange-hole modeling

nγx (r;y) =WFX,α,β (γy) n
Fo
x (r;y)

+WDF,α,β (γy) nx (r;y) , (10)

that is more general than the model used in setting up the AHBR [10, 13, 57, 76,
77]. Specifically, to land at a parameter-free form of the AHBR-gRSH class, for a
given type of system, we must now set a total of three parameters (α, β, and γ).
This can be done, for example, by looking at predictions for physical properties
[36, 68–70, 99, 100, 142, 143] and demanding internal consistency or by using a
coupling-scaling analysis to assert plausible values for the expected hybrid
mixing [7, 94, 95, 144, 145]. We note that the error-function erf(y) switches
between zero (at y= 0) and unity (at y→∞) so that α determines the extent that
we include short-range Fock-exchange. Also, for a finite γ, it follows that
ε−1 ≡ α+β sets the extent of Fock-exchange at large separations and therefore
the asymptotic screening.

We define our molecule-relevant class of gKS DFA ‘AHBR-mRSH(γ)’
subclass simply as ‘AHBR-gRSH(α= 0.25,β = 0.75)’, i.e. when enforcing an
absences of asymptotic screening, ε−1 = α+β = 1. For a simplified discussion,
we suppress expressing the γ variation when discussing the variation arising in
the broader functional class ‘AHBR-gRSH(α,β)’. We clarify that the
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‘AHBR-gRSH(α,β)’ class contains both B86R and a traditional definition of a
LRC form, denoted B86R-LRC. This B86R-LRC has a cross over (defined by
using the fixed, LRC-standard value γ= 0.4) between a total absence of Fock
exchange and (as in the AHBR-mRSHs) an assumed absence of asymptotic
screening of exchange.

The top panel of figure 1 provides further details on the AHBR-gRSH(α,β)
class of gKS DFAs. It highlights that the existing AHBR (black dot) and the new
AHBR-mRSH (gold dot) emerge as the left and right ends of α= 0.25 (dashed
line). We also note that this line furthermore runs through DF2-BR0 (olive dot at
β= 0) while the B86R (green triangle) and B86R-LRC (light-green square)
instead exist on the α= 0 line. The figure makes clear that AHBR-mRSH and
B86R-LRC (B86R and AHBR) are the two options that comply with a
molecule-consistent (metal-consistent) description, being situated on the gold line
α+β = 1 (black line α+β = 0). However, it does not highlight the observation
that DF2-BR0 also emerges as the AHBR-mRSH(γ= 0) value (because the
choice of β looses significance at γ→ 0).

As for the practical identification of the OT AHBR-mRSH∗ version, we seek
the γ that means that AHBR-mRSH(γ) has compliance with equation (4), as far
as possible also subject to additional conditions, below. We note that because the
process seeks alignment with the exact HF-KS DFT, we are set up for
quasiparticle predictions. We shall illustrate completing an OT of γ to define a
system-specific version ‘AHBR-mRSH∗’ and we have implemented
AHBR-mRSH(γ) in an in-house QE version. We can therefore extract the
quasiparticle predictions directly as in any QE DFT-RSH vdW-DF calculation,
see [10, 11, 13, 16]. Practical use will always be limited to frontier levels: deeper
quasiparticles exhibit a more complex structure [66, 146].

We note that we could perform the OT process for AHBR-mRSH∗ with
attention to γ-dependent gKS-DFA results for the pair of IP values that
correspond to the neutral and charged systems [32, 68]. However, by limiting the
OT-process to just the neutral IP value of one member of a given system type,
(e.g. nucleobases) we are in a position to validate the AHBR-mRSH∗ directly by
characterizing the rest of the same-system frontier orbitals (before proceeding to
predict those of the rest of related systems, e.g. other nucleobases and WC pairs).

We also note that we can see the resulting AHBR-mRSH functional as an
effectively parameter-free description. The molecular nature sets the value of
α+β, while γ is tuned by a self-consistency criterion on the HOMO-level
description. Presently we keep α= 0.25 fixed, but we also observe that a
coupling-constant analysis of the vdW-DFs can be used to establish a plausible
choice also for the short-range Fock-exchange weight α, following the ideas
of [7, 95, 98, 144].

Furthermore, we observe that even though the AHBR-mRSH(γ) is generally
found to exhibit limited sensitivity towards tuning γ to values γ ⩽ 0.2, we are
weary of permitting large-γ values for use in an OT AHBR-mRSH∗, even if
suggested by full compliance with equation (4). This reservation applies when
considering vdW-dominated problems. We have defined a general-purpose CX
version of vdW-DF by stressing balance of exchange and correlation, and a
similar argument can be made also for the B86R (and hence for AHBR). When
we use a γ= 0.166 (inverse Bohr [147]) value in an AHBR-mRSH∗ we are
placing the cross over to the unscreened asymptotic Fock-exchange behavior at
6 Bohr, corresponding to about 3.1Å. This is close to layer binding distances for
graphite and vdW heterostructures [148]. The 3.1Å length scale is still beyond
the extent of the regions that dominate in setting the major nonlocal-correlation
binding contributions [5]. If we further increase γ (for example, by using the
γ= 0.4 value of B86R-LRC), however, we could be rubbing the XC balance for
the vdW inclusion. More analysis is necessary to detail implications and, in this

7



J. Phys.: Condens. Matter 37 (2025) 211501 Perspective

Figure 1. Nature, mutual relation, and Fock-exchange mixing details for molecular-relevant RSH
vdW-DFs, top panel and corresponding functional performance on broad molecular properties
[110], bottom panel. The RSH vdW-DF nature is summarized by the α-β position, where the former
(latter) controls the extent of short-range exchange inclusion (enters in an effective dielectric
constant, ε−1 = α+β that in turn controls the extent of long-range exchange inclusion, see text).
Using the exchange-hole model [13] for the regular vdW-DF ‘B86R’ (nature and performance
identified by green triangle and bar) we can define the fully-asymptotically screened AHBR [13]
(identified by a black dot in the top panel and black performance bars in the bottom panel), the new
molecule-relevant AHBR-mRSH (gold dot and performance bars), and a more traditional
long-ranged corrected B86R-LRC (light green square and performance bars). The RSH-vdW-DF
framework furthermore encompasses the global hybrid DF2-BR0 (olive dot and bar) and, for
comparison, we repeat a performance assessment for HSE+D3 [13] (gray bars in bottom panel).
The performance comparisons reflect mean absolute deviations from reference data using the
WTMAD1 averaging measure for the entire GMTKN55 suite (as in [13]). For the subclass of all
GMTKN55 benchmarks that reflect noncovalent interactions (NCIs), we report the assessment in
the set of often-used standard measures, see text.

perspective on potential for wider RSH-vdW-DF use, we limit the range of
possible quasiparticle predictors to tempered AHBR-mRSH(γ ⩽ 0.166) choices.

Finally, we turn to discuss (1) the nature of the quasiparticle approximations
that we can hope to capture by using our OT gKS-DFA method AHBR-mRSH∗,
and (2) transition dipole moment descriptors that reveal differences between, for
example, the set of DNA nucleobases and that can track changes that emerge with
nucleobase assembly into, for example, WC pairs. We shall compute
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AHBR-mRSH∗ results for such descriptors, i.e. wavefunction overlap matrix
elements, to permit a simple qualitative discussion of trends in exciton formation
and in radiative exciton decay.

The description of LUMO and LUMO+ quasiparticles in molecules can
formally present size-consistency challenges for characterizations in
AHBR-mRSH∗ as well as in other DFT-based approximations and in GW. The
issue arises in the many molecular cases where some or perhaps all of these
electron-addition quasiparticles are unbound. For example, in some of the four
DNA nucleobases, even the LUMO level exists merely as resonances observed in
modified photoemission experiments [149–155]; we refer to [34, 44] for an
overview of experimental results on nucleobases and for G0W0(PBE) and
Koopmans-DFT studies that provide theory for the set of frontier orbitals. When
we characterize such molecule resonances in a model framework using periodic
boundary conditions (in GW and in our gKS-DFA) there will be a concentration
of the LUMO or LUMO+ at positions with minimal values in the potential well
defined by the molecular structure. Periodic-cell calculations are not then
providing a quantitative description of such quasiparticle resonance since the
relative magnitude of the concentration depends on the choice of unit-cell size.
However, periodic-cell calculations (for example, AHBR-mRSH∗) still permit a
qualitative discussion of the nature of the resonance trapping. There is inherent
value in making theoretical characterization of, e.g. nucleobase resonances [34,
44, 156], and we launch AHBR-mRSH∗ to get a simple (gKS-DFA-based) path to
approximate the description of such orbitals.

