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ABSTRACT: Density functional theory with optimally tuned
range-separated hybrid (OT-RSH) functionals has been
recently suggested [Refaely-Abramson et al. Phys. Rev. Lett.
2012, 109, 226405] as a nonempirical approach to predict the
outer-valence electronic structure of molecules with the same
accuracy as many-body perturbation theory. Here, we provide
a quantitative evaluation of the OT-RSH approach by
examining its performance in predicting the outer-valence
electron spectra of several prototypical gas-phase molecules,
from aromatic rings (benzene, pyridine, and pyrimidine) to more complex organic systems (terpyrimidinethiol and copper
phthalocyanine). For a range up to several electronvolts away from the frontier orbital energies, we ﬁnd that the outer-valence
electronic structure obtained from the OT-RSH method agrees very well (typically within ∼0.1−0.2 eV) with both experimental
photoemission and theoretical many-body perturbation theory data in the GW approximation. In particular, we ﬁnd that with
new strategies for an optimal choice of the short-range fraction of Fock exchange, the OT-RSH approach oﬀers a balanced
description of localized and delocalized states. We discuss in detail the sole exception founda high-symmetry orbital, particular
to small aromatic rings, which is relatively deep inside the valence state manifold. Overall, the OT-RSH method is an accurate
DFT-based method for outer-valence electronic structure prediction for such systems and is of essentially the same level of
accuracy as contemporary GW approaches, at a reduced computational cost.
be sensitive to details of the speciﬁc GW scheme employed8−13
and can also be challenging to converge.11,14
Density functional theory (DFT),15,16 in which the groundstate electron density, rather than the many-electron wave
function, is the fundamental quantity,17 is a computationally
eﬃcient ﬁrst principles method for calculating the electronic
structure of many-electron systems. DFT is often made
practical via the Kohn−Sham (KS) scheme,18 in which the
original many-electron problem is mapped uniquely into a
ﬁctitious noninteracting electron system yielding the same
electron density. This mapping leads to eﬀective single-particle
equations that provide a signiﬁcant conceptual and computational simpliﬁcation of the original many-electron problem.
However, due to the ﬁctitious nature of the noninteracting
electrons, the correspondence of KS eigenvalues with ionization

I. INTRODUCTION
Many electronic properties of molecules and materials are
determined by and understood through the energetics of the
valence electrons, which are often probed experimentally using
photoemission spectroscopy (PES).1 Via measurement of the
kinetic energy of photoemitted electrons, PES provides direct
experimental access to the electron ejection energies, the
smallest of which is the ionization potential (IP). Calculating
PES data from ﬁrst principles is a long-standing challenge to
modern electronic structure methods.2,3 A state-of-the-art
method for obtaining ionization spectra theoretically is manybody perturbation theory (MBPT), which calculates quasiparticle excitation energies via solving the Dyson equation,
typically within the GW approximation (where G is the Green
function and W is the dynamically screened Coulomb
potential).4−7 However, GW calculations can be computationally demanding. Moreover, in particular for gas-phase
computations that are at the center of this work, results can
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exhibit any DD in the exchange-correlation part of the
potential.43 Instead, they approximately average over it, and
as a consequence the KS-HOMO energy is strongly underbinding with respect to the “true” ionization potential.31,44,45
The SIE46 arises from the fact that the classical electron−
electron repulsion term (Hartree potential) in the KS equation
means that each electron is repelled from the total charge in the
system, including a spurious repulsion from itself. Because KS
theory is, in principle, exact, whatever error one makes in the
Hartree term must then be completely canceled out by the
exact exchange-correlation term. Unfortunately, only partial
error cancellation is obtained in either LDA or GGA. For
strongly localized orbitals, self-interaction may be signiﬁcant
and spuriously destabilize electron energies.26
The situation can be improved, if one uses “hybrid” DFT, i.e.,
functionals that contain exact exchange based expressions
employed using a nonlocal Fock operator.26 We emphasize that
while such functionals do not fall within the KS scheme, they
are still very much within the DFT framework3,26,47 through the
generalized Kohn−Sham (GKS) scheme.48 In the KS scheme,
many-body eﬀects are incorporated entirely in a multiplicative
potential (which is the sum of the Hartree and exchangecorrelation potentials). In contrast, in the GKS scheme, manybody eﬀects are incorporated in a combination of a multiplicative potential and a nonlocal operator (nonmultiplicative
potential). This is achieved via mapping to a partially
interacting electron gas. Generally, in the GKS scheme, the
additional nonlocal operator can mitigate the need for a DD in
the multiplicative potential.26 This may reduce errors associated
with averaging over the DD in practical approximations. Most
hybrid functionals in everyday use are of the global type, i.e.,
they contain a ﬁxed fraction of Fock exchange.49−51 In practice,
one typically observes that HOMO energies extracted from
such hybrid functionals are closer to experimental ionization
energies than those obtained from LDA or GGA but still
signiﬁcantly underestimate those observables.9,32,52 Spectral
distortions (including the possibility of an erroneous ordering
of the electronic levels) are often mitigated, as the fraction of
Fock exchange reduces the SIE.3,26,33,34 However, the
quantitative details of the eigenvalue spectrum typically still
depend on the speciﬁc choice of the approximate hybrid
functional.53
One reason for the failure of conventional hybrid functionals
to obey the IP theorem is the presence of only a fraction of
exact exchange. Because of this, they do not yield the correct
∼1/r asymptotic potential that should be “felt” by an electron
at large distances from the molecule, which is especially relevant
for describing the ionization process. However, when using the
full Fock exchange to correct for that, the delicate balance
between exchange and correlation is disrupted, which is highly
detrimentalespecially for short-range electron−electron
interactions that govern chemical bonding.26 A promising
strategy for tackling that problem is oﬀered by the more recent
class of range-separated hybrid (RSH) DFT functionals,54
pioneered by Savin and co-workers.55 In these functionals, the
interelectron Coulomb repulsion term is separated into longrange (LR) and short-range (SR) components via a rangeseparation parameter γ. The LR term is mapped using full Fock
exchange, thereby establishing the correct asymptotic potential.
The SR termed is (typically) mapped using a GGA approach,
maintaining the compatibility between the exchange and
correlation expressions. In this approach, one still needs to
determine the range-separation parameter, γ.

energies measured in an experiment is not at all straightforward.3,19 It can be shown that for the exact KS potential, the
energy of the highest occupied molecular orbital (HOMO)
equals the negative of the IP, a result known as the IP
theorem.20−23 Lower-lying eigenvalues do not strictly correspond to electron removal energies.19 For outer-valence
electrons, however, exact DFT eigenvalues may still serve as a
useful and even quantitative approximation to electron removal
energies.3,24 We note that in general the simulation of
photoemission spectra also requires that the photoionization
cross-section is addressed.1 Its calculation is outside the scope
of the present manuscript, which focuses on the correct
description of the energetics. Our comparison between the
calculated density of states and the photoelectron spectra
concentrates, therefore, on peak positions rather than peak
intensities. We note, however, that for gas-phase ultraviolet
photoemission spectroscopy (UPS)the standard choice for
probing molecular outer-valence statesangle-dependent
cross-section eﬀects are irrelevant, owing to orientational
averaging, and orbital-dependent cross-section eﬀects are
relatively weak.25 Therefore, their neglect is not expected to
have serious consequences.
The KS mapping scheme relies on an exchange-correlation
energy-functional of the density, the exact form of which is
generally unknown and must be approximated. Common
approximate exchange-correlation functionals used within the
KS scheme are the local density approximation (LDA) and the
generalized gradient approximation (GGA).15,16 In the former,
one assumes that at each point in space the exchangecorrelation energy per particle is given by its value for a
homogeneous electron gas. In the latter, information on
deviations from homogeneity is partly accounted for by
considering gradients of the charge density. Unfortunately, for
gas-phase molecules, KS eigenvalues obtained through the use
of these approximations are not in good agreement with
experimental ionization spectra.3,26 First, the IP theorem is
grossly disobeyed and the negative of the HOMO energy
usually underestimates the IP severely.27−30 Even if this
diﬀerence is accounted for by rigidly shifting the theoretical
eigenvalue spectrum,31,32 the calculated eigenvalue spectrum
may still exhibit qualitative failures, notably an erroneous
ordering of the electronic levels (see, e.g., refs 33−41).
These two drawbacks can be traced back to two diﬀerent (yet
not unrelated) deﬁciencies of the above-described approximations: lack of a derivative discontinuity (DD) and orbital
self-interaction errors (SIE).3,26,28,42 The DD is a uniform
“jump” in the KS potential, when approaching the integer
electron number either from above or from below. This “jump”
helps to account for the discontinuity of the chemical potential
at integer electron numbers, i.e., for the fact that the electron
removal energy is not the same as the electron insertion
energy.16 Part of the discontinuity in the chemical potential is
accounted for by the KS kinetic energy term.20,23 But the
kinetic energy contribution to the discontinuity in the chemical
potential is generally insuﬃcient, and the remaining discontinuity must be provided by the DD. Because the electron−ion
and Hartree energies are continuous in the electron density, the
remaining discontinuity can only be attained by a jump in the
exchange-correlation potential. However, in standard LDA or
GGA functionals, the exchange-correlation potential explicitly
depends on the electron density and does not incorporate any
orbital dependence (in contrast to, e.g., Fock exchange). As a
result, calculations based on these approximations cannot
1935
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Both formal considerations56 and practical simulations show
that aiming at accurate results for a broad range of systems, one
typically needs signiﬁcantly diﬀerent values of γ. This is taken
care of by using optimally tuned RSH (OT-RSH) functionals.32,47 There, instead of using one and the same rangeseparation parameter for all systems, γ is tuned for each system
such that physically motivated tuning conditions are fulﬁlled
without introducing any empirical parameters. In particular, it
has been shown for gas phase molecules that insisting on the
HOMO energy being equal to the negative of the IP (i.e.,
fulﬁlling the IP theorem) for the neutral and anion species
yields highly accurate HOMO energies and HOMO−LUMO
gaps when compared to experimentally measured fundamental
gaps or to the results of GW calculations.52,57 More recently,
some of us have shown that in addition to the IP and the
fundamental gap, the entire higher-lying part of the valenceelectron spectrum of gas-phase molecules and molecular solids
can be accurately described by the eigenvalues of OT-RSH
ground-state DFT calculations.58,59 In particular, it has been
suggested that a more general OT-RSH functional that
introduces a fraction of Fock exchange in the SR and
simultaneously maintains the full Fock exchange in the LR60
allows for a more ﬂexible treatment of diﬀerently localized
molecular orbitals, resulting in an accurate description of more
complex organic molecules relevant for applications in organic
electronics.58
In the present contribution, we further investigate the
capabilities of such more general OT-RSH functionals for
predicting outer-valence electron spectra of organic molecules
in the gas phase. First, we study the prototypical aromatic
building blocksbenzene, pyridine, and pyrimidine (see Figure
1a). This choice is motivated by the fact that for such simple

