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COMPUTATIONAL DETAILS

The molecular structures of pentacene, benzene, and C60 in
the gas and crystalline phase are shown in Figure 1. Molecu-
lar structures were determined using the PBE (benzene, pen-
tacene) and LDA (C60) functionals (LDA geometries were
used for consistency with prior work [1]). For the crystalline
phase of benzene and pentacene, previously published geome-
tries were used: the lattice vectors were kept to experimen-
tal values, while the molecular geometry was optimized using
LDA for benzene [2], with four molecules per unit cell, and
PBE for pentacene [3], with two molecules per unit cell. The
C60 molecule crystallizes with four molecule per unit cell, in
a Pa3 cubic structure, and exhibits several polymorphs in the
solid-state. Here, we chose the crystal structure determined by
Bürgi et al. [4], with lattice vectors of 14.05 Å. For computa-
tional convenience, we increased the symmetry of the crystal
to a face-centered cubic (FCC) structure with one molecule
per unit cell. The molecular geometry was optimized using
PBE.

For the solid-state electronic-structure calculations, stan-
dard frozen core projector-augmented waves (PAW) poten-
tials [5] (within VASP package [6]) and Troullier-Martins
norm-conserving pseudopotentials [7] (within PARATEC [8],
Quantum-Espresso [9], and BerkeleyGW [10] packages) were
employed to represent the nuclei and core electrons of the
atoms. The wavefunction was expanded in a k-point mesh
of 2x2x2, 2x2x1, and 2x2x2 for benzene, pentacene, and C60

respectively. The k-point mesh of pentacene is smaller than
that previously published [3] in order to compare with SRSH
where a larger k-point mesh was not computationally feasible.

(a) Benzene (b) Pentacene (c) C60 

FIG. 1. Gas phase (up) and crystalline (down) structure of (a) ben-
zene , (b) pentacene, and (c) C60.

DFT gas-phase calculations were performed using the cc-
pVTZ basis-set [11] within QChem 4.0 [12], apart from the
HSE calculations, performed using Gaussian09 [13]. DFT
solid-state calculations were performed using the PARATEC
planewave package [8], modified to include the new SRSH
functional.

GW calculations were performed using a standard one-shot
G0W0 approach, with starting eigenvalues and eigenvectors
taken from a DFT-PBE starting point. The gas-phase molecule
calculations were performed using the BerkeleyGW package
[10], with starting DFT eigenvalues and eigenvectors taken
from Quantum Espresso [9]. Within this well-established ap-
proach, the dielectric matrix is extended to finite frequency
with a generalized plasmon pole (GPP) model [14]. Previ-
ous studies have calculated the ionization potentials and elec-
tron affinities of benzene [15] and pentacene [16], and we
take the same approach for C60. Troullier-Martins norm-
conserving pseudopotentials [7] were employed to represent
the core electrons and nuclei of carbon, with 4 electrons con-
sidered explicitly valence. The molecule is contained in a box
of 35x35x35 a.u., with the Coulomb interactions truncated at
half of the unit cell length in each direction in order to avoid
spurious interactions between periodic images. The number
of unoccupied states that build the dielectric function and self-
energy was 2900, extending to 30 eV above the vacuum level.
The static remainder approach [17] was applied to complete
the sum over the unoccupied subspace of the self-energy. The
dielectric function cutoff was 330 eV for benzene and pen-
tacene, and 82 eV for C60.

For the GW molecular solids calculations, we employed
the VASP-GW package [6, 18]. Previous studies [3] on or-
ganic molecular crystals show good agreement of near-gap
state energies between this approach and the GPP approach
used for the gas-phase molecules. The number of unoccupied
states that build the dielectric function and self-energy were
120, 602, and 840 for benzene, pentacene, and C60, respec-
tively, corresponding to an energy > 50 eV above the valence
band maximum. The VASP implementation utilizes a spectral
representation of the dielectric matrix; for all three molecular
solids, the dielectric energy cutoff was 200 eV and the num-
ber of frequency points was 64. The static dielectric matrix
was calculated within the random phase approximation (RPA)
and the macroscopic, long-wavelength dielectric constant was
a direction-dependent 3x3 tensor. The RPA dielectric con-
stant is determined as the trace of this dielectric tensor [10].
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We employ this dielectric constant, ε, to screen the long-range
exact-exchange term, as shown at Eq. (4) at the main text. The
used values were ε = 2, 3.6 and 5 for benzene, pentacene and
C60 crystals, respectively.