Optical probing of biomolecular systems (like DNA) often focus on photon
absorption in exciton creation, a neutral excitation, and luminescence by ensuing
exciton decay. Quasiparticle formation (for example, by photoemission) are
instead charged excitations that cause more damage. The rate of exciton
formation (and decay) is proportional to the absolute square of the matrix element
Mj
i→f for dipole optical transitions between the initial ground state and final state j

with the same number of electrons, at minimal photon energy; as identified by the
superscript, we consider here transitions driven by or producing electrical
radiation fields directed in a given cartesian direction xj. The rate of exciton
creation (and radiative decay) can be approximated by computing the dipole
transition moment [157, 158]

Mj
i→f ∝ ⟨ΨL|x̂j|ΨH⟩=

ˆ
r
xjΨ

∗
L (r)ΨH (r) , (11)

that is defined by the electron-type LUMO and hole-type HOMO quasiparticles.
The approximation equation (11) holds to lowest order in the potential Ve−h that
describes the electrostatic coupling between the excited electron and the exciton
hole; higher-order corrections arise when this potential also changes (primarily,
we expect) the electron component, denoted Ψe, of the exciton beyond the ΨL

approximation. Meanwhile, our new AHBR-mRSH∗ aspires to align its
gKS-DFA frontier-orbital description with corresponding quasiparticles. We
therefore characterize the gKS-DFA HOMO and LUMO through the
corresponding wavefunction-overlap measure

Mj
L,H ≡ ⟨ϕL|x̂j|ϕH⟩=

ˆ
r
xiϕ

∗
L (r)ϕH (r) , (12)

M̄2
L,H ≡ 1

3

∑
j

|Mj
L,H|

2 . (13)

The dipole-transition moment predictor, equations (12) and (13), works, for
example, for descriptions of exciton creation rates when taking the orbitals from a
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non-hybrid KS-DFA study of water molecules in various interaction
environments [158]. For a quantitative discussion one must use a prefactor S< 1
to account for the fact that the underlying MBPT description [157] cannot be
fully captured with integer-weight wavefunctions extracted from a
Slater-determinant KS-DFA solution (as used in equation (12)) or even from the
exact KS-DFT or exact gKS-DFT descriptions. It is not clear how much S would
change between different types of biomolecules.

For our intended demonstrator focus on nucleobase and WC pair
characterizations, we see reasons to also seek more refined discussions when
characterizing the rate of exciton creation and radiative decay. For example, we
expect the unbound or weakly trapped LUMOs to be susceptible to the
electron–hole coupling Ve−h and we should, ideally, go to higher orders in a
perturbative treatment. We delay a discussion of what is the relevant HOMO and
LUMO states when seeking to model exciton transitions in WC pairs.

We can sometimes provide qualitative measures of the scope of Ve−h impact on
Ψe and hence on the exciton transition rates as described in AHBR-mRSH∗. We
note that the LUMO and some LUMO+ quasiparticles of the nucleobases have a
dipole-trapped nature [34, 44], i.e. they are sitting beyond the spatial region
containing the nuclei. The dipole-trapped nature is in contrast to the
molecule-localized nature of so-called valence-bound orbitals [34, 156] that are
found in non-hybrid DFA characterizations and in equation-of-motion
coupled-cluster (EoMCC) studies [124, 128, 139] that also implement atomic
relaxations. In general, we characterize the latter form as ‘valence trapped’ as the
more localized states may still be unbound, for example, as found for LUMO+1
states in Koopmans-DFT [34]. We shall show that the AHBR-mRSH∗ correctly
reproduces the Koopmans-DFT result and experimental finding of having a
dipole-trapped character in the LUMO states of the nucleobases [34]. However,
such states will be pulled in by the electron–hole coupling Ve−h in the exciton.
Accordingly, we find that the LUMO-based predictor, equations (12) and (13),
should be supplemented for exciton descriptions.

In practice we proceed at the level of adjusting the nature of the quasiparticle
orbital(s) entering the dipole-transition dipole description. A more advanced
study of how electron–hole coupling changes the nature of the electron
component of the exciton wavefunction is beyond the present scope of presenting
possible simple modeling usage of AHBR-mRSH∗. We shall instead exploit the
fact that AHBR-mRSH∗ also finds valence-localized (empty) frontier orbitals for
thymine and cytocine and therefore also for both of the WC pairs. We denote such
AHBR-mRSH∗ orbitals as ϕL+v (as they are always found at levels beyond the
LUMO) and proceed to compute and use adjusted overlap integrals

Mj
L+v,H ≡

ˆ
r
xjϕ

∗
L+v (r)ϕH (r) . (14)

M̄2
L+v,H ≡ 1

3

∑
j

|Mj
L+v,H|

2 , (15)

The resulting descriptor, equations (14) and (15), remains crude. When available,
it does provide an AHBR-mRSH∗-based estimate of the rate of exciton formation
and radiative decay and can again be used to identify trends, for example, the
extent that WC pairing changes the rate of radiative decay of excitons in
nucleobases. Also, contrasting the pair of descriptors, |M̄L+v,H|2 and |M̄L,H|2,
allows us to discuss the scope of impact of wavefunction contractions driven
by Ve−h.
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3. Computational details

The potential for using the AHBR-mRSH∗ for quasiparticle descriptions hinges
on whether we retain the AHBR accuracy when using a molecule-type exchange
description and while completing (optimal) tuning. We shall therefore track how
the AHBR-mRSH(γ) functional fares as a predictor of molecular total energy
differences at increasing γ. In effect, we extend the performance assessment of
B86R, HSE+D3, DF2-BR0 and AHBR that we reported in [13]. That is, we rely
on the reference data of the GMTKN55 suite of benchmarks on broad molecular
properties [110] but we now cover also the γ variation as well as the also-new
AHBR-LRC form. We keep consistency (e.g. in terms of pseudopotential choices
and grid convergence) with [13] and need only discuss the following four
computational details.
First, a small QE code adjustment is needed to enable the exchange description

to have a general cross-over between different degrees of Fock-exchange
inclusion in a general AHBR-gRSH and for AHBR-mRSH(γ) forms. For the
AHBR version, the Fock-exchange mixing is

WAHBR
FX =WFX,α=0.25,β=−α (γy) ,

= 1− erf(γy) = erfc(γy) . (16)

That form is already coded in the QE subroutine for fast evaluations of the
Fock-exchange contribution (used in both HSE and in AHBR). For our present
focus, AHBR-mRSH(γ), we need instead

WmRSH
FX =WFX,α=0.25,β=1−α (γy) ,

= αerfc(γy)+ erf(γy) , (17)

and so we have made those changes in the exx subroutine of QE. We have also
made corresponding re-weighting of contributions arising from the B86R
exchange-hole model, as evaluated in the ahsx subroutine in QE, [10]. The
changes mirror those that permit an adapted form of QE to perform OT-RSH
studies for PBE/HSE-based quasiparticle explorations [69].
Second, the GMTKN55 benchmark suite concerns broad molecular properties

and we need procedures to weight all of 55 different benchmarks sets when
seeking a statistical gauge of deviations between computed results and reference
data. For an individual benchmark ‘b’ and a given functional ‘f ’ we compute (and
in interesting cases report and discuss) mean absolute deviation (MAD) measures,
denoted MADf

b. These MADf
b results constitute a lowest (and thus most sensitive)

rung in our statistical testing of the accuracy performance of the set of
AHBR-mRSH(γ) gKS-DFAs.

The GMTKN55 suite organizes 55 benchmarks into groups as follows:
small-molecular properties (Group 1, ‘Small’), large-molecule properties (Group
2, ‘Large’), barrier-height problems (Group 3, ‘Barrier’), as well as
intermolecular and intramolecular NCI problems (Groups 4 and 5 denoted
‘Inter-NCI’ and ‘Intra-NCI’). This grouping of benchmarks means that we can get
access to more statistics on functional performance of related types of problems.
However, the average of the characteristic energy difference differs between the
individual benchmarks even within any such group. For a meaningful comparison
of functional performance we must therefore also discuss options for, and
implication of, defining a set of weighted total (WT) MAD measures [110] as
well as using the simpler Mean of MADs (MoM) measure, sometimes called the
Total-MAD value [10, 159]. This is true for these benchmark groups as well as
for the combined-inter-/intra-molecular NCI group (here denoted just NCI) and
for the full GMTKN55 suite.

11



J. Phys.: Condens. Matter 37 (2025) 211501 Perspective

The definitions of two main options, WTMAD1 and WTMAD2, are given
in [13, 110]. The MoM approach ignores the variation of the average reference
energies. The WTMADs instead implement a per-group statistical assessment so
that a functional deviation, a given MADf

b value, is associated with a larger
(smaller) weight if the average of the reference energy data in benchmark b is
small (large). The logic of using one of the WTMADs is that a 1 kcalmol−1

MAD value is expected to be much less acceptable when we address problems in
which reactions or properties are set by subtle energy differences [110]. Such
‘small-energy problems’ are typical of the systems in the group(s) of NCI
benchmarks.

