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Vertical excitation energies from TDDFT

Typical DFT errors:

Local 0.2− 0.3 eV
Rydberg 1.0− 2.0 eV
Charge transfer (CT) ????
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Molec. Phys. 97 859 (1999) J. Chem. Phys. 116 8761 (2002)

... when are CT excitations reliable with TDDFT?
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Aims of the present work

Are there any new XC functionals that yield improved CT and Rydberg
excitations, whilst maintaining accurate local excitations?

Can we understand/predict when conventional DFT functionals will fail?
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Molecules
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− 59 Excitations, comprising 32 Local; 13 Rydberg; 14 CT
− Compare with gas phase expt. or CASPT2/CC2 at same geometry
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Results: PBE GGA functional
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• Local excitations generally fine
• Rydberg significantly underestimated
• CT significantly underestimated
• DMABN is the exception!
• 1B2u too low in acenes
• 1B2u/1B3u order incorrect for n = 1
• PP local excitations underestimated
• Error increases with chain length for PA

• Error > 1 eV for 25/59

Mean & Mean abs. errors, in eV

PBE

Local
ME −0.31
MAE 0.33

Rydberg
ME −1.84
MAE 1.84

CT
ME −2.60
MAE 2.60
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Results: B3LYP hybrid functional
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• Energies increase relative to PBE
• Local excitations generally fine
• Rydberg improve, still underestimate
• CT improve but still underestimate
• DMABN CT still accurate!
• 1B2u improves slightly
• 1B2u/1B3u order still incorrect
• PP improves
• Still large PA errors for longer chains

• Error > 1 eV for 16/59

Mean & Mean abs. errors, in eV

PBE B3LYP

Local
ME −0.31 −0.15
MAE 0.33 0.22

Rydberg
ME −1.84 −1.11
MAE 1.84 1.11

CT
ME −2.60 −1.35
MAE 2.60 1.36
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Can we do any better?

Much current interest in ‘Coulomb Attenuated’ or ‘Long-Range Corrected’ or
’Range Separated Hybrid’ XC functionals ...

A new hybrid exchange–correlation functional using the
Coulomb-attenuating method (CAM-B3LYP)

Takeshi Yanai a,*, David P. Tew b, Nicholas C. Handy b

a Oak Ridge National Laboratory, P.O. Box 2008, MS6367, Oak Ridge, TN 37831, USA
b Department of Chemistry, University of Cambridge, Cambridge, CB2 1EW, UK

Received 15 March 2004; in final form 4 June 2004

Abstract

A new hybrid exchange–correlation functional named CAM-B3LYP is proposed. It combines the hybrid qualities of B3LYP and
the long-range correction presented by Tawada et al. [J. Chem. Phys., in press]. We demonstrate that CAM-B3LYP yields atom-
ization energies of similar quality to those from B3LYP, while also performing well for charge transfer excitations in a dipeptide
model, which B3LYP underestimates enormously. The CAM-B3LYP functional comprises of 0.19 Hartree–Fock (HF) plus 0.81
Becke 1988 (B88) exchange interaction at short-range, and 0.65 HF plus 0.35 B88 at long-range. The intermediate region is smoothly
described through the standard error function with parameter 0.33.
! 2004 Elsevier B.V. All rights reserved.

1. Introduction

In density functional theory (DFT), as it is used for
computational chemistry, the hybrid functional B3LYP
[2,3] appears to offer the greatest contribution (if mea-
sured by the number of applications which have been
published). However it is unsuccessful in a number of
important applications: (i) the polarizability of long
chains, (ii) excitations using time dependent theory
(TDDFT) [4–6] for Rydberg states, and perhaps most
important (iii) charge transfer (CT) excitations [7–9].
The reason for these failures is understood, at long-
range the exchange potential behaves as !0:2r!1, in-
stead of the exact value !r!1. Even so, the potential is
an improvement over that LDA and BLYP, where there
is no r!1 dependence in the potential.

Recently Tsuneda and co-workers [1] have overcome
this deficiency through an Ewald split of r!1

12 into

1

r12
¼ 1! erf lr12ð Þ

r12
þ erf lr12ð Þ

r12
: ð1Þ

The first term accounts for the short-range interac-
tion, and the second term accounts for the long-range

interaction. The key in the long-range-corrected (LC)
exchange functional scheme for DFT [10–13] is that the
DFT exchange interaction is included using the first
term (short-range), and the long-range orbital–orbital
exchange interaction is described with the Hartree–
Fock (HF) exchange integral via the complementary
term. Specifically, the short-range part of the exchange
interaction is incorporated by modifying the usual ex-
change functional form, Ex ¼ !ð1=2Þ
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* Corresponding author. Fax: +1-865-574-0680.
E-mail address: yanait@ornl.gov (T. Yanai).

