(7))
L
| .
o3
—
((v]
c
:fU
SE
Qo
L C
Fo

Critical analysis of fragment-orbital DFT
schemes for the calculation of electronic
coupling values

Cite as: J. Chem. Phys. 144, 054103 (2016); https://doi.org/10.1063/1.4940920
Submitted: 10 November 2015 « Accepted: 15 January 2016 - Published Online: 02 February 2016

Christoph Schober, Karsten Reuter and Harald Oberhofer

S @

View Online Export Citation CrossMark

.an 8
N1

ARTICLES YOU MAY BE INTERESTED IN

Electronic couplings for molecular charge transfer: Benchmarking CDFT, FODFT, and
FODFTB against high-level ab initio calculations

The Journal of Chemical Physics 140, 104105 (2014); https://doi.org/10.1063/1.4867077

A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu

The Journal of Chemical Physics 132, 154104 (2010); https://doi.org/10.1063/1.3382344

Electronic coupling matrix elements from charge constrained density functional theory
calculations using a plane wave basis set

The Journal of Chemical Physics 133, 244105 (2010); https://doi.org/10.1063/1.3507878

Learn More
The Journal

of Chemical Physics /Special Topics Open for Submissions

J. Chem. Phys. 144, 054103 (2016); https://doi.org/10.1063/1.4940920 144, 054103

© 2016 AIP Publishing LLC.


https://images.scitation.org/redirect.spark?MID=176720&plid=1817977&setID=533015&channelID=0&CID=668198&banID=520703476&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6a06a51a28cd72ad43dfa364682722e3de2b7626&location=
https://doi.org/10.1063/1.4940920
https://doi.org/10.1063/1.4940920
http://orcid.org/0000-0002-4028-3792
https://aip.scitation.org/author/Schober%2C+Christoph
https://aip.scitation.org/author/Reuter%2C+Karsten
https://aip.scitation.org/author/Oberhofer%2C+Harald
https://doi.org/10.1063/1.4940920
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4940920
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4940920&domain=aip.scitation.org&date_stamp=2016-02-02
https://aip.scitation.org/doi/10.1063/1.4867077
https://aip.scitation.org/doi/10.1063/1.4867077
https://doi.org/10.1063/1.4867077
https://aip.scitation.org/doi/10.1063/1.3382344
https://aip.scitation.org/doi/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://aip.scitation.org/doi/10.1063/1.3507878
https://aip.scitation.org/doi/10.1063/1.3507878
https://doi.org/10.1063/1.3507878

THE JOURNAL OF CHEMICAL PHYSICS 144, 054103 (2016)

Christoph Schober, Karsten Reuter, and Harald Oberhofer?
Chair for Theoretical Chemistry, Technische Universitit Miinchen, Lichtenbergstr. 4,
D-85747 Garching, Germany

(Received 10 November 2015; accepted 15 January 2016; published online 2 February 2016)

We present a critical analysis of the popular fragment-orbital density-functional theory (FO-DFT)
scheme for the calculation of electronic coupling values. We discuss the characteristics of different
possible formulations or “flavors” of the scheme which differ by the number of electrons in the
calculation of the fragments and the construction of the Hamiltonian. In addition to two previously
described variants based on neutral fragments, we present a third version taking a different route to the
approximate diabatic state by explicitly considering charged fragments. In applying these FO-DFT
flavors to the two molecular test sets HAB7 (electron transfer) and HAB11 (hole transfer), we find
that our new scheme gives improved electronic couplings for HAB7 (—6.2% decrease in mean relative
signed error) and greatly improved electronic couplings for HAB11 (—15.3% decrease in mean
relative signed error). A systematic investigation of the influence of exact exchange on the electronic
coupling values shows that the use of hybrid functionals in FO-DFT calculations improves the
electronic couplings, giving values close to or even better than more sophisticated constrained DFT
calculations. Comparing the accuracy and computational cost of each variant, we devise simple rules
to choose the best possible flavor depending on the task. For accuracy, our new scheme with charged-
fragment calculations performs best, while numerically more efficient at reasonable accuracy is the
variant with neutral fragments. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940920]
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Critical analysis of fragment-orbital DFT schemes for the calculation
of electronic coupling values

. INTRODUCTION

Charge transfer processes involving electrons or electron-
holes are an integral part of many ubiquitous reactions, ranging
from biological systems'™ and heterogenous catalysis* to
organic electronics’'> and many more. The theoretical
description of such processes is commonly based on a diabatic
picture of charge-localised initial and final states.'>!* In this
picture, one of the key factors determining the transport
efficiency is the electronic coupling H,,, also known as
diabatic coupling or transfer integral. For two diabatic states
a and b, it is defined as

Hap = (P H W), (1)

where H denotes the Hamiltonian of the system. Regardless
of the actual model for charge transfer employed, such as small
polaron hopping,'>'® (coherent) band,'*° or polaronic band
transport?! — see Ref. 22 for a detailed review — the coupling
elements contain most of the microscopic information such
as, e.g., the relative geometry of molecular frontier orbitals
partaking in the charge transfer. Although there are —
depending on the exact charge transport mechanism — a
number of other parameters influencing the process, electronic
couplings often serve as a first descriptor for gauging the
charge transfer efficiency, especially in the field of organic
electronics.23"2° An accurate estimate of Hy, is thus of great
importance for the theoretical study of electron or hole transfer
reactions.
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In the literature, there are many methods to calculate
electronic coupling values, with various degrees of accuracy
and numerical efficiency. While very accurate electronic
couplings can be evaluated using high-level quantum chemical
calculations,?”?® their computational cost presently limits the
role of these methods to benchmark calculations and small
systems. In order to treat realistic systems, a number of mainly
density-functional theory (DFT) based methods have been
developed. Prominent examples here are constrained density-
functional theory (cDFT),'*?*73! frozen-density embedding,*?
and the fragment-orbital (FO) methods.!®3* Applications of
these schemes range from biological systems,**~> metal-
oxides®*37 to the broad field of organic electronics, with
organic solar cells,'®!83 organic light emitting transistors,*’
and organic field effect transistors.?!?*#043 Among the more
efficient schemes, the FO approximation is by far the
most popular, usually based on DFT?'>341=3 or even semi-
empirical methods.*+*

In the fragment (molecular) orbital method, charge-
localised diabatic states are constructed from non-interacting
fragment densities. The fragments here correspond to donor
and acceptor of the charge transfer process and ideally are
separate molecular entities, such as, for example, neighboring
molecules in a molecular crystal. Due to this simple approach,
the method is easily incorporated in many modern electronic
structure codes. While neglecting interactions between donor
and acceptor sites during the calculation of the reference
densities is of course a huge simplification and not feasible
for all systems, it has been shown to work remarkably well
for many applications in the field of organic electronics, 64448

©2016 AIP Publishing LLC
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where charge transfer sites are typically weakly interacting
organic molecules. The method’s efficiency makes it possible
to investigate systems with many hundreds or thousands of
different electronic coupling values.'®