both being highly accurate compared to PES experiments. We
suggest that a simultaneous reliable prediction of both π and σ
orbital energies is indeed within the realm of the OT-RSH
functional applied here. Still, we identify one speciﬁc molecular
orbital that is peculiar to ring-type molecules, which in the OTRSH calculations displays a signiﬁcant deviation from
experimental results and GW calculations. We analyze the
origin of this discrepancy by further computing the spectra of
the same systems using conventional hybrid calculations, as well
as explicitly self-interaction corrected (SIC) calculations.
With the obtained overall very encouraging results at hand,
we proceed toward larger and more complex systems, here
chosen to be terpyrimidinethiol and copper phthalocyanine
(3N-thiol and CuPc, see Figure 1b). These molecules, which
also contain N as a heteroatom, are interesting for novel
applications in organic electronics63−68 but at the same time
challenging to assess theoretically due to pronounced diﬀerences in SIE among the high-lying orbitals in the valence
electron spectrum.34,68,69 Through a comparison to GW
calculations and/or PES experiments, we show that OT-RSH
can provide accurate valence-electron spectra also for these
more complex organic systems, with an optimal choice for the
short-range Fock exchange that is guided by conventional
hybrid functional calculations. Our results clearly demonstrate
that OT-RSH functionals are a highly promising, state-of-theart approach for predicting ionization spectra of gas-phase
organic molecules.

II. THEORETICAL AND METHODOLOGICAL DETAILS
A. Formalism. As mentioned in the Introduction, we
examine a generalized RSH form, which allows for diﬀerent
amounts of Fock exchange in the short range and in the long
range.70 We use the range-partitioning expression of Yanai et
al., given by71
α + β erf(γr )
1 − [α + β erf(γr )]
1
=
+
r
r
r
(“HF”)

(“GGA”)

(1)

Here, r is the interelectron coordinate and α, β, and γ are
adjustable parameters. Naturally, this partition is not unique,
but the choice of the error function is computationally
convenient when using a Gaussian basis for expanding the
wave functions of ﬁnite systems.55 Equation 1 deﬁnes the
range-separation procedure, where the Coulomb operator, 1/r,
in the exchange-part of the xc potential is replaced by two
complementary terms, which are treated diﬀerently. As
suggested by the “HF” and “GGA” delimiters in the equation,
the ﬁrst term is treated using Hartree−Fock exchange, the
second term is treated using GGA semilocal exchange.
Speciﬁcally, using the Perdew−Burke−Ernzerhof (PBE)72
form for the GGA exchange-correlation leads to the following
expression for the exchange-correlation energy73

Figure 1. Molecules studied in this article. (a) Prototypical aromatic
ringsbenzene, pyridine, and pyrimidine. (b) More complex
representative systemsterpyrimidinethiol and copper phthalocyanine.

systems, existing high-level experimental PES data can serve as
useful benchmarks for theory. Moreover, the nitrogen
heteroatoms in the azabenzenes can be expected to result in
diﬀerently localized molecular orbitals in the higher-lying part
of the valence electron system and, in particular, close-lying σ
and π states.30 For their accurate description, the OT-RSH
approach would need to attain a quantitatively satisfactory
balance of self-interaction errors for both.58 Moreover, these
prototypical systems were recently identiﬁed as a challenge for
both the GW61 and the OT-RSH62 methods. Here, we perform
both OT-RSH and GW calculations for these systems and ﬁnd
that they overall yield similar (to ∼0.2 eV) eigenvalue energies,

γ
SR, γ
LR, γ
ExcRSH = αExSR,
,HF + (1 − α)Ex ,PBE + (α + β )Ex ,HF
γ
+ (1 − α − β)ExLR,
,PBE + Ec ,PBE

(2)

where the superscripts LR and SR denote that the full Coulomb
repulsion, 1/r, has been substituted by the LR and SR Coulomb
repulsions, erf(γr)/r and erfc(γr)/r, respectively. PBE correlation is used for the entire range. Yanai et al. viewed α, β, and γ
as semiempirical parameters and determined “universal” values
for them based on benchmark thermochemistry data. Here, we
wish to determine these parameters based on the satisfaction of
1936
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GKS scheme) presented in this article were obtained within the
QChem81 and NWChem82 codes, using cc-PVTZ83 basis
functions. All geometries were optimized using the PBE
functional. As the above-described tuning scheme is based on
components taken from well-established density functionals (cf.
eq 2) and range-separation is available in many diﬀerent
electronic structure codes, optimal tuning of γ via eq 4 is
straightforward to perform. Moreover, the tuning strategy is
computationally eﬃcient, as it relies on a series of standard
total-energy DFT calculations. We note, however, that when
charging the gas-phase molecule as part of the above-explained
tuning procedure, the conﬁguration of the cation and/or anion
must be identiﬁed carefully, as it may aﬀect the results of the
calculation.84
We illustrate the possible complications associated with
diﬀerent ion conﬁgurations by considering pyridineone of
the molecules of Figure 1, which is discussed extensively in the
results section. When tuning γ using the above-described
approach, it is important to ensure that the character of the
HOMO (related to the left-hand term in eq 3) corresponds to
the “hole density,” deﬁned as the charge-density diﬀerence of
the neutral and charged states (and, consequently, related to
the right-hand term in eq 3). For pyridine, the self-consistent
solution of the GKS equation with the RSH functional was
found to lead to two diﬀerent doublet conﬁgurations of the
cation, depending on the initial guess used in the procedure.
These two conﬁgurations correspond to two qualitatively
diﬀerent hole densities (see Figure 2, left part). As shown in the

inherent constraints on the exchange-correlation density
functional, without recourse to experimental data.
From eq 2 it is clear that for full long-range Fock exchange,
which guarantees the correct asymptotic potential, one
condition is that α + β = 1 (note that the ﬁt to
thermochemistry data performed by Yanai et al. leads to α +
β = 0.65, i.e., to a potential that is not asymptotically correct
and will, therefore, run into problems when trying to associate
eigenvalues with ionization energies or electron aﬃnities).
Equation 2 further shows that α controls the fraction of SR
Fock exchange. We restrict the current investigation to α values
between 0 and 0.2. This is because in the former limit, the SR
behavior is expected to be GGA-like; in the latter limit, the SR
behavior is expected to resemble that of a conventional hybrid
functional.58,74 For example, in the PBE0 hybrid functional,
which is based on the PBE semilocal functional, a global exactexchange fraction of 25% is used.51 In a RSH functional, the SR
Fock exchange fraction is indeed expected to be somewhat
smaller than in a conventional hybrid functional, because the
LR Fock exchange is 100% in the former but only a ﬁnite
fraction in the latter. The remaining parameter, γ, controls the
range-separation. As mentioned in the Introduction, we do not
seek a universal value for γ. Instead, we rely on a nonempirical
tuning procedure, where γ is adjusted on a per-system basis.
One possibility to determine the optimal gamma, γopt, is to
choose it such that the IP theorem is satisﬁed:32,75
opt

opt

εHγ (N ) = −IP γ (N )

(3)

εH(N) is the HOMO energy of the N-electron system and
IP(N) is the ionization potential of the N-electron system,
determined from total energy diﬀerence of the N- and (N − 1)electron systems. In general, as emphasized by the superscript
notation, both εH(N) and IP(N) display a strong γ dependence.
It is often useful to invoke the IP theorem not only for the
molecule in its neutral state but also in certain charged states.
The condition which then needs to be fulﬁlled is that the target
function J2, given by32
J 2 (γ ; α ) =

∑ (εHγ ;α(N + i) + IPγ ;α(N + i))2
i

(4)

is minimized. In eq 4, i can in principle adopt any integer
number, and one can observe the eﬀect of adding further terms
on the residual J value (vide inf ra). In practice, only values of i
that are close to zero are of interest to avoid information from
highly charged radical speciesa point elaborated below. In
particular, including the anion has been found to be highly
beneﬁcial for the prediction of fundamental gaps and the
energies of charge-transfer excited states.52,76,77 Note that when
restricting i to 0 in eq 4, which we do here if the electron
aﬃnity is negative and the molecule does not bind an extra
electron, then eq 3 is recovered. In agreement with previous
work,32,52,57−60,78−80 it was repeatedly found that the optimal γ
strongly changes from one system to the other, showing that
our “per system” tuning approach is indeed necessary.
The above-mentioned optimal-tuning of γ can, in principle,
be performed for any choice of the SR Fock exchange
parameter, α. In fact, various strategies can be employed to
determine α. These are discussed below in detail, along with
their pros and cons, in the context of speciﬁc computational
results.
B. Computational Details. All PBE calculations (within
the KS scheme) and PBE0 and RSH calculations (within the

Figure 2. Charge-density diﬀerence between neutral and cation (left)
and LUMO of cation (right), obtained using two diﬀerent doublet
conﬁgurations (a and b) of the pyridine cation. The conﬁguration
denoted by b is the energetically more stable one. In the chargedensity diﬀerence plots, red (blue) regions denote areas of electron
density depletion (accumulation) as a consequence of the ionization
process. (c) HOMO of the neutral pyridine molecule.