The bottom panel of figure 1 reports examples of the statistical performance
assessments that we are using. The first set of bars in the panel compares the
performance of the fixed-γ AHBR-mRSH version with those of HSE+D3, B86R,
B86R-LRC, AHBR, and DF2-BR0 for the entire GMTKN55 suite. This
comparison is done using the WTMAD1 measure that is also used in [13].

The remaining set of performance comparisons in the panel makes it clear that
the choice of statistical measures is important in functional comparisons and that
this dependence itself contains information. The sets of bars here characterize
functional accuracy across the NCI benchmark group, using the sequence of
WTMAD2, WTMAD1, and the MoM measures. The WTMAD2 measure is the
most sensitive measure for the NCI group, i.e. gives the largest nominal values;
this generally holds for all groups of problems having small energy differences.
The observation that the fixed-γ AHBR-mRSH is a robust, highly accurate
functional for molecules is eventually made below because it performs at least at
the level of the AHBR and DF2-BR0, for all of the GMTKN55 benchmarks
groups, and for all of the statistical measures, i.e. holds for WTMAD2,
WTMAD1, and MoM.

Prioritizing the WTMAD2 (over the MoM) measure for our statistical survey
means that we can more easily detect whether a particular type of NCI problem
(collected in a specific benchmark) develops errors as we increase γ in the
AHBR-mRSH(γ) subclass. However, a sensitivity towards γ tuning might also
emerge first in one of the large-energy problems. In that case we must instead
prioritize the MoM measure, to prevent the impact from being hidden in the
WTMAD2 representation of statistical errors. Accordingly, we use both the
WTMAD2 and the MoM measures so that we can also detect what type of (large
or small) problems that are adversely affected by tuning to a large γ, e.g. in
B86R-LRC. We note that we do not consider use of a given AHBR-mRSH∗ form
as internally consistent if the implied γ tuning causes a clear loss of accuracy in
total-energy descriptions of the same type of systems.
Third, some of the 55 benchmarks include either individual or an entire class of

negative-ion/-radical calculations that challenge a direct DFT-based assessment.
The challenges that arise with negatively charged systems go beyond the task of
compensating for electrostatic energies [10, 13, 160]; for those negatively charged
systems it is important to deal with the adverse effects of self-interaction errors
[22] on the electronic-structure in the numerical convergence [161–163]. It is
primarily the G21EA benchmark set on electron-affinity energies (in the ‘Small’
group) and the OH− radical in the WATER27 benchmarks set (in the inter-NCI
group) that challenge a direct DFT approach. Shukla et al [13] summarizes the
electrostatic-embedding scheme (using the Environ module [161, 162] of QE)
that allows a full GMTKN55 performance assessment.
Finally, to use the OT AHBR-mRSH(γ) to predict nucleobase optical

transitions in practice, we need to access the computed quasiparticles. Given the
formal construction, making the AHBR-mRSH∗ appear as a HF-KS DFT (as far
as it goes), our use of QE makes this straightforward: the orbital energies and info
on their spatial structure are in part standard QE output and in part available

12



J. Phys.: Condens. Matter 37 (2025) 211501 Perspective

through the set of QE post-processing tools [71, 74]. However, we rely on
(further) approximations when predicting relevant nucleobase optical transitions,
as discussed in section II, above.

4. Results and discussion

We include broad documentation of AHBR-mRSH(γ) accuracy and robustness on
molecular total-energy differences as well as demonstrations of both its internal
consistency and its accuracy on quasiparticle descriptions. Our demonstrator
example primarily concerns predictions of nucleobase frontier orbitals and
estimates of matrix elements for their optical transitions. However, in DNA, the
nucleobases are first combined into WC pairs and then into so-called WC steps,
i.e. a dimer formed by stacking two WC pairs in geometries resembling their
organization in DNA. A systematic inclusion of vdW forces is essential to
understand any of such nucleobase assembly. Since, furthermore we illustrate an
impact of WC pair assembly on the optical transitions, we think it important to
maintain mutual AHBR-mRSH and AHBR-mRSH∗ consistency when seeking a
better understanding of the electronic structure in the nucleobase systems.

The arguments for robustness and consistency is primarily given in a statistical
sense on broad molecular properties [110]. That is, we give clear weight to
checking whether (1) the molecule-optimized (but fixed γ) AHBR-mRSH is
almost always at least as accurate as the existing AHBR for molecules, and that
(2) the γ-tuning in AHBR-mRSH(γ) almost always has limited impact on the
AHBR-mRSH accuracy. Validation is a requirement for seeing AHBR-mRSH
and the AHBH-mRSH∗ as variant functionals for DFT descriptions of molecular
energies (and by implication of molecular structure). For nucleobases, we also
test AHBR-mRSH∗ consistency on having piecewise linear variation of the
energy with the electron count, i.e. on a thermodynamic criterion [60].

4.1. AHBR-mRSH as a robust predictor of molecular-energy differences

Our first objective is to test if the fixed-γ pick AHBR-mRSH =
AHBR-mRSH(0.106) is, in fact, a general-purpose DFA for characterizations of
molecular total-energy differences. Since there are cases where one must expect
that the AHBR-mRSH(γ) class fails [16], the test and validation can only be
made in a statistical sense. In effect, we inquire if AHBR-mRSH is almost always
performing at or beyond the performance of the (dispersion corrected)
B3LYP+D3 [164–166], better than what arises with the more traditional
definition of the B86R-LRC, and at least as good as the already accurate AHBR.

The bottom panel of figure 1 shows a comparison of functional performances
for the full GMTKN55 suite and for the (combined) ‘NCI’ benchmark groups.
We repeat that in using the AHBR-mRSH, we are keeping the γ= 0.106 value
deliberately fixed and that DF2-BR0 can be seen as an intermediary between
AHBR and AHBR-mRSH, section 2. The full-GMTKN55 comparison shows that
DF2-BR0 has, on a statistical level, a performance that is between that of AHBR
and AHBR-mRSH. We also note that the RSH vdW-DFs perform better than
HSE+D3 and B3LYP+D3 (not shown, see data in [13]). Comparing the AHBR
and AHBR-mRSH results, we find that it is of some but not dramatic
consequence to prioritize the molecular-type screening logic (using ε−1 → 1).
That is, for descriptions of total energy differences, the improvements are
marginal at the broadest statistical level.

Figure 2 shows that more pronounced performance differences emerge when
we make the comparisons instead at the level of the five different types of
GMTKN55 benchmark groups. The left panel of figure 2 shows a so-called radar
plot comparison, now using the WTMAD2, i.e. the weighted measure that is most
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Figure 2. Left: radar plot of molecular-system performance (WTMAD2 [110] in kcalmol−1),
contrasting our three RSH vdW-DFs for general molecular descriptions (AHBR, AHBR-mRSH,
and B86R-LRC) with dispersion corrected B3LYP+D3 [164–166] and DF2-BR0 [6, 13, 26]. Right:
overview of performance, contrasting a non-empirical as well as two semi-empirical
dispersion-corrected double hybrids [110, 167, 168] (top half) and the set of best RSH vdW-DF
designs (bottom panel).

sensitive to errors made on benchmarks with small average energies in the
reference data (i.e. to errors in the NCI class of problems). The left panel confirms
that the performance of all the RSH vdW-DFs—and especially AHBR-mRSH
and AHBR—are better than B3LYP+D3 in general. This is also true as for the
challenging group of molecular barrier benchmarks, when, as here, we rely on the
WTMAD2 performance measure; figure S.1 of the SI document shows that the
performance of the RSH vdW-DFs matches that of the B3LYP+D3 when the
functional performance is instead asserted in the WTMAD1 measure. Similarly,
figure 2 shows that the B86R-LRC does slightly outperform the AHBR-mRSH
when it comes to the Barrier group of benchmarks as asserted in WTMAD2,
while figure S.1 shows that these functionals have the same Barrier-group
performance as asserted in the WTMAD1 measure.

The right panel of figure 2 documents that the WTMAD2 performance of the
best of the RSH vdW-DFs approaches that of (dispersion-corrected) double
hybrids for molecule problems [110, 167, 168], at much less cost.

Figure S.2 of the SI document details differences in the performance of
AHBR-mRSH and B86R-LRC for the Barrier benchmark group. It shows, in a
radar plot comparing individual-benchmark MAD values, that the overall
B86R-LRC accuracy edge (for Barriers), summarized in figure 2, cannot be seen
as a general trend for transition-state problems. While the B86R-LRC is the more
accurate choice for the BH76 benchmark, and to a lesser extent for the BHDIV10
benchmark, the AHBR-mRSH is the more accurate description for the INV24 and
BHPERI benchmarks.