Yet, due to the approximations involved, the FO-DFT
method should not be considered as a single method, but rather
a family of methods. The basic steps are always the calculation
of the fragment electron densities and the subsequent
construction of the Hamiltonian from the superposition of
the fragment densities. One of us has previously shown that in
the original formulation of the method, the number of electrons
contributing to the Hamiltonian is wrong and corrected this
by setting the occupation of the highest-occupied molecular
orbital (HOMO) to zero in a second calculation step.3 ! This
method became known as FO-DFT(2n — 1), in contrast to
the original FO-DFT(2n) implementation. The performance
of these methods for hole and electron transfer systems (the
HAB11+HAB?7 data sets, respectively) was investigated in
two recent studies.***8 There, FO-DFT was compared to cDFT
and benchmark data gained with the generalized Mulliken-
Hush method based on Davidson corrected multi-reference
configuration interaction (MRCI+Q), n-electron valence state
perturbation theory (NEVPT2) and spin component scaled
coupled cluster calculations (SCS-CC2). In this work, we
present another approach to consider the correct charge
state in FO-DFT based on the calculation of appropriately
charged fragments. This constitutes a third variant of FO-
DFT which takes a slightly different route to arrive at the
final approximation of the charge-separated diabatic states.
All three methods have been implemented in the FHI-
aims* program, allowing us to rule out any influences of
different implementations and technical settings such as the
choice of the basis set and enabling us to focus solely on
the methodological differences in the schemes. We present
results of systematic DFT calculations for all molecules in the
references data sets (HAB11+HAB7) for all flavors of FO-
DFT. To address the question of the accuracy of the methods,
we also compare electronic coupling values using gradient-
corrected (GGA) and hybrid DFT functionals and analyze
the effect of the exact exchange fraction in the construction
of the Hamiltonian. In addition, we implemented a simple
embedding approach to test the common interpretation that the
neglected polarization of the reference densities in FO-DFT
is responsible for the underestimation of electronic couplings.
By analyzing this rich set of data, we gain a thorough insight
into the accuracy and the computational efficiency of the
different flavors of FO-DFT, allowing us to present guiding
principles to select the best method depending on the desired
accuracy and efficiency, for both hole and electron transfer
electronic couplings.

The present work is organized as follows: First, we
review the theoretical background of the FO-DFT method
and its variants, where we also introduce our new version
which is based on charged-fragment calculations. Thereafter,
we present our results for all three FO-DFT versions for
the HAB11 and HAB7 test sets for hole and electron
transfers, respectively. We end with a critical discussion
of the merits and downsides of the different FO-DFT
approaches both with GGA and hybrid level DFT, as well
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as the influence of neglecting inter-molecular polarization
effects.

Il. FRAGMENT-ORBITAL DFT

In order to assess the different FO-DFT schemes, it is
first necessary to review the theoretical background of the
method. Special emphasis has to be put on the approximations
underlying FO-DFT, as these give rise to a number of different
formulations of this method.

The basic idea behind FO-DFT is to construct the charge
localized diabatic states from the isolated donor and acceptor
fragments. In the following, we exemplify this by a hole
transfer between a donor D* and an acceptor A, with n — 1
and n electrons, respectively. Although not discussed here
explicitly, electron transfer reactions, D™+ A — D + A™, can
be treated in an entirely analogous manner. Furthermore, for
clarity, we restrict our derivation to symmetric cases where D
and A are identical, but again, the derivation for asymmetric
sites follows the same pattern.

A. Kohn-Sham determinants

Starting from the initial and final diabatic state single
determinant wave functions,

_ 1 1 2n—1
‘Pa——(zn_l)!det((ba,...,({)u ), (2a)

¥, det(¢y,. ... 07" "), (2b)

1
T @2n-1)!

the first step is to approximate the wave functions by the
Kohn-Sham determinants of the isolated fragments,

W, 2 WPA =\ Adp,. . 8 ban. b0 ),
(3a)

Wy, ~ WA = | Adp,. . ¢ B s,
(3b)

with the antisymmetrising operator A. Approximating the
wave function as a Kohn-Sham determinant indeed seems a
severe approximation which nevertheless has yielded good
estimates for the electronic coupling in many DFT based
studies.'>1639-33 Additionally, the accuracy achievable with
this approximation is one of the subjects of this work. In
constructing initial and final wave function from identical
orbitals ¢g,’;\‘""71}, one also assumes that only the frontier
orbitals of the fragments differ, while all other orbitals
are unchanged. Since neither sets of Kohn-Sham orbitals
are eigenstates of the combined system’s ground state
Hamiltonian, they are generally not orthogonal. Therefore, in
order to more closely resemble the charge separated diabatic
states, the two sets of orbitals are orthogonalized, e.g., with
Lowdin’s symmetric scheme.’? Also, there are, in general, two
distinct coupling elements, one for the forward and one for the
backward reaction. Denoting by H,, and H,,, the Hamiltonians
which give rise to the respective diabatic states — which in
FO-DFT are simply constructed from the respective fragment
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densities — these coupling elements are

Hyp = (PalHp W) (4a)
and
Hya = (5| W) (4b)

If donor and acceptor molecules are identical, Hy, = Hyp, due
to the symmetry of the system.

By applying the Slater-Condon rules (see Appendix A
for a detailed derivation), the Kohn-Sham-determinant wave
functions in Eqs. (3) are simplified to

¥, ~ WO = | Apprtly s G dl LB,

(5a)

¥y~ PPN = | Apprs O Gareei 0 )

(5b)

This reduces the calculation of electronic coupling elements
to an integral between Kohn-Sham-orbitals

Hap, = (84| hpl o), (6)

with the single-particle Kohn-Sham Hamiltonian ;. Note
that now H,;, is determined for a pair of Kohn-Sham orbitals
instead of the full Kohn-Sham wave function in Eq. (4a). We
want to stress that this is a direct consequence of the previous
approximation (Eqs. (3a) and (3b)) to the diabatic states and
therefore exact within this representation.

B. Summary of approximations

Up to this point, we derived the general equations
behind the FO idea. Before discussing the different flavors
in which this method can be implemented, we summarize the
approximations made so far.

I: The charge localized diabatic wave functions are
approximated by Kohn-Sham determinants.

II: The Kohn-Sham determinants are constructed using
reference densities calculated for isolated fragments,
neglecting any interactions between the fragments that
would result in a change of the self-consistent electron
density and assuming that only the frontier orbitals change
with the transferring charge.

III: The resulting charge localized Kohn-Sham wave func-
tions are orthogonalized to resemble the diabatic state.

Electronic couplings according to Eq. (6) depend on
the Kohn-Sham orbitals ¢7, and ¢%, the HOMOs of the
neutral hole transfer sites. In addition, one needs to determine
the Hamiltonian fzb for the diabatic state D*A, that is, for
a wave function constructed from the Kohn-Sham orbitals
¢p,....¢7 and ¢a,...,¢"%. As within the FO-DFT approach
either the neutral fragment or the charged diabatic state is
available, this necessitates the introduction of an additional
approximation. Either the Hamiltonian fzb or the (frontier)
orbitals ¢7, and ¢’} need to be approximated. This fundamental
choice gives rise to the different formulations or “flavors” of
FO-DFT known in the literature.

J. Chem. Phys. 144, 054103 (2016)

C. Flavors of FO-DFT

To allow a clear distinction between the different FO
schemes, we introduce the notation H™ @ DP A9, where m is
the number of electrons used to construct the Hamiltonian
and p,q € {+,—} are the charges of donor and acceptor
fragments, respectively. The original version of FO-DFT3?
using uncharged-fragment calculations and the subsequent
2n-Hamiltonian is thus denoted as 72" @ D A in this notation.
The number of electrons in the construction of the Hamiltonian
is always given with respect to the number of electrons n of a
single neutral fragment.

1. H>"@DA

The original implementation by Senthilkumar et al.’?

within the ADF framework?? made use of the ability of ADF
to use molecular orbitals as basis set in the subsequent dimer
calculation. The Hamiltonian /;, constructed this way is based
on neutral fragments and 2n electrons. This means that while
the orbitals ¢p and ¢4 for the calculation of Hy, are correct
(within the approximation), the Hamiltonian is not.** This
approach is very simple to implement in most electronic
structure codes and therefore widely used.?6-31:43-51-53

2. H?"-1@DA/H?*"+'@D-A-

In our previous implementation'® of the method in
the CPMD program,> neutral fragments are used as well,
but in the subsequent construction of the Hamiltonian, the
occupation number of the ¢7, orbital is set to zero. This
mimicks the correct charge in the diabatic states ¥, 5, and
therefore, the resulting Hamiltonian is based on the correct
number of 2n — 1 electrons. The electronic coupling is then
calculated between the LUMO of the donor and the HOMO
of the acceptor.