right part of Figure 2, the reason for the diﬀerent hole densities
is that the two cation conﬁgurations possess two diﬀerent
LUMO orbitals; i.e., the two cationic ground states represent
two diﬀerent ionization processes. The main diﬀerence is that
the electron “loss” is, in one case, from a π orbital and, in the
other case, from a σ orbital. These two cationic conﬁgurations
are energetically close, which is consistent with the observation
that the HOMO and the HOMO−1 of pyridine are very close
in energy (vide inf ra). Importantly, however, only the “hole
density” depicted in Figure 2bwhich is associated with the
conﬁguration lower in energy, i.e., the true ground state
predicted for the cationcorresponds to the HOMO of
pyridine (see Figure 2c). Therefore, one has to ensure that the
1937
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functionals. It is solved using the generalized Krieger−Li−
Iafrate (KLI) approximation.89,91 Unlike the KLI approximation
to the standard OEP equation, which can introduce signiﬁcant
deviations for the SIC,92 the generalized KLI approximation
used here has been shown to be an excellent approximation to
the generalized OEP. The additional degree of freedom arising
from the variance inherent to our procedure can be used to
construct a set of orbitals that minimize the total SIC energy of
the system, where we applied a complex-valued energy
minimizing unitary orbital transformation.90 For additional
insights, we also used the PBE0 functional in conjunction with
a local multiplicative potential, constructedin contrast to
traditional GKS schemesvia the KLI91 approximation for the
exact exchange part of the functional. We refer to these
calculations as PBE0KS.
All SIC and PBE0KS calculations were performed with the
Bayreuth version93 of the PARSEC real-space code,94 where we
employed a grid-spacing of 0.2 Bohr and Troullier−Martins
norm-conserving pseudopotentials.87
Finally, for a meaningful comparison between the results of
diﬀerent functionals and/or computational approaches, we
tested explicitly that eigenvalues obtained from diﬀerent codes
and basis-set expansions (Gaussian, planewave, real-space) do
not diﬀer by more than 0.1 eV for the same underlying
functional. Furthermore, we veriﬁed by visual inspection95,96
that eigenvalues calculated from diﬀerent methods correspond
to the same molecular orbitals.

cationic state shown in Figure 2b is indeed the one entering the
tuning procedure, in order to retain consistency for the orbital
energies and total energies required in eq 3.
For our analysis of the OT-RSH results, we also performed
comparative GW calculations, as well as self-interactioncorrected calculations and KS-PBE0 calculations (the latter
are deﬁned and explained below). Our GW calculations are
based on a standard G0W0 scheme,14 where quasi-particle
energies are computed via a ﬁrst-order correction to DFT
eigenvalues, with no self-consistent update of the starting wave
functions. The starting quasi-particle wave function for the
G0W0 corrections was obtained from the PBE functional.72 The
static dielectric function is computed within the random-phase
approximation and extended to ﬁnite frequency via the
generalized plasmon-pole (GPP) model of Hybertsen and
Louie.5
Our G0W0 calculations were performed using the BerkeleyGW package,85 which employs a plane-wave basis set to
compute the dielectric function and self-energy, using a PBE
starting point. DFT-PBE calculations were performed within
the Quantum Espresso package,86 which is compatible with
BerkeleyGW. The nuclei and core electrons were described by
Troullier−Martins relativistic norm-conserving pseudopotentials,87 which are part of the Quantum Espresso pseudopotential library. Here, one, four, ﬁve, and six electrons were explicitly
considered as valence electrons for H, C, N, and S, respectively,
with cutoﬀ radii (in Bohr) of 1.3, 0.5, 1.0, and 1.7, respectively.
We used a plane-wave basis cutoﬀ of 80 Ry for benzene and
120 Ry for pyridine, pyrimidine, and 3N-thiol. These values
lead to a total DFT energy converged to <1 meV/atom. To
avoid spurious interactions with periodic images, we used a
supercell with lattice vectors twice the size necessary to contain
99% of the charge density and, when computing the GW selfenergy, the Coulomb interaction was truncated at distances
larger than half of the unit cell size. The supercell dimensions,
in atomic units, were 35 × 39 × 24; 30 × 20 × 32, 19 × 30 ×
30; and 64 × 26 × 15.5 for benzene, pyridine, pyrimidine, and
3N-thiol, respectively.
Our static dielectric function and self-energy were constructed from 4914, 5515, 5071, and 3598 unoccupied states,
respectively, for benzene, pyridine, pyrimidine, and 3N-thiol.
For the former three prototypical small molecules, this energy
range corresponds to 90 eV above the vacuum energy, while for
3N-thiol, it corresponds to 50 eV above the vacuum energy.
Fewer states were included for 3N-thiol due to the greater
computational expense associated with this rather large system.
A static remainder approach was applied to the self-energy to
approximately complete the unoccupied subspace.88 The planewave cutoﬀ for the dielectric function was 30 Ry for pyridine
and pyrimidine and 24 Ry for 3N-thiol and benzene. We ﬁnd
that these parameters converge the HOMO energies of the
prototypical small molecules to less than 0.1 eV. On the basis of
the convergence behavior of these molecules and the residual
diﬀerences that we ﬁnd for GW and OT-RSH HOMO energies
(vide infra), we extrapolate the errors associated with
eigenvalues of the 3N-thiol calculation to be less than 0.2 eV.
All SIC calculations were based on the seminal SIC concept
of Perdew and Zunger.46 However, we constructed a spatially
local, multiplicative exchange-correlation potential identical for
all orbitals in the system, which ensures that the SIC remains
within the KS realm.89,90 This is based on the generalized
optimized eﬀective potential (OEP) equation, which extends
the original OEP equation to the case of unitarily variant

III. PROTOTYPICAL AROMATIC RINGSRESULTS
AND DISCUSSION
We start our analysis by considering the prototypical aromatic
gas-phase molecules of Figure 1a. The computed peak positions
in the eigenvalue spectra (neglecting diﬀerences of the
photoionization cross sections) should correspond to those in
the photoemission spectra (in arbitrary units, denoted as a.u. or
arb. units) and are shown in Figure 3. The computed spectra
are obtained from OT-RSH eigenvalues with SR Fock exchange
fractions of α = 0 and α = 0.2 for (a) benzene, (b) pyridine, and
(c) pyrimidine. The results are compared to gas-phase PES
spectra from refs 97−99 and to the results of our GW
calculations. Importantly, the spectra are plotted on an absolute
energy scale; i.e., the calculated eigenvalue spectra shown in
Figure 3 have not been shifted so as to align the theoretical data
with experimental results. To facilitate a visual comparison with
the experimental spectra, we broadened the calculated
eigenvalue spectra via convolution with a Gaussian (with a
standard deviation of 0.4 eV for benzene and 0.2 eV for
pyridine and pyrimidine). For all three systems, we ﬁnd an
overall excellent agreement between OT-RSH, our GW
calculations, and experimental results. In particular, the
HOMO energies calculated from the OT-RSH approach
correspond very well to the ﬁrst peak in the experimental
spectrum, indicating the success of the tuning procedure. In
addition, the shape of the experimental spectra at higher
binding energies is very well reproduced by the OT-RSH
spectra. Note that the comparison extends over a relatively
large energy range of ∼8 eV below the ﬁrst IP (much more
than the ∼3 eV in previous work on somewhat larger aromaticbased organic molecules58). The agreement over such a wide
energy range is remarkable, considering that the correspondence between DFT eigenvalues and photoemission energies is
expected, on general theoretical grounds, to deteriorate for
lower-lying states.3,24,100 Interestingly, the shape of the OT1938
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intensity seen in the experiment. For pyridine and pyrimidine,
mismatches occur around −13 eV and −15 eV, respectively.
These discrepancies, discussed in more detail below, are
observed for both considered SR choices (α = 0 and α = 0.2).
The main deviation between our GW calculations and
experiments is found for the benzene molecule, where the
feature that in the experiment occurs around −11.5 eV is
shifted to higher binding energies. A similar discrepancy (as
well as some additional ones for the other rings) has previously
been pointed out by Marom et al.61
A precise quantitative comparison between theory and
experiment beyond the above statements is complicated by
several aspects: (i) The peaks in the experiments are not well
separated; i.e., to determine peak maxima and, correspondingly,
vertical ionization energies, one would need to perform
extensive ﬁtting. (ii) While important information on orbital
symmetry and localization can be obtained directly from
experimental results, it is common practice to provide a detailed
assignment of orbital shape and ordering based on comparisons
to theory, as was done in, e.g., ref 97. (iii) There are also some
deviations between diﬀerent experimental reports, e.g., for
pyrimidine, where the two experimental spectra from refs 98
and 99 (shown in Figure 3c) appear to be shifted with respect
to each other by ∼0.2 eV. Therefore, in the following, we
choose to compare theoretical data only to the original
experimental spectra and avoid the extraction of vertical
ionization series from the experiments. Nevertheless, in the
interest of putting our OT-RSH results for these prototypical
systems into perspective with previous literature ﬁndings,62 we
adopt the extracted experimental values for the ionization
energies reported by Marom et al.61 We can then perform a
straightforward statistical analysis of mean absolute diﬀerences
(MADs) between theory and experiment. This yields MADs of
∼0.1 eV for our GW calculations and MADs of ∼0.2 eV for the
OT-RSH (α = 0.2) calculations. Ref 62 can be understood to
suggest that the accuracy of the OT-RSH method falls short of
that of GW. In fact, the MADs of the OT-RSH calculations
diﬀer from those of our GW calculations by an extent which is
marginal and on par with the experimental resolution.
Furthermore, the MAD between OT-RSH and GW results is
∼0.2 eV, i.e., in the same range. Similar conclusions hold for the
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) and
1,4,5,8-naphtalene-tetracarboxylic-dianhydride (NTCDA) molecules discussed in detail in refs 58 and 62.
For a deeper analysis of the remaining diﬀerences between
theory and experiment and their origin, we turn to a detailed
comparison between the OT-RSH and GW eigenvalues, given
in Figure 4. For each eigenvalue, the ﬁgure also provides the
corresponding single-electron orbital.
It has been recently implied62 that the satisfactory agreement
between OT-RSH and GW results, reported in ref 58, worsens
if the comparison is made to a GW calculation based on a
hybrid-functional DFT starting point, rather than on a PBE
starting point. To examine this, the ﬁrst two columns in Figure
4 show PBE- and PBE0-based G0W0 valence-electron energies
computed by Marom et al.61 for the small aromatic systems.
Our PBE-based G0W0 calculations, based on the scheme
presented in ref 14 and already shown in Figure 3 to agree well
with experiment results, are given in the third column in Figure
4. They are followed by our two (α = 0 and α = 0.2) OT-RSH
results. As in Figure 3, all eigenvalues are shown on an absolute
energy scale, with no shifting of the computed data. For all
three prototypical rings, our PBE-based G0W0 calculations,

Figure 3. Valence electron spectra for (a) benzene, (b) pyridine, (c)
pyrimidine, as obtained from experiment (benzene and pyridine, ref
97; pyrimidine, refs 99 and 98, reference I and II in the ﬁgure),
compared with simulated data obtained from GW and OT-RSH
calculations (with two diﬀerent amounts of SR Fock exchange, α),
broadened with Gaussians of widths 0.4, 0.2, and 0.2 eV, respectively,
to facilitate comparison with experimental results.