Table 1 reports individual-benchmark performance results (MAD values in
kcalmol−1), allowing comparisons for the set of here-investigated functionals.
The benchmarks are selected from the GMTKN55 suite [110] because they are
expected to be difficult [13], i.e. may represent generic challenges for
AHBR-mRSH(γ) usage. The first three benchmarks reside in (and often limit
functional performance on) the Barrier group, the next five plus four benchmarks
are from the groups of ‘Small’ and ‘Large’-system problems. The data in
the last table section are benchmarks from the NCI groups [110]. Given this
individual-benchmark focus, the statistics is poorer but the table does make it
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Table 1. Contrast in performance between regular (B86R) and hybrid vdW-DFs (AHBR, DF2-BR0,
AHBR-mRSH, B86R-LRC), and dispersion-corrected DFAs, based on a regular functional GGA
(revPBE+D3), on the PBE-based RSH (HSE+D3), or on a popular empirical global hybrid
(B3LYP+D3). The set of vdW-DFs can be seen as a here-introduced class ‘AHBR-gRSH’ of
environment-sensitive RSH vdW-DFs based on the exchange-hole model for B86R. The
benchmarks sets are chosen because they can be seen as sensitive to density-driven DFT errors [13,
22] or otherwise difficult [13, 110]. Boldface (italic) entries identify functionals within a group
having leading (runner-up or competitive) performances, as asserted in terms of minimal MAD
values (in kcalmol−1) for each of these benchmark challenges. A broader comparison of the
dependence of the AHBR-mRSH(γ) functional class is given in table S.I of the SI document.

revPBE+D3a B3LYP-D3b HSE+D3a B86Ra AHBRa DF2-BR0a
AHBR-
mRSH

B86R-
LRC

BH76 7.38 5.70 4.21 9.22 4.14 4.05 3.77 1.94
PX13 9.29 4.33 7.38 11.36 4.56 4.58 4.66 3.97
BHPERI 5.74 1.18 2.83 6.08 1.84 1.81 1.78 3.28

W4-11 5.88 3.40 6.77 6.97 9.45 9.49 9.61 12.45
G21EA 2.83 1.91 3.40 4.50 2.32 2.54 3.34 6.02
SIE4x4 21.67 18.06 13.58 23.52 15.09 14.94 14.49 10.12
G2RC 5.60 2.73 6.48 5.58 3.30 3.30 3.37 3.42
DC13 9.38 10.14 8.24 7.26 6.18 6.18 6.63 9.75

MB16-43 25.28 24.84 15.48 22.37 18.95 18.88 18.64 35.00
RSE43 1.93 1.72 1.25 2.14 0.74 0.72 0.66 0.42
ISOL24 4.82 5.80 2.42 3.68 1.82 1.59 1.65 4.88
C60ISO 8.93 2.22 2.51 11.95 2.72 2.15 3.15 15.48

WATER27 2.63 4.07 5.73 5.10 2.52 2.50 2.39 1.99
PNICO23 0.84 0.48 0.86 0.56 0.25 0.24 0.23 0.42
HAL59 0.82 0.57 0.64 1.00 0.58 0.57 0.53 0.50
IDISP 3.25 3.57 2.96 2.69 1.50 1.26 0.90 3.63
Amino20x4 0.35 0.21 0.29 0.22 0.19 0.18 0.19 0.31
a [13].
b [110].

possible to discern if there are patterns in functional capabilities. For example, the
first three entries exemplify the observation that B86R-LRC is not systematically
better than AHBR-mRSH.

Figure 2 shows that AHBR-mRSH outperforms the B86R-LRC for the
non-barrier benchmark groups. The strength of the fixed-γ AHBR-mRSH and the
promise of the AHBR-mRSH(γ) class are exemplified by the individual
per-benchmark MAD values reported in sections two to four of table 1. In the
table rows, boldface and italic entries mark the best performer(s) and the cluster
of second-best alternatives in our functional survey, respectively. We find that the
B86R-LRC is only a clear performance leader for the BH76, SIE4x4, and
WATER27 benchmarks, but here the AHBR-mRSH still represents a viable
alternative. Meanwhile, one of the related AHBR, DF2-BR0, and new
AHBR-mRSH gKS-DFAs are otherwise among the performance leaders.

At this point we can answer the first of our questions concerning use of
AHBR-mRSH as an accurate DFA for predicting molecular energies. We find that
moving to an absence of asymptotic screening for exchange (as in AHBR-mRSH)
will not remove all residual functional error in the AHBR descriptions for
molecules. However the AHBR accuracy [13] does indeed survive to the extend
that the performance of the generic AHBR-mRSH (like AHBR) approaches that
of the nonempirical (dispersion-corrected) double hybrids, left panel of figure 2.
That is, at the statistical level(s), we find that AHBR-mRSH, like AHBR, is more
accurate than B86R and B86R-LRC on (generic) molecular problems. Striving
for consistency in electronic-structure predictions, we next ask if these
AHBR-mRSH qualities survive γ tuning.
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Figure 3. Performance as asserted for the two groups of noncovalent interactions (NCI) of the
GMTKN55 suite [110], focusing on accuracy leaders; see the SI for full comparison. The
coordinates for each hybrid vdW-DF entry (and those for each of CX, B86R, and revPBE-D3)
reflect mean of mean average deviation ‘MoM’ measures [10, 13, 159].

4.2. Transferability of the molecular-energy description by AHBR-mRSH(γ) DFAs

Figure 3 highlights performance differences that arise for NCI problems. The
figure shows that the change in screening (implied in going from AHBR to
AHBR-mRSH) does not have a uniform impact on accuracy for molecular
problems. It also suggests, to be explained, that there is an opportunity for
completing an OT process, crafting a system-specific AHBR-mRSH∗ gKS DFA
for (fast, vdW-inclusive) quasiparticle predictions.

Figure 3 reveals structure in the functional performance by the following
analysis. There are two benchmark groups for the NCI class of problems, and for
each we can extract the average performance measure MoM (also sometimes
reported as T-MAD [10, 159]). The figure correlates performance variations in the
set of best-performing vdW-DFs by assigning each functional a map position
defined by its MoM performance on the inter- and intra-molecular NCI
benchmark groups; a high-quality functional is identified by its proximity to the
lower-left corner. Part of the data for the figure is taken from [13] and besides the
here-introduced and -discussed functionals, the figure also includes CX0p and
AHCX0.20, i.e. versions of CX0 and AHCX where we set the (short-range)
Fock-exchange inclusion at α= 0.20. The figure makes it clear that the
B86R-LRC is not ideal for NCI problems, whereas the AHBR/DF2-BR0/AHBR-
mRSH set are the leading performers.

More importantly, figure 3 illustrates a key overall observation: adjusting the
screening to reflect molecular-type conditions will be more beneficial for some
types of the NCI problems than for others. Figure 3 provides a statistical-
performance demonstration that moving to AHBR-mRSH (from DF2-BR0 and
AHBR) helps more for intra-molecular NCI than for inter-molecular NCI
problems. In practice, the partly selective AHBR-mRSH improvements arise
because the IDISP benchmark is often the biggest Intra-NCI challenge (see also
table 1) and in that type of problems, the screening logic of the AHBR-mRSH
boosts the AHBR performance.
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Figure 3 (and analysis of the IDISP case) is, at the same time, encouraging. We
note that the AHBR-mRSH(γ) class does not contain the exact HF-KS-DFT: it
merely comprises RSH vdW-DFs for gKS-DFA. Some variation of the
performance with the screening nature of specific types of problems is therefore
necessary if we are to craft a quasiparticle predictor by OT of the γ value in a
gKS-DFA. The important question is whether the OT process for
AHBR-mRSH(γ) can be seen as primarily impacting the energy-level part of the
electronic-structure problem while, generally, causing only small changes in
descriptions of molecular total-energy differences?

Table S.I of the SI extends the individual-benchmark performance comparison
of table 1 regarding stability towards the OT process (γ tuning). The focus is still
DFT challenges [13, 22, 110] but table S.I broadens the comparison. It includes
data (from [13]) for global hybrid vdW-DFs CX0 and DF2-BR0, and for the
regular-functional vdW-DF2 [2] and it reports MAD values for AHBR-mRSH(γ)
in the sequence γ = 0.106,0.136,0.166,0.181. Also, for ease in comparison, we
retain the use of bold-face and italics entries as relative indicators of functional
accuracy. Specifically, in table S.I, we highlight functional entries that are at least
as good as the performance leader (or compares with the viable alternatives)
identified in table 1.