3 7_{2n—1 @D+A/7'12"+1@D_A

In addition to the two hitherto proposed methods, there
is also a third possibility to construct reference states
and Hamiltonian within FO-DFT. Instead of adjusting the
occupation numbers in the Kohn-Sham orbitals in the second
calculation step to get the correct number of electrons in
the Hamiltonian, we here explicitly perform a SCF cycle on
charged fragments. This has the advantage that the constructed
Hamiltonian more closely resembles the correct Hamiltonian
7?;, (as our constructed diabatic state is ¥ +A, in contrast to
WPA in the other approaches). While the Hamiltonian is now
correct, the frontier orbitals in Eq. (6) differ by

H,, = (A HI6E), )
with ¢5 being the LUMO of the calculated charged donor
fragment D*. As a consequence, the HOMO of the neutral
donor D is approximated by the LUMO of the charged
fragment, D*. While these can differ, we will show in
Section IV A later that for typical organic charge-transfer

systems this approximation is less severe than approximating
the correct diabatic Hamiltonian with neutral fragments.
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D. Polarisation effects between fragments

Due to the separation of the complete system into donor
and acceptor fragments, any polarization of the electron
density of one fragment by the other, as it would occur, for
example, in a cDFT calculation, is neglected in FO-DFT. Only
in the final, non-self-consistent calculation step, where the
Hamiltonian is constructed based on the combined reference
densities, the full exchange, correlation, and electrostatic
interactions are incorporated. To investigate the influence
this has on the electronic couplings, we implement a simple
embedding approach. We here focus on the polarization due
to Coulomb interactions between the fragments, as this should
be the dominant effect in charged systems. For this, we add
to the wave function optimization of one fragment the full
local potential (Viocar) Of the respective other fragment as an
external potential. To achieve this, V>F = V2% + VD*  the
local potential of the donor D*, is added to the potential of
the acceptor calculation A,

AS+

Vo = VA VR + VY (8)

ocal core elec ocal*

This polarized variant of FO-DFT will be labeled 6*-FO-DFT.
Here, only the neutral fragment is embedded into the local
potential of the charged reaction partner, while, in principle,
also the charged fragment is influenced through the presence
of the neutral one. Yet, concentrating on electrostatic effects,
such influences are minute and are therefore omitted.

lll. COMPUTATIONAL DETAILS

All calculations were performed with the FHI-aims
package,*> where we implemented all three variants of
FO-DFT and the embedded FO-DFT version. Electronic wave
functions were expanded in a tier-2 numeric atomic orbital
basis and tight integration grids, if not indicated otherwise.
All dimer geometries were taken from the supplementary
material of the HAB7*® and the HAB11* papers, respectively,
and were used without further optimization, in order to pre-
empt possible structural influences on the couplings. Total
energies and coupling elements are calculated using the
generalized gradient functional as proposed by Perdew, Burke
and Ernzerhof (PBE)*° and the Becke exchange functional in
combination with the correlation functional by Lee, Yang, and
Parr (BLYP).%”-%® In addition, the modified BLYP functional
with a mixture of Hartree-Fock exact exchange, B3LYP:00
(using the RPA version of the Vosko—Wilk—Nusair local
density approximation), the PBEO functional by Adamo and
Barone,’' and the HSE06 functional by Heyd, Scuseria and
Ernzerhof®-%* were tested.

Orthogonalization of the combined reference wave
functions was achieved using the symmetric orthogonalization
scheme by Lowdin.”® As already noted in earlier work,'®4+48
special care has to be taken when calculating electronic
couplings for degenerate states.

To characterize the dependence of the electronic coupling
on the donor-acceptor center to center distance d, the
exponential decay S,

Hap = A-exp(-pd/2), (©))

J. Chem. Phys. 144, 054103 (2016)

is calculated for each system. To avoid an overvaluation of the
small couplings due to the exponential function, we employed
a linear regression on the logarithmized equation.

To exploit the symmetry between fragments within FO-
DFT in FHI-aims, we implemented the rotation of wave
functions using Wigner D matrices.® This allows us to re-
use a once calculated density for all symmetrically identical
fragments, thereby greatly reducing the computational cost of
determining matrix elements for many different geometries
(e.g., in amorphous phases or organic crystals). While different
schemes for real spherical harmonics are available (see,
for example, Lessig et al.,’ Aubert,%” Blanco et al.%®), we
construct our rotation matrices for different / starting from the
complex Wigner D matrices via a transformation matrix C.
Using this approach, it is easy to account for different sign
conventions in the real ¥;,,s employed by FHI-aims. The real
rotation matrix A’(R) is then obtained via

A(R) = (C') D'(R)(C')' (10)

and is used to obtain the rotated coeflicients ¢’ for each [,m
for each basis function in the system. This rotated Kohn-Sham
wave function is then used for the new fragment geometry.
The details of this method in the context of the FHI-aims code
are further described in Appendix B.

IV. RESULTS
A. Electron/hole couplings (HAB7 and HAB11)

In order to rule out errors in our implementation and
fluctuations due to differing basis sets and integration grids,
we first compare the electronic coupling values for both test
sets with their respective published values computed with the
ADF and CPMD programs.***® For the HAB11 data set, this
is shown in Fig. 1, while the numeric values are compiled
in Table S1 in the supplementary material.*” The comparison
for the HAB7 electron transfer data set is shown in Fig. 2,
with the numeric results in Table S2 of the supplementary
material.®” Although computed with three different electronic
structure codes (using plane waves, Slater-type orbitals, and

ZZA ADF (PBE)
B8 CPMD (PBE)
E@ FHlaims (PBE)
FHIaims (BLYP)

f _ pycalc
H;i Hf,f, / meV

FIG. 1. Comparison of electronic coupling values (H,p/meV) of the HAB11
test set computed with different electronic structure codes (FHI-aims, CPMD,
ADF) against reference values published in Ref. 44. The large deviation in the
value for phenol when calculated with the CPMD program has been noted
before.** All couplings shown are for the H>" @ D A variant of FO-DFT.
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140 I I I I
EZ ADF 2n (PBE) EE CPMD 2n-1 (PBE)
EZ FHlaims 2n (PBE) EE FHIaims 2n-1 (PBE)

120

ref __ pycalc
H — HZp® [ meV

FIG. 2. Comparison of electronic coupling values (H,;/meV) of the HAB7
test set computed with different electronic structure codes (FHI-aims, CPMD,
ADF) against reference values published in Ref. 48. For each system the
results for the H2*@DA and the H2"*'@D~A~ flavor of FO-DFT are
shown.

numeric atomic orbitals as basis sets), the coupling values
differ by less than 2% — viz., (1.91 + 1.0)% and (1.30
+ 1.4)% — for the HAB11 and HAB?7 sets, respectively. The
values for phenol calculated with CPMD have been omitted
for the HAB11 set due to their known inaccuracy.**

Having established the consistency of our FHI-aims
implementation with previous implementations in other DFT
codes, we now assess the performance of the different flavors
of FO-DFT presented in Sec. II C. As a reference, we compare
our results with the high-quality (ab initio) benchmark data
obtained by Kubas and co-workers.***® The correlation of
our calculated electronic couplings for the HABI1 hole
transfer database with the reference values is shown in Fig. 3,
while all numerical values are compiled in Table S3 in the
supplementary material.®” Consistent with previous results,**
we find that all flavors of FO-DFT using GGA functionals
underestimate the electronic couplings. The mean relative
signed errors (MRSEs) for this model lie between —37.7%
(H*'@DA) and -22.4% (H**"'@D*A) for the BLYP
functional, with equivalent findings for the PBE functional. A
comprehensive overview of the methods’ accuracy is given in
Table I. Note that the new flavor based on charged-fragment

J. Chem. Phys. 144, 054103 (2016)

600 ;
V H2"@DA (BLYP)
500l & H'@DABLYP) %
< H*™@D*A (BLYP) , *
2 * H2'@D*A (B3LYP)
E 4001 |
3
L 300 i
el
Q
= .
3 200} ; i
[\
1$)
100 - C H

100 200 300 400
Reference |Hap| / meV

FIG. 3. Correlation of electronic coupling values (H,3/meV) for the HAB11
data set with their ab initio reference values for the different FO-DFT flavors
at the GGA (BLYP) level and for the new flavor with charged-fragments
additionally at the hybrid (B3LYP) level of theory.

calculations yields a significant improvement (—22.4% vs
—37.7% at BLYP level of theory) over the uncharged variants
of FO-DFT. This effect consistently occurs for all 11 systems
of the test set. In addition, we also determined the decay of H,,
with increasing donor-acceptor separation. Results included
in Table I show that the H*"~'@D*A scheme also yields an
improved decay constant S compared to the other variants
and the ab initio reference value.