RSH spectra for these molecules is only mildly sensitive to the
choice of α (which is not always the casesee below).
Despite the overall agreement, there is one particular feature
which does not agree with experimental results for each of the
three molecules: For benzene, the pronounced intensity in the
OT-RSH spectra around −13 eV is in contrast to the very low
1939
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Figure 4. Valence eigenvalue spectra of (a) benzene, (b) pyridine, and (c) pyrimidine, obtained from GW, OT-RSH, and the nonoptimally tuned
LC- ωPBE and LC-ωPBE0 RSH functionals. The GW spectra shown were obtained from literature data (scanned in with corresponding color
coding from ref 61) with two diﬀerent starting points, and from our own work. The OT-RSH data were obtained from two diﬀerent choices for the
amount of SR Fock exchange, α.

within a plasmon-pole approximation,5 are closer to the PBE0based “full frequency”101 G0W0 calculations of Marom et al.61
than to their PBE-based ones. Speciﬁcally, the MAD between
our PBE-based G0W0 results and the literature ones (averaged
over outer valence orbitals of all three molecules) is 0.56 eV.
The MAD is reduced to only 0.22 eV upon comparison with
the G0W0 results based on PBE0. The diﬀerence stems from
the fact that these two non-self-consistent, “one-shot” G0W0
results are calculated using diﬀerent approximations within the
GW scheme itself. Here, we use a plasmon-pole approximation,
pseudopotentials, and a plane-wave basis, an approach that
yields good agreement with measured IPs for small gas-phase
molecules;12,14 ref 61 reports all-electron calculations, with a
fully frequency-dependent dielectric function and a ﬁnite
localized basis. Indeed, the outcome of a GW calculation can
depend on more than just the starting point,9,12,14,102,103 and
more speciﬁcally, plasmon-pole models have been seen, in
other classes of systems such as simple oxides,104,105 to enhance
the magnitude of GW corrections. A detailed discussion of the
relative accuracy and precision and the pros and cons of
diﬀerent G0W0 approaches for molecular systems is well outside
the scope of this manuscript and will be taken up elsewhere.
Here, the only salient point is that the similarity between the
second and third columns of Figure 4 validates the comparison
made here and in ref 58, to the PBE-based GW methodology of
ref 14 (simply referred to as GW hereafter). Generally,
diﬀerences of 0.1−0.2 eV, owing to numerical precision, are
expected in present-day GW approaches. As mentioned above,

uncertainties of similar magnitude are expected in many of the
experiments relevant in the present context. Beyond numerical
precision, owing to the physical approximations inherent in any
choice of DFT functional, as well as in a G0W0 or GW
approximation to the self energy, energy diﬀerences smaller
than ∼0.1−0.2 eV are beyond the accuracy of these approaches.
Turning to the detailed comparison between OT-RSH and
our GW calculation, given in Figure 4, the following picture
emerges. First, the OT-RSH HOMO energies for all three
systems are in very good (<0.15 eV) agreement with the
respective lowest quasi-hole energy computed from GW.
Excellent agreement of OT-RSH HOMO values with reference
theoretical or experimental IPs has been previously reported for
a variety of systemssee, e.g., refs 52, 57, and 78. Nevertheless,
this ﬁnding is still not trivial, because the HOMO of benzene
consists of degenerate π orbitals, whereas the HOMO of
pyridine and pyrimidine is of σ character (n, to be precise). We
emphasize the importance of the tuning procedure for
obtaining this level of accuracy for the HOMO energy. For
comparison, consider the LC-ωPBE106 or LC-ωPBE074
functionals. Both are PBE-based RSH functionals just like the
one used here, with (α, γ) pairs of (α = 0, γ = 0.4 Bohr−1) and
(α = 0.2, γ = 0.2 Bohr−1), respectively; i.e., they employ a ﬁxed
nontuned value of γ. The outer-valence energies obtained from
these two functionals are shown in the two right-most columns
of Figure 4. For the LC-ωPBE functional, the ﬁxed-γ value is
much larger than the optimally tuned one at α = 0 (cf. Figure 3;
γopt = 0.287 Bohr−1, γopt = 0.312 Bohr−1, and γopt = 0.353
1940
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Figure 5. Shifted eigenvalue spectra of (a) benzene, (b) pyridine, and (c) pyrimidine obtained from diﬀerent theoretical schemes: a semilocal
functional (PBE), a conventional hybrid functional (PBE0) in both the Kohn−Sham (KS) and generalized Kohn−Sham (GKS) scheme, a selfinteraction-corrected (SIC) calculation, with and without additional “stretching” of the energy axis, GW calculations based on a PBE starting point,
and optimally tuned range-separated hybrid (OT-RSH) calculations with two diﬀerent short-range exchange parameters, α = 0 and α = 0.2. See text
for further details on the computational approaches. The absolute HOMO energy, in electronvolts, is given at the top of each column.

Bohr−1 for benzene, pyridine, and pyrimidine, respectively),
and consequently, the LC-ωPBE spectrum is too low in energy.
Complementarily, the LC-ωPBE0 ﬁxed-γ value is smaller than
that obtained with optimal γ tuning at α = 0.2 (cf. Figure 3; γopt
= 0.238 Bohr−1, γopt = 0.235 Bohr−1, and γopt = 0.278 Bohr−1 for
benzene, pyridine, and pyrimidine, respectively), and the
spectrum is too high in energy. Even for benzene, where this
is a smaller eﬀect, the LC-ωPBE0 are shifted by ∼0.35 eV from
our GW data and by ∼0.25 eV from the OT-RSH (α = 0.2)
data. For pyrimidine, the eﬀect is more pronounced and the
shifts amount to ∼0.55 eV and ∼0.6 eV, respectively. This
observation is fully consistent with the discussion of ref 32
(especially Figure 6 therein) and underscores once again the
importance of optimal tuning.
With the optimally tuned functional, the predicted deeperlying parts of the spectra (with one exception, mentioned
previously and discussed in more detail below) are in overall
excellent agreement with our GW calculations in spite of the
large energy range and the fact that for all systems both σ and π
orbitals are present. Increasing α from 0 to 0.2 slightly improves
the agreement between OT-RSH and GW, but the eﬀect is
overall minor for this kind of system; shifts in orbital energy
amount to up to ∼0.2 eV, as shown in the Supporting
Information (SI)). The reasons for this minor impact of α are
discussed below.
One may question the accuracy of the OT-RSH functional
for describing states with higher binding-energies because of
the absence of piecewise linearity62 (discussed in more detail
below) for highly charged species of the studied system. Such

piecewise linearity should indeed be obtained with the exact
DFT functional. However, it should be kept in mind that a
highly charged radical is much less stable and undergoes
considerable charge density relaxation and orbital reordering
with respect to the neutral or cationic molecule. As shown
above for the case of the pyridine molecule, even for the (only
singly charged) cation, it can be diﬃcult to obtain a meaningful
ground state, and this issue can be expected to be more severe
for more highly charged molecules. Therefore, while indeed
piecewise linearity in principle should be observed with the
exact functional also for highly charged species, we believe that
other issues are more relevant for describing accurately the
excited states of the singly charged cation, which are the ones
essential for describing the photoemission process.3,93,107,108
The one discrepancy between the GW and OT-RSH data
(vide supra) involves a particular ring-shaped π orbital (orangecolored in Figure 4), which is speciﬁc to cyclic compounds. In
the OT-RSH, this orbital appears signiﬁcantly below its GW
position (by ∼0.4 eV for benzene and pyridine and an even
worse ∼0.7 eV for pyrimidine, almost independently of α). For
all three molecules, this orbital is primarily responsible for the
remaining disagreement between the OT-RSH calculations and
the experimental spectra in Figure 3.
To understand the OT-RSH results in more detail, and to
explore the possible origins of this remaining discrepancy, we
performed additional DFT calculations with several diﬀerent
functionals. Of all DFT functionals studied here, the OT-RSH
one is the only one capable of obeying the ionization potential
theorem of eq 3 and, consequently, providing HOMO energies
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“Computational Details” section), which results in SIE-free
orbitals and eigenvalues. Generally speaking, the shifted SIC
spectra are quite similar (but not identical) to the shifted
PBE0KS spectra for all systems, although some eigenvalue
diﬀerences between the two spectra (up to ∼0.3 eV for benzene
and ∼0.4 eV for pyridine and pyrimidine) are found. This leads
to the above-mentioned orbital reordering found for pyridine
and pyrimidine once the SIE is mitigated. We furthermore ﬁnd
that SIC modiﬁes PBE eigenvalues diﬀerently for π and σ
orbitals, by an average of 0.2 eV, which in particular leads to a
reordering of the close-lying HOMO−1 and HOMO−2 of
pyrimidine. Notably, these diﬀerences in the SIC corrections
for π and σ PBE orbital energies are rather similar for all three
systems, meaning that the relative diﬀerences of SIEs in the σ
and π orbitals of benzene are similar to the ones in pyridine and
pyrimidine. We further note that, for these particular systems,
the magnitude of the SIC modiﬁcations is moderate, suggesting
a moderate SIE in these systems.
Comparison of the SIC data to our GW calculations reveals
immediately that, just like the PBE0KS data, they would beneﬁt
from further “stretching.” This is fully consistent with the fact
that both SIC and PBE0KS spectra arise from a KS, rather than a
GKS, calculation. We can simulate the eﬀect of such
“stretching” on the SIC spectrum by multiplying the shifted
SIC eigenvalues with a constant (a procedure that is, in fact,
often performed heuristically in the comparison of KS data with
experimental spectrasee, e.g., refs 114 and 115). For each
SIC spectrum, we chose this stretching factor such that the
lowest-energy PBE0GKS and SIC eigenvalues agree. For all three
prototypical systems, the resulting stretched SIC eigenvalue
spectra are in overall better agreement with the PBE0GKS
spectra than the regular (unstretched) SIC spectra and,
furthermore, are in very good agreement with the OT-RSH
data and with GW. For a few of the pyridine and pyrimidine
orbitals, we ﬁnd some remaining deviations of the stretched
SIC from the PBE0GKS and OT-RSH results, which is, however,
expected as the three approaches are very diﬀerent. This
agreement shows that a (range-separated or conventional)
hybrid can be highly eﬀective in the quantitative mitigation of
SIEs, even though it is not rigorously self-interaction free
because only a fraction of exact exchange is employed in the
short range. Indeed, similar observations have been made for
many other molecular systems,33−35,39,53,58,61,112,116 often by
comparison to experimental results, but also by comparison to
SIC.36,68 This rules out that the poor description of the “ringshaped” (orange-colored) π orbital by OT-RSH is due to a
general lack of balance in the description of π and σ orbitals
owing to the SIE.
Instead, we attribute the incorrect description of this highly
delocalized orbital to the absence of beyond-PBE (and possibly
nonlocal) correlation. This is supported by the observation that
this π orbital is also overbound in the shifted PBE0GKS data,
albeit by a lesser amount of ∼0.2 to ∼0.35 eV. As semilocal
exchange is known to mimic static correlation,117,118 it stands to
reason that further removal of some of it, as in the OT-RSH
scheme, would worsen the situation. From this point of view,
the error in this orbital is then yet one more issue of
compatibility between exact exchange and correlation,
especially a static one.26 However, one cannot rule out that
even if the correlation issue is overcome, an error would still
remain, owing to further dynamic relaxation which is not
captured in any eigenvalue-based and thus static description.
Indications for such eﬀects have been reported in the literature