Table S.I shows that we can often, but not always, complete an OT without
causing significant loss in accuracy in the total-energy description. The table
illustrates that the per-benchmark impression from table 1 (concerning
AHBR-mRSH performance) generally survives as we increase γ but also that the
C60ISO benchmark (on fullerene isomerization energies [110]) is an exception.
Within the AHBR-mRSH(γ) DFA subclass, the performance for C60ISO is found
to rapidly deteriorate when tuning γ > 0.106. A good and safe description of C60

isomerization energies requires instead use of one of the global hybrids
(B3LYP+D3, CX0, or DF2-BR0). Accordingly, we can at most hope for
robustness or transferability towards γ tuning in a statistical sense, e.g. averaged
over benchmark groups.

Figure 4 reports our cross-GMTKN55 survey of the statistical performance of
AHBR-mRSH(γ). Our analysis is here resolved into each of the five major
GMTKN5 benchmark groups and we also show analysis for the full GMTKN55
benchmark suite. The top panel of the figure tracks WTMAD2 values (in
kcalmol−1) as we compute them by AHBR-mRSH(γ) studies at increasing γ
values; the fixed-γ AHBR-mRSH form is reflected in the γ= 0.106 values.
Meanwhile, the set of dashed lines reflects the DF2-BR0 performance [13], and
we repeat that this global hybrid constitutes the γ→ 0 limit of the general
AHBR-mRSH(γ) functional class.

We find for the NCI groups that the performance is not, in general, sensitive to
the choice of γ, at this statistical-performance level. We also find that
performance in this functional class actually improves for the barrier problems as
the γ value increases. While the large-γ value of AHBR-mRSH(γ) will still differ
from the B86R (concerning the inclusion of short-range Fock exchange) the
AHBR-mRSH(γ) DFAs tend to recoup some of the B86R-LRC advantages for
that group. The results of this survey suggest that moving the exchange
description closer, overall, to pure Fock exchange, is helping on some
barrier-height problem. However, a detailed discussion of how one might use
such information to make DFT more versatile at succeeding at molecular-
transition-state descriptions is beyond the present scope.

With an overall focus of potential for gKS usage at both quasiparticles and total
energy variations, figure 4 suggests that it is often but, alas, not always possible to
retain consistency. The combined WTMAD2- and MoM-type statistical analysis
(shown in the top and bottom panels, respectively) clearly reveal that there are
issues with the OT for the group of large-molecule benchmarks; these
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Figure 4. Dependence of averaged performance of the AHBR-mRSH-functional class on possible
choices of the assumed inverse length scale γ, as asserted for the set of GMTKN55 benchmark
groups. The set of long-dashed lines identifies the group-resolved performances of DF2-BR0 which
corresponds to AHBR-mRSH(γ→ 0). The set of solid lines are guides to the eye, connecting our set
of full-GMTKN55 performance surveys (circles).

performance limitations are dominated by a γ dependence that exists for accuracy
in the C60ISO benchmark. Departing from an assumption of perfect asymptotic
screening in the exchange description (as in AHBR-mRSH∗) impacts descriptions
of both Cu2O2 complexes [16, 18, 20] and C60 isomerization [110].

Still, working with the generic DFT-energy predictor AHBR-mRSH and with
the potential quasiparticle predictor AHBR-mRSH∗ can typically be seen as
consistent, at least for smaller molecular systems. Whether that is relevant,
however, hinges upon finding that the OT AHBR-mRSH∗ is, in fact, working as a
good predictor of frontier quasiparticles orbitals in molecules, below.

4.3. AHBR-mRSH∗: optimal tuning set by the thymine nucleotide ionization

Table 2 contrasts AHBR-mRSH(γ) results for the thymine IP value IγDFA with
those that are simultaneously reported in such QE studies for the HOMO energy
position−ϵH . The results are provided in studies where we placed the nucleobases
in a cubic unit cell with a 40Å; we shall return to a brief discussion of the the role
played by size convergence. The bold-faced γ= 0.166 entry highlights that we
impose a guard rail against uncontrolled changes in the XC balance, see section II.

We use the table 2 entries to implement our OT criterion, equation (4). The OT
process sets an optimal γ∗ value for use in an AHBR-mRSH∗ = AHBR-
mRSH(γ∗) form that can describe quasiparticles in the nucleobases adenine,
thymine, cytosine, and guanine, as well as in their WC pairs. The table caption
describes the practical sides of the process. We find that a good choice for this
specific system type is using γ∗= 0.166 and setting AHBR-mRSH∗ =
AHBR-mRSH(γ= 0.166). This safe choice reflects that the mutual interactions of
such systems are clearly impacted by vdW forces, as documented later.
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Table 2. Summary of the OT process that defines an AHBR-mRSH∗ form for nucleobase
characterizations. In practice, we study the thymine nucleobase in a large cubic unit cell of side
length 40 Å to circumvent vacuum-level offsets in descriptions of the gKS orbital levels, see text.
We next extract AHBR-mRSH(γ) results for the IP value IγDFA, for the HOMO level ϵγH, and for the
HOMO-LUMO gap gγgKS = ϵγL − ϵγH, all listed in eVs. A best-possible γ∗ value is then sought by
optimizing compliance with equation (4). However, as indicated by the boldface γ= 0.166 value,
we also impose a constraint on the γ tuning, as we are working within the vdW-DF framework, see
text. The best possible pick is then this γ∗= 0.166 value for thymine. The last two columns
summarize a corresponding process for adenine, and show again a fair compliance with equation (4)
by the thymine-guided choice γ∗. We use this value and thus the OT AHBR-mRSH∗ =
AHBR-mRSH(γ∗) in all characterizations of nucleobases systems.

Thymine Adenine

γ IγDFA −ϵγH IγDFA + ϵγH gγgKS IγDFA −ϵγH

0.106 9.149 8.432 0.72 7.974 8.417 7.449
0.121 9.164 8.573 0.59 8.229 8.432 7.884
0.136 9.181 8.706 0.47 8.466 8.449 8.012
0.151 9.198 8.833 0.37 8.685 8.466 8.131
0.166 9.217 8.952 0.27 8.856 8.485 8.243
0.181 9.236 9.064 0.17 8.978 8.503 8.348
0.196 9.255 9.171 0.08 9.092 8.522 8.446

In using equation (4) and setting the AHBR-mRSH∗ nature, above, it is
relevant to discuss the small role that is played by converging QE planewave
descriptions with use of an electrostatic decoupling [160] and with the inverse
volume of the unit-cell chosen for the QE planewave studies we use. Planewaves
are attractive for descriptions of the nucleobases because the LUMO levels are
known to have the character of a so-called dipole-trapped state and these are not
easily represented by a basis set that is tied to atomic positions. Still, having a
planewave description also means that we rely on periodic repetitions of the
molecules in their unit cells. At the system sizes we employ, there is safe
electrostostatic decoupling in the molecule descriptions, see appendix of [13].

Nevertheless, a discussion of the ‘vacuum’ level (meaning the potential far
from the nuclei) is important, given that we are using planewave DFT. In QE the
‘vacuum’ level is set as an average of the set of pseudopotentials. This fact does
not impact the gKS-determination of the HOMO-LUMO gap in our molecular
studies; we have explicitly verified that there are no changes in the computed gap
values gγDFA = ϵγL − ϵγH whether we use cubic cells of side length 30Å or 40Å.
However, there is an impact on the apparent gKS-orbital energy positions because
QE reports those orbital energies relative to the false vacuum level; for example,
we find that for every γ value considered in table 2, that the HOMO energy levels
ϵγH is systematically ∼ 22.5 meV larger for thymine when obtained, instead, using
a unit cell of 30 Å side lengths. More generally, the size impact on the apparent
HOMO-level result decays slowly, with the inverse of unit-cell volume. Figure
S.3 of the SI shows that the corresponding infinite-box HOMO energy levels
differ by about 0.025 eV from the ϵγH entries listed in table 2.

The AHBR-mRSH∗ that we have now constructed has no external input. It
does not rely on fitting, as all values are computed with the QE gKS description
for each and every (closely related) functional that is represented in the rows of
table 2. However, at this stage it is just another DFA for gKS-DFT studies of
molecules.

Figure 5 suggests that use of AHBR-mRSH∗ as a quasiparticle predictor (as
tested below) for nucleobase systems, will bring a clear consistency benefit: it
remains true on the total-energy differences. The figure reflects DFA-specific
performance measures (MAD values in kcalmol−1) for two related WC-step
benchmarks [169]; this data is listed in table S.2. Some of the performance
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Figure 5. Accuracy on descriptions of the stacking of a DNA step of WC pairs. The assessments is
given in terms of both a ‘WC-stack’ benchmark and the related (nucleobase) ‘Pairwise’ benchmark
[13, 169]. The benchmarks consider all ten ways we can stack one of the two types of WC pairs on
top of another WC pair. The geometries are also reference data, taken as plausible geometries that
exist in DNA [169]. The nature of the benchmark are further summarized in the text. We contrast
performance of the set of DFAs, as asserted in kcalmol−1 relative to the benchmark reference data
[169]. Specifically, we report accuracy tests for both the new (fixed-γ= 0.106, general-purpose)
molecular-total-energy predictor AHBR-mRSH, and the corresponding OT form, AHBR-mRSH∗.
For comparison we also include performance assessments of PBE, HSE, the dispersion-corrected
HSE+D3, and for the PBE/HSE-based OT RSH (denoted OT-RSH∗ and OT-RSH+D3∗ depending
on whether the D3 dispersion is included). The CX marker shows vdW-DF-cx performance.

numbers are repeated from [13] for ease of comparison. The figure uses
double-logarithmic scales because switching from the semilocal-correlation HSE
to RSH vdW-DFs leads to more than a factor-of-150 better accuracy on the
WC-step benchmarks.