The accuracy of all three methods with respect to electron
transfer was determined by means of the HAB7 test set, again
referencing to high level ab initio results (Table II). The
correlation of the different flavors and functionals with the
reference values is summarized in Fig. 4 with the numerical
results compiled in Table S4 in the supplementary material.®’
As was the case for the HAB11 test set, the new flavor based
on charged fragments performs very well, with a MRSE of
—22.9%, compared to —22.4% and —27.1% for the H*"@DA
and H>**'@D~A~ schemes, respectively.

In order to gauge the influence of functional accuracy
on calculated coupling values, we additionally computed all
couplings with the hybrid functional B3LYP. Here, further
improvements towards the reference values can be found for
both test sets. In the case of hole transfer (HABI11), the
MRSE for B3LYP is —7.3%, which is comparable to the

TABLE 1. Compilation of the mean unsigned error (MUE=(Z,,|HZ%°—H§£|)/n), the mean rel-
ative signed error (MRSE:(Zn(HZ*‘II)C—H;e{;)/H;e{?) /n), the mean relative unsigned error (MRUE

= (Zn |H;allf— H;cl‘;l/H;c,f’) /n), and the highest single absolute error (MAX = max|HZ£;L°— HLCLD for all elec-
tronic coupling values (|H,|) and for the distance decay constants () for the HAB11 data set.

HM™@DA H'@DA

H>-'@D*A

BLYP BLYP BLYP B3LYP BLYP@B3LYP B3LYP@BLYP
|H,p| MUE/meV 51.7 69.6 437 124 457 6.6
MRSE/% -24.6 377 -224 13 -235 2.0
MRUE/% 24.6 377 22.4 7.4 23.5 4.4
MAX/meV 139.7 165.2 103.9 37.1 107.9 222
B MUE/1/A 0.06 0.42 0.12 0.10 0.14 0.10
MRSE/% 0.2 14.9 43 32 4.8 -3.1
MRUE/% 22 14.9 43 3.5 48 3.4
MAX/1/A 0.12 0.77 0.21 0.17 0.24 0.23
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TABLE II. Same as Table I for the HAB7 data set.
H@DA H* '@DA H'@D*A
BLYP BLYP BLYP B3LYP BLYP@B3LYP B3LYP@BLYP
|[Hapl  MUE/meV 39.4 47.8 41.6 104 43.1 9.6
MRSE/% -22.4 -27.1 -22.9 11.8 -23.7 11.0
MRUE/% 22.4 27.1 229 12.6 23.7 11.8
MAX/meV 86.9 114.4 96.7 14.3 103.1 14.5
B MUE/1/A 0.09 0.10 0.09 0.34 0.08 0.33
MRSE/% 1.3 1.6 -0.7 -11.4 -0.1 -11.1
MRUE/% 33 33 3.1 11.4 2.8 11.1
MAX/1/A 0.18 0.19 0.17 0.51 0.15 0.50
400 [V #@0r@ve) Pri the improvement' we see in. the hybridjlevel calculations,
sl & Hi@DmA BLYP) g we also determine H,, using a hybrid-GGA crossover
M 2n+1 = . .
= N nggjg{sg //& approach. As discussed above, there are essentially two
£ 300 /K parts to a FO-DFT calculation: the construction of the
3 2507 o I RN reference diabatic states and densities and the subsequent
T 200+ .27 r o generation of the diabatic states’ Hamiltonian. To disentangle
g 150 L > /!Ef L. ;’: Al the inﬂuepce of .exact exchange on bgph p?lrtS, we determ.ine
S ool L g PR the couplings using GGA-BLYP densities in the construction
ﬂ! T of a B3LYP Hamiltonian (B3LYP@BLYP) and vice versa
S0F o 2 1 (BLYP@B3LYP).
05 50 100 150 200 250 300 350 400 In our FO-DFT calculation using the hybrid-functional

Reference |Hap| / meV

FIG. 4. Correlation of electronic coupling values (H,p/meV) for the HAB7
data set with their ab initio reference values for the different FO-DFT flavors
at the GGA (BLYP) level and for the new flavor with charged-fragments
additionally at the hybrid (B3LYP) level of theory.

value obtained by the more sophisticated cDFT scheme with
exact exchange (13.8%).** To verify the generality of this
effect, we also calculated electronic couplings for HAB11
with different hybrid functionals (PBEO, HSE06), obtaining
the same overall trend. Exemplary values for furane are
compiled in Table III. In the case of electron transfer (HAB7),
the MRSE for B3LYP is 11.8%, even improving on earlier
PBEO-cDFT results with a MRSE of 30.7%.%® In contrast to
the HAB11 data set, the B3LYP values slightly overestimate
the electronic couplings.

B. Hybrid FO-DFT on GGA densities

To further investigate the influence of the functional
on calculated FO-DFT couplings, specifically the source of

TABLEIII. Electronic coupling values for furane at different dimer distances
calculated with the B3LYP, PBEO, and HSEO6 functionals. GGA-BLYP val-
ues are shown for comparison. All values in meV.

BLYP B3LYP PBEO HSE06
5.0 A 36.8 43.8 44.4 417
45A 79.1 94.1 95.1 89.9
40A 166.7 197.7 200.6 191.6
35A 347.7 409.9 420.2 406.9

reference density (BLYP@B3LYP), we see lower couplings
due to a reduced wave function overlap. This is expected
as hybrid functionals generally yield a higher degree of
localization of the electron density.”” Compared to the pure
GGA results, the values decrease on average by 1.39% and
1.08% for the HAB11 and HAB7 data set, respectively. The
inverse procedure, with the Hamiltonian constructed at the
B3LYP level, but based on the GGA-BLYP densities, on the
other hand, yields largely improved electronic couplings, with
an average increase of the couplings by 31.8% and 43.8%
for HAB11 and HAB?7, respectively, as compared to the pure
GGA results. The resulting values are then very close to the
pure hybrid results. This is shown in Fig. 5 for the HAB11
data set and in Fig. 6 for the HAB7 set.

600
<« BLYP
® BLYP@B3LYP
500 H > B3LYP s
% % B3LYP@BLYP ‘
E 400} _ PP
K .-
T 300] e é—
8 - B>
= e s
3 200 o 1]
o
° 2 %
100 |- - nba!
0 1 1 1 1 \_‘_‘_‘;
0 100 200 300 400 500

Reference |Hzp| / meV

FIG. 5. Correlation between calculated and reference electronic coupling
values for the HAB11 data set. The BLYP and B3LYP values show couplings
calculated with the same functional for the self-consistent fragment density
and the dimer Hamiltonian, while BLYP@B3LYP and B3LYP@BLYP refer
to the hybrid-GGA crossover schemes, see text.
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450

I
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BLYP@B3LYP h
B3LYP
B3LYP@BLYP 7

300 |- 4

400 H
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150 | e T

100 + _q | H

50| o pr- A

0 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400 450
Reference |Hap| / meV

Calculated |Hgp| / meV

FIG. 6. Correlation between calculated and reference electronic coupling
values for the HAB7 data set. The BLYP and B3LYP values show couplings
calculated with the same functional for the self-consistent fragment density
and the dimer Hamiltonian, while BLYP@B3LYP and B3LYP@BLYP refer
to the hybrid-GGA crossover schemes, see text.