that are close to the experimental IP.3,32 Therefore, in the
following comparison, all energies are reported relative to the
HOMO energy of the respective calculation (which is set to
zero). The resulting shifted eigenvalue spectra for the three
prototypical aromatic molecules are shown in Figure 5, with the
original HOMO energies shown on top.
First, we compare our OT-RSH results to those obtained
with their “parent” semilocal functionalPBEand those
obtained from PBE0, the most popular “conventional” hybrid
functional based on PBE. In the latter functional, semilocal PBE
exchange is mixed with 25% nonlocal Fock exchange for the
entire interaction range. This leads to an orbital-dependent
functional for the exchange-correlation energy,26 which can
then be used within DFT in two diﬀerent ways. If one wishes to
remain within the KS framework, one must take the variational
derivative of the exchange-correlation energy with respect to
the density, so as to determine the multiplicative KS potential.
This can be achieved for an implicit density-functional by
solving the (integro-diﬀerential) optimized eﬀective potential
(OEP) equation.26,109−111 Here, we solve this equation within
the KLI approximation91 (for details, see the “Computational
Details” section) and refer to the result as PBE0 KS .
Alternatively, one can minimize the total energy with respect
to the orbitals. This is the almost universal practice with hybrid
functionals, which (as explained in the Introduction) is
rigorously justiﬁed within the generalized Kohn−Sham scheme.
We refer to this result as PBE0GKS.
A ﬁrst observation is that the shifted PBE0KS eigenvalues are
virtually identical to the shifted PBE ones for all systems. This is
in agreement with similar observations reported in ref 53. One
notable diﬀerence between the PBE and PBE0KS results is that
the shift needed to align the PBE0KS HOMO energy to the
experimental IP energy is substantially smaller than in PBE,
albeit still signiﬁcant. More profound diﬀerences occur between
the PBE0GKS and the PBE0KS data. While the amount of shift
needed for alignment of the HOMO with experimental results
is essentially the same for PBE0GKS and PBE0KS, the PBE0GKS
eigenvalues are overall “stretched” (= energy rescaled) with
respect to the PBE0KS dataas seen most clearly for the case of
benzene. For pyridine and pyrimidine, some additional orbital
reordering is found, especially in the upper part of the valence
band, due to mitigation of self-interaction errors, as discussed
below. Such a “stretching” of the energy scale has been
observed previously (see, e.g., refs 53, 112, and 113):
Körzdörfer and Kümmel53 have rationalized it by arguing
that, if the diﬀerences in the shapes of the KS and GKS orbitals
are ignored, then the diﬀerence between GKS and corresponding KS eigenvalue can be viewed in terms of ﬁrst-order
perturbation theory involving the diﬀerence between Fock and
semilocal exchange. They suggested that this ﬁrst-order
correction mimics successfully the ﬁrst-order correction
between KS values and ionization energies, which is known
to dominate for outer-valence electrons.3,24,100 Indeed, the
shifted PBE0GKS eigenvalues are in much better agreement with
GW than the PBE0KS ones. This underscores the beneﬁcial
eﬀect of the nonlocal potential operator that is inherent to the
GKS scheme but absent in the KS schemes.
As a next step, the role played by the self-interaction error
(SIE) in the description of these systems shall be assessed, also
in order to understand whether orbital SIE considerations may
explain the discrepancy found above for the ring-shaped π
orbital. In order to examine that, we have performed SIC
calculations within the KS scheme (for details, see the
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Figure 6. (a) Shifted eigenvalue spectra of 3N-thiol as obtained from diﬀerent theoretical schemes (see text for details). PBE, SIC, and HSE values
were taken from ref 68. For the OT-RSH calculations, the optimal γ value was 0.217 and 0.187 (in Bohr−1) for α = 0 and α = 0.15, respectively. The
absolute HOMO energy, in electronvolts, is given at the top of each column. (b) Unshifted eigenvalue spectra of the same system, as calculated from
HSE, PBE0GKS, OT-RSH calculations with the two diﬀerent α values, and GW.

for small metal clusters,119 and the response of a very
delocalized orbital may be “metallic like.” Overcoming this
drawback, e.g., by examining more advanced correlation
functionals is, therefore, a challenge for future work.

interesting candidate for applications in organic and molecular
electronics. 3N-thiols are also interesting from a methodological perspective, as they pose a serious challenge to semilocal
KS schemes:68 By means of SIC calculations analogous to the
ones performed here, it was shown that close-lying π and σ
orbitals in the outer-valence region of 3N-thiol have markedly
diﬀerent SIEs and, as a consequence, are wrongly ordered in
(semi)local DFT functionals such as PBE. It was additionally
found that the Heyd−Scuseria−Ernezerhof (HSE) SR hybrid
functional122,123 to a large extent reproduces the SIC
corrections to the PBE outer-valence eigenvalues. In HSE,
the SR components are the same as in PBE0, but in the LR
there is no nonlocal exchange. From the photoemission
spectroscopy point of view, the behavior of HSE is known to
be similar to that of conventional hybrid functionals.34,124−128
The above-mentioned ﬁndings are supported by the data in
Figure 6a, which shows the shifted eigenvalue spectra of 3Nthiol, i.e., aligning all HOMO levels to zero, starting with the
literature data68 for PBE, SIC, and HSE. Here, we focus on the
range of ∼3 eV below the HOMO, which we have previously
identiﬁed for molecules of a similar size as a useful range of
accuracy for the RSH-derived eigenvalues.58 Generally, PBE
tends to produce σ orbitals that are underbound owing to
signiﬁcant SIE.33,34,58,68 Because the HOMO obtained from

IV. MORE COMPLEX AROMATIC
HETEROCYCLESRESULTS AND DISCUSSION
Encouraged by the overall success of the OT-RSH approach for
the prototypical aromatic rings, we now turn to examining the
performance of the OT-RSH method for more complex organic
molecules: terpyrimidinethiol (3N-thiol) and copper phthalocyanine (CuPc)see Figure 1b.
Pyrimidinethiols such as 3N-thiol are known to form selfassembled monolayers (SAMs),120 and they were shown to
display a number of interesting phenomena; e.g., they exhibit
diode-type current−voltage characteristics in molecular-scale
electronic devices.66,121 In the context of 3N-thiol SAMs, some
of us have predicted theoretically that the electronic structure is
signiﬁcantly altered due to collective electrostatic eﬀects in the
SAM, leading to a localization of the frontier molecular orbitals
and a concomitant pronounced reduction in the HOMO−
LUMO gap.68 3N-thiols were also suggested as SAMs to
strongly reduce or enhance the work function of an underlying
metal.67 These appealing ﬁndings render 3N-thiols an
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Figure 7. Eigenvalues of 3N-thiol, obtained from optimally tuned range-separated hybrid (OT-RSH) calculations, as a function of the short-range
exchange fraction, α, with the optimal value of the range-separation parameter, γopt (in Bohr−1) determined for each choice of α.