The figure considers accuracy of DFAs on descriptions of WC-step formation
in DNA [13, 169–171]. In a model for such WC-pair steps, we need only consider
two WC pairs in parallel configurations that are rotated approximately 36◦

relative to each other [170]. There are then ten different ways that we can stack
such dimers of WC pairs as listed, for example, in table 1 of [169]. There and in
further discussions below, the identification of the WC-pair step is given in a
short-hand notation with ‘XpY’ where ‘X’ and ‘Y’ are each one of the
nucleobases (we use A/T/C/G for adenine/thymine/cytosine/guanine) [169].

Figure 5 correlates the performance of the DFAs in two related benchmarks of
the WC-step formation. Kruse et al [169] introduced these performance
tests by providing reference data obtained by so-called DLPNO-CCSD(T)
(complete-basis set) studies [169, 172] for all ten WC-step structures;
DLPNO-CCSD(T) is also used for reference data in the GMTKN55 benchmark
suite [110]. One of these benchmarks, here denoted ‘WC-stack’, concerns the
energy gain that results when one WC pair is arranged on top of another, again in
the plausible geometries [13, 169]. The second benchmark, here denoted
‘Pairwise’, considers instead alone the (larger) set of two-nucleobase interactions
that can be seen as contributing to such WC-step energies. This focus on pairwise
summation of nucleobase interactions is natural for descriptions based on
dispersion corrected DFA, such HSE+D3. The vdW-DFs, including AHBR-
mRSH∗, provide instead a description that is based directly on the
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electron-density variation and that treats all binding contributions within the same
XC functional logic [3, 5, 13, 27, 106].

The figure shows that, even as just DFAs, the AHBR-mRSH and
AHBR-mRSH∗ are both useful for characterizations of weakly interaction
problems. The figure furthermore illustrates that by seeking the AHBR-mRSH∗

upgrade to HSE-based OT-RSH [32], we can gain considerably on consistency in
total-energy and orbital characterizations for the ubiquitous class of weakly
interacting molecular problems, e.g. for the nucleobase assembly in a DNA step
of WC pairs.

We find that switching from the AHBR to the fixed-γ AHBR-mRSH form
decreases (increases) accuracy on the WC-step (on the ‘Pairwise’) set, but all
these MAD values stay within 1 kcalmol−1. The same essentially also holds
when we complete the OT process [using criterion equation (4) on thymine] to
form AHBR-mRSH∗. When we instead use the PBE/HSE-based gKS-DFA
defined by that γ∗ choice (forming the corresponding OTRSH∗), the accuracy is
poor for the nucleobase interaction energies.

We note in passing that one can add the semi-empirical D3 dispersion
correction [166] to the PBE-bases functions and, for example, use HSE+D3 for
improved-energy (and improved-structure) descriptions. In terms of quasiparticle
predictions this suggests that one might also move between use of the
PBE/HSE-based OT-RSH∗ to an OT-RSH-D3∗ form. The figure shows that these
descriptions are still significantly less accurate on relevant total-energy
differences for WC-step assembly [169]. The best (molecule-focused) gKS-DFA
performers, as asserted for descriptions of energy differences, are the
here-proposed non-empirical designs AHBR-mRSH and the AHBR-mRSH∗. In
short, AHBR-mRSH∗ has advantages if it actually works for quasiparticle
predictions, next.

4.4. AHBR-mRSH∗ on nucleobase quasiparticles

Our (thymine-based) AHBR-mRSH∗ construction, above, faces two immediate
questions in a proposed role as a new quasiparticle predictor: (1) Is it accurate
also beyond the thymine HOMO level, i.e. for the frontier levels of all of the four
nucleobases in DNA? and (2) Does it recoup piecewise linearity in its variation of
its total-energy description with fractional changes in the electron count,
Nel = N+ δN? The piecewise linearity is a property that the exact DFT must have
[60] and it is the key reason that we pursued the OT process to get the
AHBR-mRSH(γ) descriptions as close as possible to the exact HF-KS DFT
description, section 2.

Table 3 answers the first question, on AHBR-mRSH∗ accuracy. The top four
sections of the table report the frontier-level quasiparticle energy characterization
that results when using our thymine-tuned AHBR-mRSH∗ as a predictor for
thymine, adenine, cytosine, and guanine. There, and for the predictions of levels
in the T-A and C-G WC pairs, we set the atomic configuration by the TpC-step
reference data in [169]. All energy entries are listed in eVs and we compare
AHBR-mRSH∗ results for the HOMO-1 (below abbreviated H-1), the HOMO,
the LUMO, and the LUMO+1 (below abbreviated L+1) levels with G0W0(PBE)
results [44], with experimental results (where available) [34, 42, 149–151, 154],
and with results from PBE-based Koopmans-DFT [33, 113, 117, 118, 173] for the
set of individual nucleobases [34]. The Koopmans-DFT results are obtained in the
KIPZ algorithm [174], implemented in the kcp code extension [113, 173] to QE.
These KIPZ results also reflect the atomic relaxations that result when an electron
is added [34]. While lacking an account for vdW forces, this KIPZ-DFT study
furthermore enforces both the piece-wise linearity constraint defined and
discussed in [31, 60, 67] and a generalization of the Perdew–Zunger approach
[17] to remove residual self-interaction effects [33, 174].
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Table 3. Comparison of frontier-orbital energies (or ‘levels’) for individual bases, WC pairs, and
WC-pair stacking into so-called WC steps, denoted ‘ApA’, ‘CpC’ and ‘ApG’. The WC steps are
formed by stacking two WC pairs in geometries that are considered relevant for understanding
nucleobase assembly in DNA, [169], see also text and [13]. We take the atomic configuration as
frozen and given as in the DLPNO-CCSD(T) [172] studies of mutual binding energies that Kruse
et al used to define two benchmarks on nucleobase interactions [169]. Our AHBR-mRSH∗

characterizations (identified by a ‘mRSH∗’ shorthand) are here done in a 30 Å-cubed cell. All
energies are listed in eV.

HOMO-1 HOMO LUMO LUMO+1

Thymine mRSH∗ −9.776 −8.910 −0.070 −0.008
G0W0 −8.94a −8.63a 0.26a −0.24a

Exper. −10.14b −9.2b −0.06c ∼0.4d

KIPZ −9.77e −9.02e −0.06e 0.32e

Adenine mRSH∗ −9.236 −8.214 0.007 0.121
G0W0 −8.80a −7.99a 0.31a 0.25a

Exper. −9.45b −8.47b 0.012f ∼0.5d

KIPZ −9.01e −8.41e 0.02e 0.47e

Cytosine mRSH∗ −9.174 −8.565 −0.110 0.072
G0W0 −8.5a −8.18a 0.23a 0.02a

Exper. −9.55b −8.89b −0.23d ∼0.4d

KIPZ −9.12e −8.70e −0.11e 0.41e

Guanine mRSH∗ −9.350 −7.816 −0.165 0.050
G0W0 −8.67a −7.64a — 0.43a

Exper. −9.90g −8.30g — —
KIPZ −9.25e −8.07e −0.08e 0.36e

T-A WC-pair mRSH∗ −8.732 −8.052 0.007 0.106
C-G WC-pair mRSH∗ −9.165 −7.343 −0.108 −0.076
ApA step mRSH∗ −7.792 −7.766 −0.032 0.112
CpC step mRSH∗ −7.089 −6.834 −0.273 −0.089
ApG step mRSH∗ −7.573 −7.095 −0.109 0.082
a [44].
b [154].
c [150].
d Collected in [34, 42].
e [34].
f [151].
g [149].

We find that our new AHBR-mRSH∗ quasiparticle description is, overall, in
qualitative agreements with G0W0(PBE) results, with experiments, and partly
also with the Koopmans-DFT predictions, for all nucleobases. This holds even
though we limited the OT at γ ⩽ 0.166 and seek a simple gKS-DFA framework.
The experiments and KIPZ agree on finding a dipole-trapped nature (a
valence-trapped nature) for the LUMO (for the LUMO+1) orbitals in
nucleobases. The G0W0(PBE) study finds the opposite alignment between
empty-state orbital nature and the energies and, following [34], we list the
G0W0(PBE) empty-state level predictions as sorted according to the nature of the
KIPZ/experimental orbitals. With AHBR-mRSH∗ we systematically find a
dipole-trapped nature for the nucleobase LUMOs.