C. Polarized FO-DFT (5+*-FO-DFT)

As outlined above, a frequently suspected reason for the
underestimation of couplings in FO-DFT is the neglect of
polarization of the fragment densities. To estimate the effect
this really has on the couplings, we perform calculations with
the local-potential embedding scheme outlined in Section II D.
In Fig. 7, we illustrate the fragment polarization through

a)
monopole

b) charge

c) constrained
density

d) local potential

embedding

FIG. 7. (a) Total electron density for a an-dimer (distance 5 A) calculated
with cDFT. ((b)-(d)) Density difference between the free atom density for
Zn and the calculated total density with monopole, cDFT and electrostatic
potential embedding, respectively. For each method, the electron density
distorts from the free atom density as a consequence of the nearby positive
charge. The comparison reveals good agreement between the cDFT and the
embedding result, while the distortion due to the monopole is slightly more
pronounced towards the positive charge and carries the danger of electron
spill-out.”!
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FIG. 8. Comparison of electronic couplings (H,p/meV) calculated with
the plain FO-DFT method and with polarized §"-FODFT. All couplings
are calculated with the BLYP functional and the H**"'@D™*A variant of
FO-DFT.

electrostatic potential embedding for the example of a zinc
dimer and compare it to other approaches. Once, the Zn* atom
is replaced by a positive point charge at the position of the
nucleus, and once the positive charge is constrained to the
atom using cDFT. The effect of the prior pure electrostatic
embedding on the density is very similar to the constrained
DFT density, showing that it is, in principle, possible to
approximately include polarization effects in the fragment
calculation.

Applied to the HABI1 data set, we find that using
polarized fragment densities has only a small influence on the
coupling values. The average change in electronic couplings
for all systems is only 1.65%, with the highest single change
being 3.2% (cf. Fig. 8).

V. DISCUSSION
A. The effect of charged-fragment calculations

Our new variation of the FO-DFT scheme, which is based
on charged-fragment calculations (cf. Section II), yields much
improved electronic couplings for the HAB11 hole transfer test
set. In order to understand why, we again turn to the two steps
of FO-DFT: (1) the approximation of the frontier orbitals of the
diabatic charge transfer states and (2) the construction of the
diabatic Hamiltonian. The {H>*/H*"~'}@ DA variants share
the correct (neutral) frontier orbitals and both approximate
the Hamiltonian to some extent. The 2n — 1 scheme used in
the CPMD implementation allows for the correct number of
electrons in the Hamiltonian, while the 2n scheme always uses
the neutral dimer as reference system. Although electronic
couplings obtained with the 2n scheme show better agreement
with the reference, it has been shown that this is due to
fortunate error compensation.**

The H™!'@D*A scheme, on the other hand, has the
correct number of 2n — 1 electrons by construction — due to
the charged fragment calculation, but approximates the neutral
frontier orbital by the LUMO, i.e., the unoccupied minority
spin orbital of a singly occupied molecular orbital. Since the
electronic coupling is then calculated between the unoccupied
minority spin orbital y"/? of (the charged) fragment 1 and the
occupied minority spin orbital y"/? of (the neutral) fragment
2, this approximation is small. This results in the improved
coupling values obtained above.
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In the case of electron transfer, the correct frontier orbitals
according to the nomenclature used in Egs. (5) and (6) are
¢2*! and ¢i’”1, that is, the anionic species of both fragments.
For the H?"@ D A scheme, this means that coupling values are
calculated between the LUMOs of both fragments, while in
the 2n + 1-schemes, the coupling is again calculated between
occupied and unoccupied orbitals. For the HAB7 data set,
the accuracy of the H**@DA flavor is best, with a MRSE
of —22.4%. It is closely followed by the new H*'@D~A
method (MRSE —22.9%), while the H*™'@D~A~ variant
shows the worst performance (MRSE —27.1%).

Interpretation of these results is much less straightforward
than in the cationic case. Especially for anionic species,
uncompensated self-interaction effects can be expected to
lead to an over-delocalization of the electrons.”” Due to
these known challenges,”””"* one would expect the original
H>"@DA approach — which does not include any charged
calculations by construction — to perform best, while the
H>'@D~A~ method should perform worst due to being
based on two anionic calculations. Following this argument,
the H>"*'@ D~ A scheme would lie somewhere in the middle.
This is at first indeed confirmed by our results. Yet, the fact
that the original method and our new method here show
almost identical performance suggests that this error is at least
partially compensated by the less approximate Hamiltonian
in the new H**'@D~A FO-DFT variant. Furthermore, we
performed hybrid DFT calculations — which are known to
attenuate the charge delocalization error — to gauge this
effect. For a detailed discussion, see Section V C.

B. Importance of fragment polarization

In Section II, we explained that by using the superposition
of isolated fragments, any interactions naturally affecting
the molecules in the fragment calculation are neglected.
One such interaction is the polarization of a fragment’s
electron density due to the presence of the other. Yet, the
severity of this approximation is dependent on the system in
question. In Fig. 8, the comparison between polarized and
non-polarized fragment calculations for the HAB11 database
showed no significant difference in the estimated couplings
(between —2.3% and +3.2%). While there certainly is a
distortion of the neutral electron density — as demonstrated
in Fig. 7, neglecting polarization cannot alone account for
the underestimation of electronic coupling values in the
investigated systems.

C. The influence of exact exchange

When calculating electronic couplings with the B3LYP
functional, the MRSE compared to calculations at the BLYP
level is reduced from —22.4% to —7.3% (—22.9% to +11.8%)
for the HAB11 (HAB7) database. This improvement of all
electronic couplings, for both hole and electron transfers,
computed with hybrid functionals is very remarkable. In
particular, since the electronic coupling is proportional to
the wave function overlap and the density is more localized
(=compact) in hybrid-level calculations, such an increase in
coupling values is at first counterintuitive. However, it may

J. Chem. Phys. 144, 054103 (2016)

again be explained considering the structure of a FO-DFT
calculation. Our calculations in Section IV B, using hybrid-
level electron densities, but constructing the Hamiltonian with
a GGA functional, indeed, show the expected (slight) decrease
in the coupling values. However, the effect of a Hamiltonian
constructed with a hybrid functional based on GGA densities
far outweighs this small reduction due to the more localized
electron density. In this case, the electronic couplings are
increased by an average of 31.8% + 8.8% (43.8% =+ 12.6%)
compared to the GGA reference. We consistently see this
behavior for the B3LYP, PBEQ, and HSEO06 hybrid functionals,
all with similar improvements (see Table III). This effect can
thus solely originate in the exact exchange part, since any
effects on the charge density are excluded in this approach by
using the GGA density.

It is important to point out the different performance with
respect to anionic and cationic species here. While for hybrid
calculations of the cationic species in the HAB11 set both the
absolute H,;, values and the distance decay behavior S are
improved, this is not the case for the anionic species in the
HAB?7 set. The distance decay factor f3 is a sensitive indicator
for the distance-dependent error. In the case of B3LYP and
HAB7, the accuracy of the electronic couplings varies with
the distance, as shown in Fig. 9. This causes the observed
inaccuracy in B, while still retaining a good overall accuracy
on the absolute coupling values.