PBE is of σ nature, shifting according to its energy results in π
orbitals that appear to be overbound. The SIC calculations (as
above, the spectrum is shown both “as calculated” and
“stretched”) correct the SIE and, as discussed above, strongly
shift the σ orbitals down in energy with respect to the π ones,
leading to extensive reordering of the eigenvalue spectrum. This
eﬀect also applies to the HSE spectrum, which needs no
stretching as it originates from a GKS calculation. We
additionally performed PBE0GKS calculations, also shown in
Figure 6a,129 and found an overall very good agreement with
the HSE spectrum and with the “stretched” SIC with an average
deviation of the shifted eigenvalues around ∼0.1 eV. This is
consistent with the above-mentioned ﬁndings, namely that HSE
is comparable to conventional hybrid functionals as far as
photoemission spectra are concerned.
To the best of our knowledge, an experimental PES spectrum
of 3N-thiol is not available in the literature. Therefore, we
performed reference GW calculations for which the (again
shifted) eigenvalue spectrum is also given in Figure 6a. As seen
above for the prototypical aromatic rings, the agreement of the
shifted GW spectrum with the shifted hybrid functional (PBE0
or HSE) spectrum is very good. Some discrepancy is observed
between ∼−2.0 to ∼−2.5 eV, but in this context it should be
kept in mind that here the plotted energy range is much smaller
than for the aromatic rings in Figures 4 and 5. In fact, in the
present case, the errors do not exceed 0.2 eV, which is within
the expected level of agreement between the two methods (vide
supra). This conﬁrms the conclusion drawn already from the
data of the “prototypical” molecules that the partial correction
of SIE and a “stretching” of the spectrum are the essential
eﬀects of a hybrid functional.
Despite the excellent agreement of the shifted conventional
hybrid (and stretched SIC) data with the GW results, the two
diﬀer by a large rigid energy shift. This can be gleaned even
from Figure 6a, where the HOMO eigenvalue obtained from
each method is given at the top of each column, but is made
obvious by Figure 6b, which shows unshif ted spectra on an
absolute energy scale. This discrepancy is removed by the OTRSH results, also shown in Figure 6a and b (again with two
diﬀerent choices of SR exact exchangeα = 0 and α = 0.15
the motivation for this particular selection of α values is
discussed below). As with the simpler systems, the IPs deduced
from our computed OT-RSH and GW eigenvalues are very
close in energy (∼0.2 eV) for both choices of α. Consequently,
the OT-RSH scheme produces quantitatively meaningful

spectra also on an absolute energy scale. This is in sharp
contrast to all other DFT methods presented in Figure 6.
A remaining and important issue is the best choice for the
short-range Fock-exchange fraction, α. In contrast to the case of
the small aromatic rings, where diﬀerent choices for α have had
no qualitative eﬀect and only a small quantitative eﬀect, for the
3N-thiol system the diﬀerences between the OT-RSH spectra
for the two choices of α are more pronounced. As shown in
Figure 6, these diﬀerences include qualitative deviations, e.g., a
reordering of the HOMO−3 and HOMO−4 orbitals. In
particular, we observe that, while the position of the π orbitals is
similar in both spectra, the σ orbitals are systematically
underbound in the α = 0 calculation, in comparison to the α
= 0.15 or the GW calculations. The diﬀerent dependence of π
and σ orbitals on α is underscored in Figure 7, which shows the
dependence of orbital eigenvalues on α in the entire range of α
= 0 to 0.2, with the range-separation parameter, γ, optimized
individually for each choice of α. We relate the underbinding of
σ orbitals at small α to the fact that the spatial extent of the σ
and π orbitals within the molecular plane is signiﬁcantly
diﬀerent; i.e., the σ orbitals are clearly more localized than π
states and, therefore, should suﬀer from a larger SIE.68 The
ﬁnding that the agreement with our GW calculations is
signiﬁcantly improved for α = 0.15 underscores that, as
suggested in ref 58 and discussed in the Introduction, a fraction
of Fock exchange in the SR together with full Fock exchange in
the LR allows for a mitigation of SIE and therefore a balanced
treatment of diﬀerently localized molecular orbitals, while
retaining the correct absolute position of the energy levels. In
principle, a similar statement applies for the small aromatic
rings as well. However, there the diﬀerence in degree of
localization is not the same and, perhaps more importantly, the
energy diﬀerences between individual eigenvalues are much
larger. Therefore, the practical importance of α is smaller in the
prototypical small (hetero)cycles, as shown in Figure 4 and in
the SI.
These considerations raise the question of whether an
optimal α can be chosen a priori. Srebro and Autschbach60 have
suggested that it can be achieved by tuning α. Speciﬁcally, they
sought the value of α that minimizes the curvature of the ideally
piecewise-linear total energy versus particle number curve for
the addition and removal of one charge from the neutral
molecule. This was done while simultaneously determining the
optimal γ for each choice of α obtained from eq 4 (with i
restricted to 0 and 1). As discussed in ref 58, some of the
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Encouraged by this further success, we now turn to an even
more complex systemcopper phthalocyanine (CuPcsee
Figure 1b). In molecular-solid form, CuPc is a highly stable
organic semiconductor with a broad range of applications,
including light-emitting diodes, solar cells, gas sensors, and
thin-ﬁlm transistors.133 Owing to these applications, there is
considerable interest in investigating its electronic structure
(see ref 69 and additional references therein). In the present
context, CuPc mainly serves as a test case that poses several
additional challenges for the OT-RSH method: First, it is an
open shell molecule (s = 1/2). Second, the interaction between
the d orbitals of the copper atom and the s and p orbitals of the
embedding macrocycle result in a highly nontrivial set of
localized and delocalized orbitalsan issue elaborated below.
For the CuPc molecule, Marom et al. have previously
established that: (1) semilocal functionals, such as PBE, result
in eigenvalue spectra that are strongly distorted by severe SIE;34
(2) these errors are mitigated substantially, though not
completely, by the use of hybrid functionals such as PBE0 or
HSE;34,69 (3) severe SIE distortions at the DFT level are partly
carried over to GW calculations building on the DFT
densities.69
To better understand the above claims, consider Figure 8a,
which provides a scheme containing the computed frontier
eigenvalues and orbitals. We illustrate the severe SIE (claim 1)
by considering several selected frontier orbitals. Whereas the
a1u orbital and the doubly degenerate eg orbitals are highly
delocalized on the macrocycle, the spin-split b1g orbitals are
quite strongly localized around the copper atom. Conﬁguration
1 (left side of Figure 8a) was obtained from the OT-RSH
calculations discussed below but is equivalent to the one
obtained from the GW calculations of ref 69. It identiﬁes the
delocalized a1u and eg orbitals as the HOMO and LUMO,
respectively, and places the spin-split b1g↑ and b1g↓ orbitals as
HOMO−1 and LUMO+1, respectively. PBE calculations,
however, predict conﬁguration 2 (right side of Figure 8a), in
which the spin-split b1g↑ and b1g↓ are identiﬁed as HOMO and
LUMO, respectively. Clearly, the localized b1g↑ orbital is
spuriously pushed to higher energies by the SIE, the eﬀect
being strong enough to make the b1g↑ orbital become the
HOMO. This forces the unoccupied b1g↓ orbital to be
spuriously shifted to lower energies in order to maintain the
spin-splitting symmetry, to the point of it becoming the
LUMO. PBE0 or HSE strongly mitigate this error (claim 2)
and yield conﬁguration 1.
To understand the manifestation of the SIE (and its
mitigation) in the simulated photoelectron data, spectra
computed with diﬀerent computational methods are compared
to experimental photoemission data in Figure 9. Importantly, in
this ﬁgure we compare occupied-state eigenvalues to the gasphase photoelectron spectrum as before, but further compare
unoccupied-state eigenvalues to experimental inverse photoemission spectroscopy (IPES). In IPES, photons are emitted
from a sample due to its irradiation with ﬁxed-energy electrons,
and the energy distribution of the emitted photons is measured,
yielding experimental information on virtual states.1 CuPc is the
ﬁrst system in this article for which such comparison is possible,
because for the small aromatic rings the virtual states are
unbound and because for 3N-thiol no (regular or inverse)
experimental PES data are available. In fact, gas-phase inverse
photoemission spectroscopy is nonexistent in general. Therefore, the comparison is to experimental data obtained from thin
CuPc ﬁlms. Due to polarization eﬀects,59,134,135 the electron

present authors successfully employed a similar approach to
determine an optimal value of α also for the purpose of
obtaining an outer-valence eigenvalue spectra, but only if it also
involved the removal of a second electron. Speciﬁcally, αopt was
found to equal 0.2 for PTCDA and NTCDA. This value agrees
well with the above considerations. Recently, Stein et al.
established a rigorous quantitative equality between deviations
from piecewise linearity and deviations from the IP theorem.130
Therefore, one can equivalently seek α directly by minimizing
the target function J from eq 4 without an explicit consideration
of fractional densities. Indeed, if this procedure is applied to
PTCDA and NTCDA, the same optimal α value is found (see
SI). Therefore, we discuss these two tuning procedures (by
piecewise linearity and by the IP theorem) together in the
following.
Indeed, in cases where an optimal α can be clearly identiﬁed,
several properties, including the eigenvalue spectrum, have
been found to be predicted satisfactorily.58,60,131 However, in
the case of 3N-thiol, we could not employ that strategy: With i
restricted to 0 and 1, a similar minimal value of the target
function J of eq 4 is obtained across a large range of α values:
the residual J only changed by 0.01 eV from α = 0.00 to α =
0.60, and no minimum of J occurred. Removal of the second
electron resulted in orbital reordering (see SI for more details).
In the absence of viable alternatives, a possible strategy would
be to resort to the generally recommended value74 of α = 0.2,
which indeed has been shown to yield very good results, for the
prototypes studied above as well as for other systems.59 This
would also be the case here; i.e., the MAD between the absolute
eigenenergies from our GW calculations and OT-RSH with α =
0.2, for the states shown in Figure 7, is ∼0.1 eV. However, as
the 3N-thiol results do depend more sensitively on α, it is still
interesting, if possible, to determine an optimal α value from
additional considerations. In this context, a useful practical
observation is that the shif ted results of the conventional hybrid
functional PBE0 are in good agreement with experimental and/
or theoretical reference data for the systems discussed here, as
well as for many other cases.35,58,59,132 Therefore, a pragmatic
approach would be to simply tune α so as to obtain agreement
between splitting of eigenvalues in the OT-RSH and in the
PBE0 spectra. Speciﬁcally, one should seek a balance in the
relative description of delocalized π and localized σ states. The
easiest way to achieve that is to tune α such that the π−σ
energy diﬀerence between the HOMO and HOMO−1 states is
the same in the OT-RSH and the PBE0GKS calculations. This
allows us to obtain the same useful level of SIE mitigation as in
a conventional hybrid functional, without the need for spectral
shifting. It is this approach which has led to the value of α =
0.15 for which the data shown in Figure 6 have been obtained.
Comparing our unshifted GW and OT-RSH (α = 0.15)
calculations of Figure 6b, one, indeed, observes a very good
agreement between the two methods. The only clear diﬀerence
is some orbital reordering around ∼−10.8 eV. One should,
however, note that the eigenvalues clustered there are very
close in energy and that this reordering does not involve
deviations greater than ∼0.1 eV between corresponding
eigenvalues of the two methods. Overall, the MAD between
the GW and OT-RSH (α = 0.15) calculations is a satisfying
∼0.1 eV, with the largest deviation being ∼0.2 eV for the
HOMO. For comparison, with OT-RSH (α = 0) the MAD is
∼0.25 eV, with the largest deviation being ∼0.45 eV, where the
reduced level of agreement is mostly due to the less accurate
description of the σ orbitals.
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Figure 8. (a) Schematic diagram of selected frontier eigenvalues and
orbitals for the CuPc molecule, as obtained from an OT-RSH
calculation (conﬁguration 1, left) and from a PBE calculation
(conﬁguration 2, right). (b) OT-RSH charge-density diﬀerences
between neutral and cation (left) and LUMO of cation (right),
obtained from the “open-shell singlet” conﬁguration of the CuPc
cation, corresponding to ionization of netrual conﬁguration 1 (in
green), and from the “closed-shell singlet” conﬁguration of the CuPc
cation, corresponding to ionization of conﬁguration 2 (in red). In the
charge density diﬀerence plots, green or red (blue) regions denote
areas of electron density depletion (accumulation) as a consequence of
the ionization process.