FURTHER RESULTS

In the main text we discuss the resulting fundamental gaps
of the presented SRSH functional, when compared to other
DFT methods and to GW. The results are shown in Fig.
1 of the main text and listed in table I. We compare the
molecule HOMO-LUMO gap, the crystal HOMO-LUMO av-
eraged gap (discussed in the main text) and the crystal funda-
mental HOMO-LUMO gap (the transport gap), that is calcu-
lated from the strict HOMO and LUMO levels without aver-
aging over the k-point grid and degenerate states (and hence
accounts for molecular hybridization).

Figure 3 of the main text shows the resulting energy differ-
ences between OT-SRSH energies and PBE energies, in com-
parison to GW. In this comparison, the short-range Fock pa-
rameter α plays an important role, as shown in Fig. 2: here
OT-SRSH(α = 0, 0.2) are the results of the presented OT-
SRSH functional with using α = 0, 0.2 in Eq. (4) of the main
text, the optimally-tuned molecular γ and the appropriate RPA
static dielectric constant ε. It is clear that OT-SRSH(α = 0)
data ”under-stretch” the bandstructure when compared to GW,
and underestimate the band gap. OT-SRSH(α = 0.2), how-
ever, shows a good amount of ”stretching” when compared
to GW, as well as comparable gaps, as discussed in the main
text. It is indeed well-known that one effect of Fock exchange
is to stretch such data. For pentacene, which is one of the
molecules highlighted in the article this was explicitly shown
by Krzdrfer and Kmmel [19]. For NiPc, similar findings were
reported by Marom et al. [20]. Therefore, this result is emi-
nently reasonable.

As we discussed in the main text, PBE-based standard
DFT functionals can be described as limiting cases of the
new SRSH functional. Table II lists the different parameters
needed to achieve that.
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TABLE I. Theoretical fundamental gaps of benzene, pentacene, and C60 in the molecular and crystalline phases, calculated within DFT using
the OT-SRSH, OT-RSH, PBE0, and HSE functionals, and compared to G0W0. The fundamental crystal gap results from averaging over all
k-points and degenerate HOMO / LUMO states, whereas the transport gap is the direct HOMO-LUMO gap.

Benzene Pentacene C60

Gap gas-phase crystal-
transport

crystal-
averaged gas-phase crystal-

transport
crystal-

averaged gas-phase crystal-
transport

crystal-
averaged

PBE 5.14 4.51 5.12 1.14 0.76 1.13 1.58 1.04 1.27
HSE 6.19 5.56 6.27 1.69 1.25 1.68 2.16 1.55 1.81
PBE0 7.05 6.31 7.03 2.37 1.96 2.40 2.85 2.22 2.49

OT-RSH 10.93 10.09 10.90 4.85 4.52 5.00 5.48 4.83 5.12
OT-SRSH 10.93 7.17 7.90 4.85 1.97 2.40 5.48 1.98 2.25

G0W0 10.32 7.11 7.94 4.50 2.09 2.56 4.74 1.90 2.16

TABLE II. Common PBE-based DFT functionals as limiting cases
of the SRSH functional.

Functional α γ 1/(α+β)
PBE 0 0 arb.

PBE0 0.25 arb. 4
HSE 0.25 0.11 ∞

LC-ωPBE 0 0.4 1
LC-ωPBE0 0.2 0.2 1

FIG. 2. (Color online) Energy differences between OT-SRSH(α =
0) / OT-SRSH(α = 0.2) / GW and PBE eigenvalues, as a function
of OT-SRSH(α = 0) / OT-SRSH(α = 0.2) / GW energies, for the
benzene, pentacene and C60 solids. All eigenvalues are shifted to the
middle of the HOMO-LUMO gap for each method.