D. Computational efficiency versus accuracy

One of the important advantages of FO-DFT over other
methods is its high computational efficiency. Considering
a charge transfer dimer of molecules, only the isolated
molecules need to be computed in a self-consistency cycle,
while for the combined (larger) system, only a single
evaluation of the Kohn-Sham matrix is necessary. Especially
in screening studies or disordered systems, where it may
be necessary to calculate hundreds or even thousands of
electronic coupling values, FO approaches — sometimes
even based on semi-empirical ZINDO***7 or DFTB*7> —
are correspondingly often the method of choice. It is therefore
important to point out that the different flavors of FO-DFT not

30

:

EA HAB7 BLYP
EE8 HAB7 B3LYP

20 - E= HAB11BLYP [
HAB11 B3LYP

10t E

MRSE / %

L
5.0 4.5 4.0 3.5
Distance / A

FIG. 9. Distance-dependent MRSE for the HAB11 and HAB7 test set. The
errors are shown for the BLYP and B31YP functionals, respectively. The
variation in the error is largest for B3LYP in the HAB7 set, while the others
change less with the distance.
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TABLE IV. Compilation of the accuracy of the different FO-DFT flavors in
terms of their MRSE for the HAB11 and HAB7 database. The efficiencies
of the methods are characterized by the number of full DFT calculations
necessary, differentiating between homo- and hetero-dimers. Values for the
B3LYP@BLYP crossover scheme are titled B3@B.

MRSE/% Y, calculation

HABI11 HAB7 Homo Hetero
H*™@DA —24.6 -22.4 1 2
H*@DA/D"A" -37.7 -27.1 1 2
H**l@D*A -22.4 -229 2 4
H**1@D=*A (B3LYP) -71.3 11.8 28 42
H™*1@D*A (B3@B) 2.0 11.0 2b 4

2Full hybrid DFT calculations.
bOnly hybrid DFT Hamiltonian in dimer step.

only have different levels of accuracy, but that this accuracy
also comes at different computational cost in terms of the
number of self-consistency cycles necessary (see Table IV).

Here, it is important to differentiate between homo-
dimers (e.g., in ideal organic crystals) and hetero-dimers
(such as in polymers or finite-temperature organic crystals) as
well as between hole- and electron-transfer systems. For
hole transfer, the best possible accuracy within the FO-
DFT approximation is achieved with the charged-fragment
scheme (H*'*'!@D*A). This comes at the cost of twice
as many DFT calculations as for the other schemes. If
speed matters most, the original H**@DA or H***'@DA
flavors may thus still be more appealing. A word of caution
is nevertheless necessary regarding the performance of the
H?@DA method: As emphasized before,** the electronic
coupling is artificially increased towards the reference value
by the spurious excess electron in the Hamiltonian. Since
there is no guarantee that this effect does not cause a large
overestimation in particular systems, it may be advisable to
verify the results against high-level reference data or one of
the other FO-DFT schemes. In the case of electron transfer
(i.e., anionic species), the best accuracy is obtained with
the H*>"@ DA method, closely followed by the new charged-
fragment method (H?"*'@D~A). The H***'@D~A~ variant
has the worst performance for these systems.

The introduction of exact exchange via a hybrid DFT
functional such as B3LYP yields for both test sets the most
accurate electronic couplings attainable with the FO-DFT
scheme, yet at a much higher computational cost. A way
to reduce this cost and still obtain high-quality electronic
couplings may therefore be to use the hybrid-GGA crossover
scheme. The most expensive part of the FO-DFT calculation,
namely, the self-consistent calculation of the fragments, is
still done on the less demanding GGA level, while only for
the final construction of the Hamiltonian, the hybrid DFT
functional is used.

VI. CONCLUSIONS

In this work, we presented a comprehensive evaluation
of electronic couplings calculated with different flavors of the
efficient fragment orbital scheme. In addition to two previously

J. Chem. Phys. 144, 054103 (2016)

described variants of FO-DFT, we introduced a new scheme
resting on slightly different approximations, which lead to an
improved description of the diabatic state Hamiltonian. All
values were calculated with the same computational settings
within the FHI-aims framework, allowing us to rule out any
influences of different implementations and technical settings.
We compared all calculated values to the high-level ab initio
reference values for the previously introduced HAB7 and
HABI1 data sets.***8 In accordance with the previous work,
we find that the agreement between values calculated with
various DFT frameworks is very good, with differences of
typically less than 3% — given the same variant of the
FO-DFT scheme.

Contrary to earlier expectations,** we find that hybrid
functionals such as PBEO or B3LYP yield largely improved
coupling values for all tested systems. For the new
H**'@D*A method and B3LYP, the MRSE is decreased
by 15.1% and 11.1% for the HABI11 and HAB7 data
sets, respectively. This accuracy is then similar to the
less approximate constrained DFT approach using hybrid
functionals with a tuned exact exchange ratio.***

We further find that omitting polarization between the
fragment densities as common to all fragment orbital schemes
has a negligible influence on the electronic coupling value.
Overall, the accuracy and performance of the FO-DFT
method for systems with weak interactions between the
charge transfer sites as often encountered in, e.g., organic
semiconductors is thus comparable to more expensive methods
such as constrained DFT. This is especially true if the new
H?"*1@D*A scheme together with a hybrid DFT functional
is used which still shows a more favorable computational
cost than a full-fledged hybrid-level constrained DFT
calculation.

Based on these results, we recommend the following
best practice when calculating electronic couplings for
hole or electron transfer using FO-DFT: For hole transfer,
i.e., cationic species, the best accuracy is obtained with our
new H>"-'@D*A variant, with a MRSE of only —22.4%
for BLYP. If computational efficiency is most important,
the classical H*"@DA scheme with a MRSE of —24.6% at
GGA-BLYP level performs well. Although it should be noted
that part of the improved performance when compared to
the similarly effective H>""'@DA (MRSE -37.7%) scheme
stems from fortunate error compensation. For electron transfer
in anionic species, we find a different hierarchy. Here, our
new charged fragment scheme has similar accuracy (MRSE
-22.9% at GGA-BLYP level) as the original H**@DA
scheme (MRSE —22.4%), while the H*"*'@D~A" is least
accurate (MRSE —27.1%). Again, if efficiency is crucial, the
H?"@ D A scheme seems to offer the best compromise between
accuracy and efficiency. If the intention is instead to obtain the
best possible couplings within the FO-DFT approximation, the
H?"*'@ D*A method together with a hybrid DFT functional
is always the best choice.
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APPENDIX A: APPLYING THE SLATER-CONDON
RULES

The step from Eq. (4a) to Eq. (6) seems to be large,
but it can be analytically derived by applying the Slater-
Condon rules. The expression for the coupling matrix element

SAEDY
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with the antisymmetrizing operator A2 = VNIA, can be
rewritten as
Hup = VNYAp,. ... ¢ bas. .. ¢ o0 IH
X|bps - B Bas P, (A2)

If we now replace the exact Hamiltonian with the sum of the
Kohn-Sham one-electron Hamiltonians

2n-1
H, = Z h

one can show that of all N! permutations exactly one
permutation has a non-zero contribution. Only in one case
of P,

(A3)

Hap = (@ o0 0 Blhs- . 84 [ H
Hap = (Adp.....¢}5 " bar.... 0% ¢hIH XPpse s Ol B bas .84 ), (Ad)
X IﬁqﬁD,. .. ,¢’51,¢'L’5,¢A,. .. ,(bg’l), (AD) not all summands are zero,
|
(¢plhylopy .. (85165 (Balehy - (Puldn) .. (@4 'loh™")
=€l =1 =0(orthogonalized!) =1 =1
+(Ppldp) .. (@ R o) - (Daldh) - (Dhldh) .. (o5 o™
1 —en-1 =0 =1 =1
+{Dplon) . (DD DY (DRI GnY - (Balda) ... (85165 (A5)
N——— N——— e —— —— H,—/ ———

=1 1

This leads to a simplified representation of the diabatic
states,

W, 2 WD = | App B, dai B 0L,
(A6)
¥y, ~ WA = | Abpe B O par B ),
(A7)
and the coupling matrix elements
Hap = (@41 ho|4). (A8)

APPENDIX B: ROTATION OF WAVE FUNCTIONS
IN FHI-AIMS

In FHI-aims,*
is defined by

a (numeric atom centered) basis function

Ui (r)
q)i,lm =

*S1.m(6, ), (B1)

with a numerically defined function u;(r) and real-valued
spherical harmonics Sj ,,,(6,¢). These are obtained from the
complex spherical harmonics Y;,,, via