Figure 9. Simulated DFT and GW spectra (see text for details),
obtained from computed energy levels (shown as sticks) by
broadening via convolution with a 0.15-eV-wide Gaussian. PBE,
PBE0, and GW data were taken from ref 69. Theoretical data are
compared to the experimental gas phase photoemission data of
Evangelista et al.141 and to the thin ﬁlm inverse photoemission data of
(a) Murdey et al.142 (shown with curve ﬁtting results) and (b) Hill et
al.143 The experimental inverse photoemission spectra were shifted so
as to align the LUMO peak with the computed GW@PBE0 LUMO
peak. On the OT-RSH data, optimal γ values are given in Bohr−1.
Eigenvalues corresponding to the eg, a1u, and b1g orbitals are designated
by the same color scheme as in Figure 8.

aﬃnity of a ﬁlm is much smaller than that of an isolated
molecule, and the computed empty state energies and the
measured inverse photoemission spectroscopy data can be
compared only up to a rigid shift. Therefore, to allow
comparison to experimental results without modifying the
computational gas-phase data, the experimental IPES spectra
were shifted so as to align the lowest-energy peak with the GW
spectrum shown at the topmost computed spectrum in Figure
9.
As discussed above, it is well-known that for either PBE or
PBE0 the HOMO and LUMO do not correspond to the
ionization potential or the electron aﬃnity, respectively (see,
e.g., refs 26 and 32). This causes an uncontrolled rigid shift of
the simulated photoemission curve. To facilitate a meaningful
comparison also for these functionals, the PBE and PBE0
spectra of Figure 9 are additionally shown in shifted form. To
determine the required rigid shift, the ionization potential is
computed as the total energy diﬀerence between the neutral
species and the cation, and the ﬁlled-state eigenvalue spectrum
is rigidly shifted such that the HOMO energy coincides with
the computed ionization potential. An equivalent procedure is
applied to the unoccupied-state eigenvalue spectrum, which is

rigidly shifted such that the LUMO energy coincides with the
computed electron aﬃnity. Comparison of the PBE- and PBE0based simulated spectra in Figure 9 (taken from ref 69) with
the experimental data reveals that whereas the shifted PBE
spectrum is in poor agreement with experiment for both ﬁlled
and empty states, the shifted PBE0 spectrum provides for a
much improved agreement with experimental results. This
highlights both the severe SIE in the PBE calculation and its
mitigation by the PBE0 calculation. Better agreement yet,
including an accurate placement of the spin-split ﬁlled b1g↑ and
empty b1g↓ orbitals, is aﬀorded by GW calculations of Marom et
al.,69 based on a PBE0 starting point. It is in signiﬁcantly better
agreement with experimental results than their GW calculations
based on a PBE starting point (at least with the particular ﬂavor
of GW used in ref 69, which, as discussed earlier, is diﬀerent
from the one we used above for benzene, pyridine, and
pyrimidine; we refrained from conducting such GW calculations also for CuPc, because of the computational cost
involved). This improved description of the electronic structure
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Figure 10. Eigenvalues of CuPc, obtained from optimally tuned range-separated hybrid (OT-RSH) calculations, as a function of the short-range
exchange fraction, α, with the optimal value of the range-separation parameter, γopt (in Bohr−1), determined for diﬀerent choices of α.

spectrum. As discussed above, a crucial aspect in the theoretical
description of the CuPc spectrum is the energy separation
between the delocalized a1u orbital and the ﬁlled localized b1g
orbital of Figure 8. Therefore, we tune the value of α so as to
agree with the PBE0-calculated separation between the
eigenvalues for the a1u and b1g orbitals. This yields α = 0.17,
which is again close to the “default” value of 0.2, further
supporting the latter as a useful choice even without any αtuning. α = 0.17 was then used to calculate the second
theoretical curve in Figure 9. It yields excellent agreement with
prior GW@PBE0 calculations (shown in the ﬁgure) and the
experimental data in both the top valence (i.e., occupied) states
and the bottom conduction (i.e., unoccupied) states. In
particular, the OT-RSH alignment of the a1u, b1g, and eg states
of Figure 8 agrees very well with the prior GW calculations. As
orbitals above and below these frontier ones tend to be
“clustered” for these larger molecule, we do not discuss them
individually. However, it is clear that the agreement between
GW and OT-RSH gradually deteriorates as one goes further
down or up in the valence or conduction states, respectively. In
particular, it appears that agreement of the lower valence states
with the GW results could be further assisted by some
“stretching” of the energy scalean observation consistent
with the generally expected diﬀerences between nonlocal
exchange and self-energy operators,3 as well as with our
general guideline of restricting our attention to states within a
few electronvolts of the frontier orbitals. Nevertheless, in the
absence of detailed orbital information, at the level of the given
experimental resolution, the OT-RSH results can be viewed as
agreeing with experimental results as well as the GW ones,
possibly even relatively deep into the valence band.
As an additional observation, we note that the HOMO and
LUMO eigenvalues obtained from the OT-RSH (α = 0.17)
calculation (as is, without any rigid shifting of the data) are in
excellent agreement with the lowest quasi-hole and quasielectron excitations, respectively, obtained from GW@PBE0.
This is fully consistent with the work of Stein et al.,52 who
suggested that OT-RSH gaps can be identiﬁed with quasiparticle gapsan observation that has since been conﬁrmed for
a large variety of systems by ourselves, as well as by several
other groups.58,59,78,137−140 A related interesting observation is
that the OT-RSH (α = 0) data are rather similar to the GW@