Figure 6 illustrates the qualitative success of our AHBR-mRSH∗ as a generic
nucleotide quasiparticle level predictor and the options for an extraction of
estimates for the energy positions of deeper lying quasiparticle levels. The set of
crosses show experimental results for the LUMO+1 (abbreviated L+1), the
LUMO, the HOMO and the HOMO-1 (abbreviated H-1) quasiparticle energy
positions (where available). The set of dashed lines indicate either the IP value
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Figure 6. Comparisons of frontier-orbital energy level predictions in regular and hybrid vdW-DF
functionals for cytosine and guanine (top row, left and right panels, respectively) and for thymine
and adenine (bottom row, left and right panels, respectively). Tuning AHBR-mRSH to the computed
thymine ionization potential (see text,) we compare the resulting AHBR-mRSH∗ description of
quasiparticle energy levels with those obtained by B86R, by DF2-BR0, by the PBE-based KIPZ
Koopmans-DFT descriptions [34, 173] as well as in experiments (where available, see table 3 and
the overview provided in [34]). The pair of dotted lines identify the B86R KS-DFA description of
the gap. For thymine, adenine, and cytosine, the pair of dashed lines identify the experimental
values for the ionization potential and the electron affinity, i.e. the nature of the fundamental gap
that a correct quasiparticle description can capture. For guanine we are only aware of data for the
ionization-potential value we show.

Iγ∗DFA for guanine or the full experimental characterization of the fundamental gap
(energy difference between the EA and IP) for the other nucleobases. There is an
excellent agreement between measurements and the KIPZ results that also reflect
atomic-relaxation effects [34]. Meanwhile, contrasting the results obtained by the
B86R KS-DFT, by the global hybrid DF2-BR0, and by the AHBR-mRSH∗

gKS-DFT calculations (using B86R, DF2-BR0, and AHBR-mRSH∗, we find that
exclusively the latter has accuracy with regards to experiments that match that of
a G0W0(PBE) study [44] and approach that of the KIPZ description. Motivated by
this validation on the frontier-orbital energy levels, we also show our
approximations for the energy positions of deeper levels. At the same time we
note that deeper-lying quasiparticles cannot be fully described by an
integer-weight gKS-DFT orbitals like those the AHBR-mRSH∗ gKS-DFA
provide [83].

Figure 7 compares the B86R and AHBR-mRSH∗ descriptions of the thymine
HOMO and LUMO/LUMO+ orbitals and identify the presence of qualitative
changes among LUMO and LUMO+ orbitals for both thymine (top row) and for

23



J. Phys.: Condens. Matter 37 (2025) 211501 Perspective

Figure 7. Top row: panels ‘(a)’ through ‘(e)’ contrast results for the frontier orbitals of thymine in a
regular vdW-DF and in the new OT-RSH vdW-DF. Colors track changes in wavefunction signs.
Panels ‘(c)’ and ‘(d)’ (‘(a)’ and ‘(b)’) show contours of wavefunction-square variations, |ϕH|2 and
|ϕL|2, as calculated for the HOMO and LUMO in AHBR-mRSH∗ (in B86R); a dipole-trapped
nature of the thymine LUMO, panel ‘(d)’, is corroborated by Koopmans-DFT results [34]. Panel
‘(e)’ shows the AHBR-mRSH∗ result for the wavefunction-square variation of the LUMO+1 state;
for general systems, we denote the lowest energy form of such ‘valence-localized’ (on-molecule)
orbitals as ϕL+v, noting that the presence of both ΦL and ϕL+v orbitals is consistent with
G0W0(PBE) results for the nucleobases [44]. Bottom row: panels ‘(f)’ and ‘(g)’ (‘(h)’ and ‘(i)’)
show that AHBR-mRSH also predicts a similar switch from a dipole-trapped LUMO nature to a
valence-localized ϕL+v behavior in the LUMO+2 state in the A-T WC pair (in the LUMO+1 state
of the G-C WC pair). The HOMO levels (not shown) are localized on the opposite nucleobase in
both of the WC pairs. The switch in the predictions of the LUMO+ nature impacts our
approximations for optical matrix elements, M̄L,H and M̄L+v,H, for potential exciton formation and
decay, see text.

the two WC pairs (bottom row). All panels show the wavefunction-square
variations, |ϕ(r)|2, using color to track wavefunction-sign changes. For the
thymine HOMO level, shown in the top row panel ‘(a)’ and ‘(c)’, there are no
discernible changes as we go from the density explicit B86R functional to the OT
AHBR-mRSH∗ for thymine. However, AHBR-mRSH∗ predicts a LUMO nature
(panel ‘(d)’) that is not confined on the molecule, i.e. not having a shape like
valence-bound B86R LUMO (panel ‘(b)’). Rather AHBR-mRSH∗ finds instead a
LUMO that is a dipole trapped, i.e. located mostly outside the region containing
the nuclei; the same applies also for the other nucleobases (adenine, cytosine, and
guanine), not shown. These AHBR-mRSH∗ results are in qualitatively agreement
with the nature of the LUMOs obtained in Koopmans-DFT [34].

Panel ‘(e)’ highlights that AHBR-mRSH∗ also predicts a change from a
dipole-trapped to a valence-localized nature for the (bound) LUMO+1 state of
thymine (and for a higher-energy LUMO+3 state of cytosine, not shown); we
label this type of states as ‘L+v’, in general. Koopmans-DFT (that also tracks the
impact of atomic relaxations) finds that valence localization arises in LUMO+1
states of the nucleobases [34].

Panels ‘(f)’ through ‘(i)’ of figure 7 contrast the nature of the LUMO and
‘L+v’ orbitals for the two WC pairs, as predicted in AHBR-mRSH∗. Here we
find that the WC-pair LUMO (shown in panel ‘(f)’) again emerges as a
dipole-trapped state located outside the thymine in the A-T pair and outside the
cytosine in the C-G pair (panel ‘(h)’). Also, AHBR-mRSH∗ predicts that more
localized ‘L+v’ states exist as LUMO+1 (trapped by thymine, panel ‘(g)’) and as
LUMO+2 (trapped by cytosine, panel ‘(i)’) for the T-A and C-G pairs,
respectively. We note in passing that the HOMO levels of WC pairs (not shown)
are located on the opposite nucleobase than the thymine and cytosine base that
weakly (more completely) traps the LUMO (‘L+v’) states.
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Table 4. Comparison of AHBR-mRSH∗ bandgap-estimates gγ∗gKS and of (spherically averaged
measures for) dipole-transition-moment elements, M̄L,H and M̄L+v,H. These matrix elements
underpin a simple modeling of exciton formation, see text. More broadly, these matrix elements
quantify the extent of unoccupied-orbital changes that arise with a switching between a
dipole-trapped LUMO state and the valence-localized ΨL+v nature that AHBR-mRSH∗ (correctly)
finds for LUMO+ states in Thymine, Cytosine and for both of the WC pairs, see figure 7.

System gγ∗gKS (eV) |M̄L,H|2 × 103 |M̄L+v,H|2

Adenine 8.22 3.9 —
Thymine 8.46 0.9 2.4047
Cytosine 7.65 11 0.3870
Guanine 8.84 2.9 —

T-A WC pair 8.06 0.8 0.1050
C-G WC pair 7.24 0.003 0.0254

Overall, figure 7 suggests an inherent value in seeking a quasiparticle predictor,
like AHBR-mRSH∗, that treats nonlocal correlations directly within the XC
functional description. We may set the atomic structure of a molecular system
from experiments or by calculations using dispersion corrected DFAs and from
there proceed to determine quasiparticles using a GGA, HSE, or the HSE-based
OT-RSH. Such a process will reveal what we may call indirect signatures of
nonlocal-correlation effects in the electronic structure [175]. However, figure 7
shows that the LUMO, as well as ‘L+v’ quasiparticles, have significant
probability weight in the regions far from the nuclei, reflecting also that
AHBR-mRSH∗ (correctly) describes these as either weakly bound or weakly
trapped. That is, the LUMO and LUMO+ quasiparticle states and resonances
exist in the very low-density regions where nonlocal-correlation XC contribution
dominates, binding the molecular systems [5, 145, 176]. The AHBR-mRSH∗

goes beyond the HSE-based OT-RSH by keeping the description of vdW forces
and NCIs inside the XC functional and by thus additionally capturing direct
nonlocal-correlation signatures in the quasiparticles, i.e. in the molecule
electronic structure.