\/_ P W +Y)  m>0
Si,m(0,¢) = Ylo m=0, (B2)
|) m<0

\/(T(lelm\ l\m

=hap - =1

(

even though employing a non-standard sign convention. With
the well-known linear combination of atomic orbitals (LCAO)
approach,

n_basis

W)= ) cfoulr),

i=1

(B3)

one then gets a set of coefficients cf.‘ for each wave function.
A rotation of a molecule (with a rotation matrix R) leads to
the same set of Y,,,s (as they are fixed with respect to the xy z-
coordinate system), but with different coefficients ¢. While
different schemes for real spherical harmonics are available
(see, for example, Lessig et al.,®® Aubert,®” Blanco et al.®®),
we construct our rotation matrices for different / starting from
the complex Wigner D matrices via a transformation matrix
C!. Using this approach, it is easy to account for the different
sign convention of FHI-aims in the real spherical harmonics,

Stm = CYm- (B4)

The matrix C is constructed according to Blanco et al.%® with
the constraint of the different sign convention in FHI-aims.
With this, the real rotation matrix A/(R) is calculated as

A'(R) = (C'Y DY(R)(C)". (BS)

IC. C. Moser, J. M. Keske, K. Warncke, R. S. Farid, and P. L. Dutton, Nature
355, 796 (1992).

2D. Porath, A. Bezryadin, S. de Vries, and C. Dekker, Nature 403, 635 (2000).

3A. P. Gamiz-Hernandez, A. Magomedov, G. Hummer, and V. R. I. Kaila,
J. Phys. Chem. B 119, 2611 (2015).


http://dx.doi.org/10.1038/355796a0
http://dx.doi.org/10.1038/35001029
http://dx.doi.org/10.1021/jp508790n

054103-11 Schober, Reuter, and Oberhofer

4D. Mufioz Ramo, A. L. Shluger, J. L. Gavartin, and G. Bersuker, Phys. Rev.
Lett. 99, 155504 (2007).
V. Coropceanu, J. Cornil, D. A. da Silva Filho, Y. Olivier, R. Silbey, and J.-L.
Brédas, Chem. Rev. 107, 926 (2007).
%A. Painelli, F. Terenziani, and Z. G. Soos, Theor. Chem. Acc. 117, 915
(2007).
7T. M. Clarke and J. R. Durrant, Chem. Rev. 110, 6736 (2010).
8J.-L. Brédas, J. E. Norton, J. Cornil, and V. Coropceanu, Acc. Chem. Res.
42, 1691 (2009).
9S. R. Forrest, Nature 428, 911 (2004).
10A . Facchetti, Mater. Today 10, 28 (2007).
'TH. Dong, X. Fu, J. Liu, Z. Wang, and W. Hu, Adv. Mater. 25, 6158 (2013).
I2M. E. Gershenson, V. Podzorov, and A. F. Morpurgo, Rev. Mod. Phys. 78,
973 (2006).
13Q. Wu and T. Van Voorhis, J. Chem. Phys. 125, 164105 (2006).
14T, Van Voorhis, T. Kowalczyk, B. Kaduk, L.-P. Wang, C.-L. Cheng, and Q.
Wu, Annu. Rev. Phys. Chem. 61, 149 (2010).
15]. Nelson, J. J. Kwiatkowski, J. Kirkpatrick, and J. M. Frost, Acc. Chem.
Res. 42, 1768 (2009).
1°H. Oberhofer and J. Blumberger, Phys. Chem. Chem. Phys. 14, 13846
(2012).
17A. Saeki, Y. Koizumi, T. Aida, and S. Seki, Acc. Chem. Res. 45, 1193 (2012).
18] Cornil, S. Verlaak, N. Martinelli, A. Mityashin, Y. Olivier, T. Van Rege-
morter, G. D’ Avino, L. Muccioli, C. Zannoni, F. Castet, D. Beljonne, and P.
Heremans, Acc. Chem. Res. 46, 434 (2013).
197 Bardeen and W. Shockley, Phys. Rev. 80, 72 (1950).
20T, Musho and N. Wu, Phys. Chem. Chem. Phys. 17, 26160 (2015).
2IR. S. Sanchez-Carrera, S. Atahan, J. Schrier, and A. Aspuru-Guzik, J. Phys.
Chem. C 114, 2334 (2010).
22A. Troisi, Adv. Mater. 19, 2000 (2007).
K. A. McGarry, W. Xie, C. Sutton, C. Risko, Y. Wu, V. G. Young, J.-L.
Brédas, C. D. Frisbie, and C. J. Douglas, Chem. Mater. 25, 2254 (2013).
24M. Mas-Torrent, P. Hadley, S. T. Bromley, X. Ribas, J. Tarrés, M. Mas, E.
Molins, J. Veciana, and C. Rovira, J. Am. Chem. Soc. 126, 8546 (2004).
BE. M. Garcia-Frutos, E. Gutierrez-Puebla, M. A. Monge, R. Ramirez, P. d.
Andrés, A. d. Andrés, R. Ramirez, and B. Gémez-Lor, Org. Electron. 10,
643 (2009).

26C, Mitsui, T. Okamoto, H. Matsui, M. Yamagishi, T. Matsushita, J. Soeda,
K. Miwa, H. Sato, A. Yamano, T. Uemura, and J. Takeya, Chem. Mater. 25,
3952 (2013).

27R. J. Cave and M. D. Newton, Chem. Phys. Lett. 249, 15 (1996).

28R. J. Cave and M. D. Newton, J. Chem. Phys. 106, 9213 (1997).

29p. H. Dederichs, S. Bliigel, R. Zeller, and H. Akai, Phys. Rev. Lett. 53, 2512
(1984).

30Q. Wu and T. Van Voorhis, Phys. Rev. A 72, 024502 (2005).

31H. Oberhofer and J. Blumberger, J. Chem. Phys. 133, 244105 (2010).

2G.te Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra, S. J. A. van
Gisbergen, J. G. Snijders, and T. Ziegler, J. Comput. Chem. 22, 931 (2001).

3K. Senthilkumar, F. C. Grozema, F. M. Bickelhaupt, and L. D. A. Siebbeles,
J. Chem. Phys. 119, 9809 (2003).

34T, Kubat, P. B. Woiczikowski, G. Cuniberti, and M. Elstner, J. Phys. Chem. B
112, 7937 (2008).

35F, C. Grozema and L. D. Siebbeles, Int. Rev. Phys. Chem. 27, 87 (2008).

365, Blumberger and K. P. McKenna, Phys. Chem. Chem. Phys. 15, 2184
(2013).

378, Kerisit, K. M. Rosso, M. Dupuis, and M. Valiev, J. Phys. Chem. C 111,
11363 (2007).

38F. Gajdos, H. Oberhofer, M. Dupuis, and J. Blumberger, J. Phys. Chem. Lett.
4, 1012 (2013); 5, 2765 (2014).

3%H. Tamura, 1. Hamada, H. Shang, K. Oniwa, M. Akhtaruzzaman, T. Jin,
N. Asao, Y. Yamamoto, T. Kanagasekaran, H. Shimotani, S. Ikeda, and K.
Tanigaki, J. Phys. Chem. C 117, 8072 (2013).

J. Chem. Phys. 144, 054103 (2016)

40.-7. Weng, P. Shukla, M.-Y. Kuo, Y.-C. Chang, H.-S. Sheu, I. Chao, and
Y.-T. Tao, ACS Appl. Mater. Interfaces 1, 2071 (2009).

4IN. Karl, “Synthetic metals,” in Proceedings of the Yamada Conference
LVI. The Fourth International Symposium on Crystalline Organic Metals,
Superconductors and Ferromagnets (ISCOM 2001) (Elsevier, 2003), Vols.
133-134, p. 649.

42Y. Yi, L. Zhu, and J.-L. Brédas, J. Phys. Chem. C 116, 5215 (2012).