of CuPc by the PBE0 based GW calculations substantiates the
third above claim, i.e., the possible carry-over of severe SIE to
the GW calculation.
It is intriguing to determine how well the OT-RSH approach
performs in this more complicated scenario. As for the case of
pyridine (see Figure 2), it is important to choose the correct
cationic conﬁguration for the tuning procedure. Two cationic
conﬁgurations can be obtained from the OT-RSH calculation.
One is an “open shell singlet,” with a single spin in the b1g
orbital and in the a1u orbital, which corresponds to removal of
an electron from the a1u HOMO of conﬁguration 1 in Figure
8a. The other is a “closed-shell singlet” cation, which
corresponds to removal of an electron from the b1g HOMO
of conﬁguration 2 in Figure 8a. Importantly, only for the “openshell singlet” conﬁguration (which is lower in total energy) is
the LUMO consistent with the character of the neutral
HOMO, and with the “hole density,” as shown in Figure 8b.
Just like in the pyridine example of Figure 2, all tuning must be
performed solely with this conﬁguration. We note that multiple
stable conﬁgurations are well-known to occur in metalphthalocyanines,132 which is why we strongly stress the need
for correct identiﬁcation and usage of compatible neutral and
ionic conﬁgurations in the tuning procedure.136
Having ascertained the validity of our tuning procedure, we
turn to the spectra simulated using the OT-RSH method, also
shown in Figure 9. As for the case of 3N-thiol, the obtained
spectra (second and fourth theoretical curves in the ﬁgure) are
strongly α-dependent. This is shown explicitly in Figure 10,
which shows the dependence of orbital eigenvalues on α, with
the range-separation parameter, γ, again optimized individually
for each choice of α. It is particulary striking that the orbitals
most sensitive to α are the highly localized spin-split b1g pair,
which is fully consistent with our above discussion on the
relation between orbital localization and sensitivity to shortrange Fock exchange. Unfortunately, here direct tuning of α
based on eq 4, even with i = 0, 1, −1, was not useful because
the minimal value of the target function J was very small and
very weakly dependent on α within the numerical accuracy of
our work (see SI). Thus, while the procedure of ref 58 did not
fail, in the sense of providing an incorrect value for α, it did not
succeed either. Therefore, we determined α as for the case of
3N-thiol, i.e., based on the success of the shifted PBE0
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PBE calculations from ref 69 (again, for that particular ﬂavor of
GW): Both are far better than the PBE data, but in both
spectra, the a1u−b1g and eg−b1g separations are not large
enough. This highlights yet again the positive role of SR
exchange in mitigating SIEs where they are signiﬁcant.58
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V. CONCLUSIONS
In conclusion, we examined the performance of optimally tuned
range-separated hybrid functionals for predicting the photoemission spectra of several challenging prototypical (benzene,
pyridine, and pyrimidine) and complex (3N-thiol and CuPc)
(hetero)cyclic organic molecules. Overall, the resulting spectra
agree very well (typically within ∼0.1−0.2 eV) with
experimental data and our GW calculations, even for states
several electronvolts away from the frontier orbitals. We
performed several additional hybrid DFT calculations in both
the KS and GKS schemes and found that the inclusion of a
nonlocal operator strongly beneﬁts the calculated spectrum.
Moreover, our SIC calculations conﬁrmed that self-interaction
errors can be eﬃciently mitigated in OT-RSH functionals,
which shows that, with a PBE0-based optimal choice of the
short-range fraction of Fock exchange, the OT-RSH method
can oﬀer an excellent balance in the description of localized and
delocalized states. The sole exception found in the studied
systems is a high-symmetry orbital, particular to small aromatic
rings. We conclude that the OT-RSH method is a highly
accurate DFT method for outer-valence PES prediction for
such systems, and its accuracy is comparable to state-of-the-art
GW schemes. This success comes at the price of increased
computational and conceptual cost that is inherent to the
parameter tuning. While this increase in eﬀort is notable
compared to standard, nontuned DFT calculations, it is not
overwhelming and still lower than the cost of a GW calculation.
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(3) Kronik, L.; Kümmel, S. Gas-Phase Valence-Electron Photoemission Spectroscopy Using Density Functional Theory. Top. Curr.
Chem. In press.
(4) Hedin, L. New Method for Calculating the One-Particle Green’s
Function with Application to the Electron-Gas Problem. Phys. Rev.
1965, 139, A796−A823.
(5) Hybertsen, M.; Louie, S. Electron Correlation in Semiconductors
and Insulators: Band Gaps and Quasiparticle Energies. Phys. Rev. B
1986, 34, 5390−5413.
(6) Aulbur, W. G.; Jönsson, L.; Wilkins, J. W. Quasiparticle
Calculations in Solids. In Solid State Physics; Elsevier: Amsterdam,
1999; Vol. 54, pp 1−218.
(7) Onida, G.; Reining, L.; Rubio, A. Electronic Excitations: DensityFunctional versus Many-Body Green’s-Function Approaches. Rev.
Mod. Phys. 2002, 74, 601−659.
(8) Grossman, J.; Rohlfing, M.; Mitas, L.; Louie, S.; Cohen, M. High
Accuracy Many-Body Calculational Approaches for Excitations in
Molecules. Phys. Rev. Lett. 2001, 86, 472−475.
(9) Blase, X.; Attaccalite, C.; Olevano, V. First-Principles GW
Calculations for Fullerenes, Porphyrins, Phtalocyanine, and Other
Molecules of Interest for Organic Photovoltaic Applications. Phys. Rev.
B 2011, 83, 115103.
(10) Blase, X.; Attaccalite, C. Charge-Transfer Excitations in
Molecular Donor-Acceptor Complexes within the Many-Body BetheSalpeter Approach. Appl. Phys. Lett. 2011, 99, 171909.
(11) Qian, X.; Umari, P.; Marzari, N. Photoelectron Properties of
DNA and RNA Bases from Many-Body Perturbation Theory. Phys.
Rev. B 2011, 84, 075103.
(12) Sharifzadeh, S.; Biller, A.; Kronik, L.; Neaton, J. B. Quasiparticle
and Optical Spectroscopy of the Organic Semiconductors Pentacene
and PTCDA from First Principles. Phys. Rev. B 2012, 85, 125307.
(13) Körzdörfer, T.; Marom, N. Strategy for Finding a Reliable
Starting Point for G0W0 Demonstrated for Molecules. Phys. Rev. B
2012, 86, 041110(R).
(14) Sharifzadeh, S.; Tamblyn, I.; Doak, P.; Darancet, P. T.; Neaton,
J. B. Quantitative Molecular Orbital Energies within a G0W 0
Approximation. Eur. Phys. J. B 2012, 85.
(15) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms and
Molecules; Oxford University Press; Clarendon Press: New York, 1989.
(16) Dreizler, R. M.; Gross, E. K. U. Density Functional Theory: An
Approach to the Quantum Many-Body Problem; Springer-Verlag: Berlin,
1990.
(17) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev. 1964, 136, B864−B871.
(18) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133−
A1138.
(19) Sham, L.; Kohn, W. One-Particle Properties of an
Inhomogeneous Interacting Electron Gas. Phys. Rev. 1966, 145,
561−567.
(20) Perdew, J. P.; Parr, R. G.; Levy, M.; Balduz, J. L. DensityFunctional Theory for Fractional Particle Number: Derivative
Discontinuities of the Energy. Phys. Rev. Lett. 1982, 49, 1691−1694.

ASSOCIATED CONTENT

S Supporting Information
*

This material is available free of charge via the Internet at
http://pubs.acs.org.

■

REFERENCES

AUTHOR INFORMATION

Corresponding Authors

*E-mail: sivan.abramson@weizmann.ac.il.
*E-mail: leeor.kronik@weizmann.ac.il.
Author Contributions
▽

These authors contributed equally to this work.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
D.A.E. was partially supported through a DOC fellowship by
the Austrian Academy of Sciences. S.R.A. is supported by an
Adams fellowship of the Israel Academy of Sciences and
Humanities. Portions of this work were supported by the
European Research Council, the Israel Science Foundation, the
United States-Israel Binational Science Foundation, the
Germany-Israel Foundation, the Wolfson Foundation, the
Hemlsley Foundation, the Austrian Science Fund (FWF):
P24666−N20, the German Science Foundation (DFG/GRK
1640) and the Molecular Foundry. J.B.N was supported by the
U.S. Department of Energy, Oﬃce of Basic Energy Sciences,
Division of Materials Sciences and Engineering (Theory FWP)
under Contract No. DE-AC02-05CH11231. S.S. was partially
1948

dx.doi.org/10.1021/ct400956h | J. Chem. Theory Comput. 2014, 10, 1934−1952

Journal of Chemical Theory and Computation

Article

(21) Levy, M.; Perdew, J.; Sahni, V. Exact Differential Equation for
the Density and Ionization Energy of a Many-Particle System. Phys.
Rev. A 1984, 30, 2745−2748.
(22) Almbladh, C.-O.; von Barth, U. Exact Results for the Charge and
Spin Densities, Exchange-Correlation Potentials, and Density-Functional Eigenvalues. Phys. Rev. B 1985, 31, 3231−3244.
(23) Perdew, J.; Levy, M. Comment on “Significance of the Highest
Occupied Kohn-Sham Eigenvalue. Phys. Rev. B 1997, 56, 16021−
16028.
(24) Chong, D. P.; Gritsenko, O. V.; Baerends, E. J. Interpretation of
the Kohn−Sham Orbital Energies as Approximate Vertical Ionization
Potentials. J. Chem. Phys. 2002, 116, 1760.
(25) Trzhaskovskaya, M. B.; Nefedov, V. I.; Yarzhemsky, V. G.
Photoelectron Angular Distribution Parameters for Elements Z=1 to
Z=54 in the Photoelectron Energy Range 100−5000 eV. At. Data Nucl.
Data Tables 2001, 77, 97−159.
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(41) Dauth, M.; Körzdörfer, T.; Kümmel, S.; Ziroﬀ, J.; Wiessner, M.;
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(93) Mundt, M. Kümmel, S. Photoelectron Spectra of Anionic
Sodium Clusters from Time-Dependent Density-Functional Theory in
Real Time. Phys. Rev. B 2007, 76, 035413.
(94) Kronik, L.; Makmal, A.; Tiago, M. L.; Alemany, M. M. G.; Jain,
M.; Huang, X.; Saad, Y.; Chelikowsky, J. R. PARSEC − the
Pseudopotential Algorithm for Real-Space Electronic Structure
1950

dx.doi.org/10.1021/ct400956h | J. Chem. Theory Comput. 2014, 10, 1934−1952

Journal of Chemical Theory and Computation

Article

Calculations: Recent Advances and Novel Applications to NanoStructures. Phys. Status Solidi B 2006, 243, 1063−1079.
(95) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14, 33−38.
(96) Kokalj, A. XCrySDena New Program for Displaying
Crystalline Structures and Electron Densities. J. Mol. Graphics Modell.
1999, 17, 176−179.
(97) Liu, S.-Y.; Alnama, K.; Matsumoto, J.; Nishizawa, K.; Kohguchi,
H.; Lee, Y.-P.; Suzuki, T.; He, I. Ultraviolet Photoelectron Spectroscopy of Benzene and Pyridine in Supersonic Molecular Beams Using
Photoelectron Imaging. J. Phys. Chem. A 2011, 115, 2953−2965.
(98) Kishimoto, N.; Ohno, K. Collision Energy Resolved Penning
Ionization Electron Spectroscopy of Azines: Anisotropic Interaction of
Azines with He*(2 3 S) Atoms and Assignments of Ionic States. J.
Phys. Chem. A 2000, 104, 6940−6950.
(99) Potts, A. W.; Holland, D. M. P.; Trofimov, A. B.; Schirmer, J.;
Karlsson, L.; Siegbahn, K. An Experimental and Theoretical Study of
the Valence Shell Photoelectron Spectra of Purine and Pyrimidine
Molecules. J. Phys. B: At., Mol. Opt. Phys. 2003, 36, 3129−3143.
(100) Jones, R. O.; Gunnarsson, O. The Density Functional
Formalism, Its Applications and Prospects. Rev. Mod. Phys. 1989, 61,
689−746.
(101) Ren, X.; Rinke, P.; Blum, V.; Wieferink, J.; Tkatchenko, A.;
Sanfilippo, A.; Reuter, K.; Scheffler, M. Resolution-of-Identity
Approach to Hartree−Fock, Hybrid Density Functionals, RPA, MP2
and GW with Numeric Atom-Centered Orbital Basis Functions. New J.
Phys. 2012, 14, 053020.
(102) Bruneval, F.; Marques, M. A. L. Benchmarking the Starting
Points of the GW Approximation for Molecules. J. Chem. Theory
Comput. 2013, 9, 324−329.
(103) Caruso, F.; Rinke, P.; Ren, X.; Scheffler, M.; Rubio, A. Unified
Description of Ground and Excited States of Finite Systems: The SelfConsistent GW Approach. Phys. Rev. B 2012, 86, 081102(R).
(104) Kang, W.; Hybertsen, M. S. Quasiparticle and Optical
Properties of Rutile and Anatase TiO2. Phys. Rev. B 2010, 82, 085203.
(105) Stankovski, M.; Antonius, G.; Waroquiers, D.; Miglio, A.; Dixit,
H.; Sankaran, K.; Giantomassi, M.; Gonze, X.; Côté, M.; Rignanese,
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