Table 4 summarizes our quantification of the variation in wavefunction nature
that we predict in AHBR-mRSH∗. It does so by contrasting the pair of descriptors
|M̄L,H|2 and |M̄L+v,H|2 of the rate of exciton creation that can be expected by
photon excitation out of the HOMO level specific to the systems. The former
descriptor highlights the dipole-trapped character of the LUMO, by yielding
small values reflecting a limited wavefunction overlap. The latter measure is only
available when we find a valence-located (higher-energy) empty orbital ϕL+v by
AHBR-mRSH∗, i.e. for thymine, cytosine and for both of the WC pairs.
Comparing the |M̄L,H|2 and |M̄L+v,H|2 descriptors we see clear differences of
whether we consider HOMO overlaps with a dipole-trapped or a valence-localized
LUMO or LUMO+. For the HOMO-to-‘L+v’ descriptor (when available) we
find moderate values but the HOMO-to-LUMO descriptors are small.

In section 2 we formulated an expectation that the |M̄L+v,H|2 descriptor is
generally the more relevant qualitative indicator of the rate of exciton creation or
decay (by luminescence). We expect that this holds for optical excitation out of
the HOMO level of an individual nucleobase molecule, but we also note that a
deeper discussion will be needed when considering a system of two or more
nucleobases. For example, the AHBR-mRSH∗ results for the band gaps gγ∗gKS (also
reported in table 4) of WC pairs are smaller than those of the individual
nucleobases that make up the pairs. This is possible because the locations of
HOMO and LUMO levels are spatially separated, located on different
nucleobases, as noted above. For WC pairs, a direct application of the |M̄L+v,H|2
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descriptor may not be relevant, at least not unless the photon energy is kept right
at the quasiparticle gap of the WC pair. For example, we predict that cytosine has
the largest rate of exciton creation within the four nucleobases. With a slightly
larger photon energy, it may therefore be possible to make a (short-lived)
intra-cytosine excitation in a C-G WC pair. Advanced Bethe-Salpeter equation
[177–179], EoMCC [124, 128, 139, 156] or time-dependent DFT studies
[180–186] are needed to understand the nature of such excitations.

We also note that the AHBR-mRSH∗ characterization of wavefunction
overlaps, table 4, need not permit even a qualitative discussion of luminescence in
nucleobases system. We are characterizing HOMO and LUMO states of the WC
pairs, finding that they end up on opposite nucleobases of the pair. We find that,
accordingly, the overlap measures |M̄L+v,H|2 and |M̄L,H|2 are significantly
suppressed compared to what applies for an individual nucleobase. Upon a
generic exciton creation, there is fast electron-electron scattering driving a
thermalization of the electron and the hole and favoring landing the former
(latter) in the LUMO (HOMO) of the combined system, e.g. in a WC pair.
However, once there is an electron and hole in such states, there is a strong
inter-molecule dipole that will drive also atomic relaxations [156, 181, 183, 184].
Again, more advanced characterizations are needed to understand whether the
system still supports an electron and hole behavior in the form of an
inter-molecule dipole by the time the exciton (may) give rise to luminescence.

Figure 8 answers the second question on AHBR-mRSH∗ usefulness: this OT
vdW-inclusive DFA ensures a piecewise linearity in the description of the
nucleobases. We find that AHBR-mRSH∗ (constructed for nucleobase studies) is
consistent with the key thermodynamics constraint on DFT [60]. The figure
reports the AHBR-mRSH∗ total-energy variation for thymine and guanine (top
and bottom panels, respectively) that arises as we add or subtract a fraction of an
electron δN. For ease of comparison we have set the total energy of the neutral
system (in each case) to zero; that is, we report resulting AHBR-mRSH∗

total-energy changes, denoted δEmRSH∗. The dashed lines in the panels identify
the corresponding AHBR-mRSH∗ results for minus the HOMO energy.

The figure shows that the AHBR-mRSH∗ DFA gives us a very good but also
not perfect alignment of the thymine and guanine IPs of these levels. This is
expected (and evident also in table 3) because we limited the tuning to γ ⩽ 0.166
on other grounds, section 2.

Nevertheless and importantly: the figure demonstrates that AHBR-mRSH∗

complies with a piecewise-linearity criterion on its total-energy description. It
does so to a very high and excellent degree for thymine and guanine, respectively.
There are essentially no energy changes when adding a fraction of an electron;
this is consistent with our finding that the LUMO levels are all pushed to the
vacuum-energy position in the AHBR-mRSH∗ description of these nucleobases.
There is also a discernible energy cost of removing a fraction δN of an electron
from these bases and that cost is well approximated as δN times the IP value (and
thus, approximately, −ϵH). This is as it should be [21, 31–34, 36, 62–64, 66–68,
70, 82–84, 113–117, 121, 125–127, 130, 131, 133–136, 138, 140].

We note that piece-wise linearity is essential to enable compliance with the
tuning criterion, equation (4) [140, 141]. However, we are not aware of arguments
that this criterion itself, in turn, secures the piecewise linearity. In any case, we
think the question concerns inherent functional quality because (1) the piecewise
linearity is itself mandated by a thermodynamical criterion on charge transfer, as
formulated in [60] and (2) documenting accuracy on predicting charge transfers
(like δN) implies some robustness towards excessive localization or
delocalization.

We finally observe that internal consistency of the RSH vdW-DFs is a key
argument for suggesting broader use, e.g. via this perspective paper. Like G0W0
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Figure 8. Piecewise linearity in the energy versus electron count for thymine (top panel) and
guanine (bottom panel), for the AHBR-mRSH∗ that we craft to characterize nucleobase
quasiparticles by tuning γ to a thymine ionization criterion.

and the random-phase approximation, our AHBR-mRSH∗ is defined to provide
an internally consistent inclusion of correlation that is based directly on screening
and other formal MBPT arguments [1, 3, 5, 49, 50, 52, 54, 59, 105–107, 187].
This internal consistency, in turn, motivates our expectation that we can take
AHBR-mRSH∗ accuracy on molecular binding-energy descriptions, figures 4
and 5, as promise for use as an approximative predictor of quasiparticles in
weakly interacting molecular systems.
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5. Summary and outlook

We introduce a new RSH vdW-DF design, AHBR-mRSH∗, for computing both
energies and gkS-DFA approximation of frontier quasiparticle. We illustrate use
by discussing optical transitions in nucleobase systems. Our approach for
estimating quasiparticles is computationally fast, for example, compared to G0W0

studies. We find that we are able to use it to describe up to about one hundred
atoms on a standard high-performance-computer cluster.

As part of the method documentation we address accuracy as a DFT-type
total-energy. Specifically, we explore whether the here-defined AHBR-mRSH or
the OT AHBR-mRSH∗ forms show accuracy loss or even gain compared the
related, existing RSH-vdW-DF AHBR for molecular problem. We report the
mixed answer: the improvements are not uniform but a small net effect survives
when averaged over the GMTKN55 benchmark groups. Based on the analysis, we
find that both AHBR and AHBR-mRSH are highly versatile functionals for
general molecular problems.

The finding of small performance differences implies, in turn, that the AHBR
has strength as a general purpose gKS-DFT, even if the AHBR-mRSH and
AHBR-mRSH∗ also have advantages for small-molecule problems. That is, we
conclude that the AHBR remains the best general-purpose XC functional: It
works very well as a total-energy predictor across bulk, surface, and molecular
problem. Accordingly, the AHBR is naturally set up to determine total-energy
variations also in heterogeneous systems, for example, the energy of molecule
adsorption at metallic surfaces. We must avoid the AHBR-mRSH and
AHBR-mRSH∗ at metallic problems because the implied inclusion of long-range
exchange (via the Fock exchange inclusion) produces a divergence in the density
of states of the metal at the Fermi level.

Meanwhile, the finding that AHBR-mRSH and AHBR-mRSH∗ generally both
retain the strong AHBR level of accuracy does mean that we can use them as
mutually consistent gKS-DFA tools for predicting molecular total-energy
differences and frontier-level quasiparticles, respectively. In fact, we find that we
can often rely on the OT AHBR-mRSH∗ form to succeed at both tasks. These
conclusions follow because the RSH vdW-DFs have the transferability to survive
adverse effects of changing the inverse-length scale γ value inside the RSH
vdW-DF description of exchange. In essence, we find that the here-defined OT
AHBR-mRSH∗ form generalizes the PBE-based OT-RSH description with 1) an
internally-consistent account of vdW interactions and 2) an ability to rely on the
same XC functional logic for both the total-energy and quasiparticle part of the
electronic-structure problem (near the frontier levels).

We end this perspective with the hope that the consistent inclusions of vdW
and weak-interaction impacts on the electron-structure problem by the OT
AHBR-mRSH∗ gKS-DFA can help in the study of quasiparticles in molecules
and in interacting molecular systems.
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