43S, Shinamura, E. Miyazaki, and K. Takimiya, J. Org. Chem. 75, 1228
(2010).

44A. Kubas, F. Hoffmann, A. Heck, H. Oberhofer, M. Elstner, and J. Blum-
berger, J. Chem. Phys. 140, 104105 (2014).

45G. D’ Avino, S. Mothy, L. Muccioli, C. Zannoni, L. Wang, J. Cornil, D.
Beljonne, and F. Castet, J. Phys. Chem. C 117, 12981 (2013).

463 Kirkpatrick, Int. J. Quantum Chem. 108, 51 (2008).

47y, Riihle, A. Lukyanov, F. May, M. Schrader, T. Vehoft, J. Kirkpatrick, B.
Baumeier, and D. Andrienko, J. Chem. Theory Comput. 7, 3335 (2011).

48A. Kubas, F. Gajdos, A. Heck, H. Oberhofer, M. Elstner, and J. Blumberger,
Phys. Chem. Chem. Phys. 17, 14342 (2015).

49V, Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren, K. Reuter, and M.
Scheffler, Comput. Phys. Commun. 180, 2175 (2009).

50p.-0. Léwdin, J. Chem. Phys. 18, 365 (1950).

S1C. Mitsui, J. Soeda, K. Miwa, H. Tsuji, J. Takeya, and E. Nakamura, J. Am.
Chem. Soc. 134, 5448 (2012).

521, Osaka, S. Shinamura, T. Abe, and K. Takimiya, J. Mater. Chem. C 1, 1297
(2013).

33H.-L. Wei and Y.-F. Liu, Appl. Phys. A 116, 1711 (2014).

S4CPMD, version 3.17.1, The CPMD consortium, MPI fiir Festkorper-
forschung and the IBM Zurich Research Laboratory, 2013, http://www.
cpmd.org.

SS1Y. Zhang, X. Ren, P. Rinke, V. Blum, and M. Scheffier, New J. Phys. 15,
123033 (2013).

56]. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).

S7A. D. Becke, Phys. Rev. A 38, 3098 (1988).

58C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 (1988).

9A. D. Becke, J. Chem. Phys. 98, 5648 (1993).

60S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200 (1980).

61C. Adamo and V. Barone, J. Chem. Phys. 110, 6158 (1999).

62), Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys. 118, 8207
(2003).

63y, Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys. 124, 219906
(2006).

64A . V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuseria, J. Chem.
Phys. 125, 224106 (2006).

5E. Wigner, Gruppentheorie und ihre Anwendung auf die Quantenmechanik
der Atomspektren (Vieweg+Teubner Verlag, 1931).

66C, Lessig, T. de Witt, and E. Fiume, J. Comput. Phys. 231, 243 (2012).

§7G. Aubert, AIP Adv. 3, 062121 (2013).

%M. A. Blanco, M. Flérez, and M. Bermejo, J. Mol. Struct.: THEOCHEM
419, 19 (1997).

%9See supplementary material at http://dx.doi.org/10.1063/1.4940920 for
tables with compiled data.

70A. J. Cohen, P. Mori-Sénchez, and W. Yang, Science 321, 792 (2008).

7p, Berger, A. J. Logsdail, H. Oberhofer, M. R. Farrow, C. R. A. Catlow, P.
Sherwood, A. A. Sokol, V. Blum, and K. Reuter, J. Chem. Phys. 141, 024105
(2014); e-print arXiv:1404.2130.

725, C. Rienstra-Kiracofe, G. S. Tschumper, H. F. Schaefer, S. Nandi, and G. B.
Ellison, Chem. Rev. 102, 231 (2002).

73A. M. Teale, F. D. Proft, and D. J. Tozer, J. Chem. Phys. 129, 044110 (2008).

74F. Jensen, J. Chem. Theory Comput. 6, 2726 (2010).

T5A. Heck, P. B. Woiczikowski, T. Kuba, K. Welke, T. Niehaus, B. Giese, S.
Skourtis, M. Elstner, and T. B. Steinbrecher, J. Phys. Chem. B 118, 4261
(2014).


http://dx.doi.org/10.1103/PhysRevLett.99.155504
http://dx.doi.org/10.1103/PhysRevLett.99.155504
http://dx.doi.org/10.1021/cr050140x
http://dx.doi.org/10.1007/s00214-006-0210-5
http://dx.doi.org/10.1021/cr900271s
http://dx.doi.org/10.1021/ar900099h
http://dx.doi.org/10.1038/nature02498
http://dx.doi.org/10.1016/S1369-7021(07)70017-2
http://dx.doi.org/10.1002/adma.201302514
http://dx.doi.org/10.1103/RevModPhys.78.973
http://dx.doi.org/10.1063/1.2360263
http://dx.doi.org/10.1146/annurev.physchem.012809.103324
http://dx.doi.org/10.1021/ar900119f
http://dx.doi.org/10.1021/ar900119f
http://dx.doi.org/10.1039/c2cp41348e
http://dx.doi.org/10.1021/ar200283b
http://dx.doi.org/10.1021/ar300198p
http://dx.doi.org/10.1103/PhysRev.80.72
http://dx.doi.org/10.1039/C5CP03920G
http://dx.doi.org/10.1021/jp910102f
http://dx.doi.org/10.1021/jp910102f
http://dx.doi.org/10.1002/adma.200700550
http://dx.doi.org/10.1021/cm400736s
http://dx.doi.org/10.1021/ja048342i
http://dx.doi.org/10.1016/j.orgel.2009.02.016
http://dx.doi.org/10.1021/cm303376g
http://dx.doi.org/10.1016/0009-2614(95)01310-5
http://dx.doi.org/10.1063/1.474023
http://dx.doi.org/10.1103/PhysRevLett.53.2512
http://dx.doi.org/10.1103/PhysRevA.72.024502
http://dx.doi.org/10.1063/1.3507878
http://dx.doi.org/10.1002/jcc.1056
http://dx.doi.org/10.1063/1.1615476
http://dx.doi.org/10.1021/jp801486d
http://dx.doi.org/10.1021/jp801486d
http://dx.doi.org/10.1080/01442350701782776
http://dx.doi.org/10.1039/c2cp42537h
http://dx.doi.org/10.1021/jp072060y
http://dx.doi.org/10.1021/jz400227c
http://dx.doi.org/10.1021/jp400646n
http://dx.doi.org/10.1021/am9004418
http://dx.doi.org/10.1021/jp210778w
http://dx.doi.org/10.1021/jo902545a
http://dx.doi.org/10.1063/1.4867077
http://dx.doi.org/10.1021/jp402957g
http://dx.doi.org/10.1002/qua.21378
http://dx.doi.org/10.1021/ct200388s
http://dx.doi.org/10.1039/C4CP04749D
http://dx.doi.org/10.1016/j.cpc.2009.06.022
http://dx.doi.org/10.1063/1.1747632
http://dx.doi.org/10.1021/ja2120635
http://dx.doi.org/10.1021/ja2120635
http://dx.doi.org/10.1039/C2TC00261B
http://dx.doi.org/10.1007/s00339-014-8306-6
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://www.cpmd.org
http://dx.doi.org/10.1088/1367-2630/15/12/123033
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1139/p80-159
http://dx.doi.org/10.1063/1.478522
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.2204597
http://dx.doi.org/10.1063/1.2404663
http://dx.doi.org/10.1063/1.2404663
http://dx.doi.org/10.1016/j.jcp.2011.09.014
http://dx.doi.org/10.1063/1.4811853
http://dx.doi.org/10.1016/s0166-1280(97)00185-1
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1063/1.4940920
http://dx.doi.org/10.1126/science.1158722
http://dx.doi.org/10.1063/1.4885816
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://arxiv.org/abs/1404.2130
http://dx.doi.org/10.1021/cr990044u
http://dx.doi.org/10.1063/1.2961035
http://dx.doi.org/10.1021/ct1003324
http://dx.doi.org/10.1021/jp408907g