0009-2614/$ - see front matter ! 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2004.06.011

Chemical Physics Letters 393 (2004) 51–57

www.elsevier.com/locate/cplett
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Results: CAM-B3LYP coulomb attenuated functional
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• Further increase in energies
• Local excitations generally fine
• Rydbergs improve, still too low; AC
• No CT underestimation; just 2 > 0.5 eV
• DMABN CT still accurate!
• 1B2u improved
• 1B2u/1B3u order correct!
• PP and PA well described

• Error > 1 eV for 0/59

Mean & Mean abs. errors, in eV

PBE B3LYP CAM

Local
ME −0.31 −0.15 0.02
MAE 0.33 0.22 0.20

Rydberg
ME −1.84 −1.11 −0.50
MAE 1.84 1.11 0.50

CT
ME −2.60 −1.35 −0.18
MAE 2.60 1.36 0.27
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Can we understand/predict when conventional functionals fail?

COMMUNICATIONS

Long-range charge-transfer excited states in time-dependent density
functional theory require non-local exchange

Andreas Dreuw, Jennifer L. Weisman, and Martin Head-Gordon
Department of Chemistry, University of California, Berkeley, and Chemical Science Division,
Lawrence Berkeley National Laboratory, Berkeley, California 94720-1470

!Received 30 April 2003; accepted 20 May 2003"

The electrostatic attraction between the separated charges in long-range excited charge-transfer
states originates from the non-local Hartree-Fock exchange potential and is, thus, a non-local
property. Present-day time-dependent density functional theory employing local
exchange-correlation functionals does not capture this effect and therefore fails to describe
charge-transfer excited states correctly. A hybrid method that is qualitatively correct is described.
© 2003 American Institute of Physics. #DOI: 10.1063/1.1590951$

Over the last few years, time-dependent density-
functional theory !TDDFT"1,2 has advanced to one of the
most popular theoretical approaches to calculate excited state
properties of medium-sized and large molecules up to about
200 second-row atoms !see, for example, Refs. 3–6".
TDDFT is a formally exact theory, but since the exact
exchange-correlation !xc" functional is, in fact, unknown, ap-
proximate xc-functionals must be employed in TDDFT cal-
culations. Usually, the adiabatic approximation is applied1,2

and standard time-independent xc-functionals are used.7–10

One major drawback of these functionals, however, is that
the corresponding xc-potentials posses an incorrect
asymptotic behavior, i.e., they decay faster than 1/r , where r
is the distance of the electron from the nuclei.11 As a conse-
quence, spatially extended Rydberg states are only poorly
described with TDDFT employing these functionals. Asymp-
totically corrected xc-functionals such as LB9412 lead to a
substantial improvement of Rydberg state energies. Recently,
it has been pointed out that TDDFT also yields substantial
errors for valence-excited states of molecules exhibiting a
spatially extended %-system and for charge-transfer !CT"
states.13–15 These errors have also been attributed to the
wrong long-range behavior of the applied standard
xc-functionals.15

Here we focus on the failure of TDDFT to predict the
excitation energies of charge-transfer states correctly and to
give the correct long-range 1/R dependence on donor-
acceptor distance. We will show that this failure is due to the
local character of the approximate xc-functionals and that
TDDFT cannot yield correct CT states with any local16 xc-
functional. Furthermore, we suggest a hybrid approach of
TDDFT and configuration interaction singles !CIS"17 to yield
reasonable estimates for long-range CT states of large mo-
lecular ensembles.

To illustrate the failure of TDDFT for CT states, we
calculated the lowest excited singlet states of an ethylene-
tetrafluoroethylene dimer along the intermolecular distance
coordinate R !Fig. 1". The standard 6-31G* basis set is used

with the SVWN7,8 functional and its correction scheme
LB94, which fixes the incorrect asymptotic behavior of the
xc-potential. Four CT states are energetically well below the
first valence-excited %!%* excitation of the ethylene mol-
ecule !Fig. 2". The lowest CT state with excitation energies
of 1.71 and 2.69 eV at 4 Å intermolecular separation at the
level of TDDFT/SVWN and TDDFT/LB94, respectively,
corresponds to an electron transfer from the HOMO of tet-
rafluoroethylene to the LUMO of ethylene. The excitation
energy of this CT state can also be simply estimated via

&CT!R ""IPt f e#EAe!1/R , !1"

where IPt f e is the ionization potential of tetrafluoroethylene,
EAe is the electron affinity of ethylene and 1/R is the elec-
trostatic attraction between them. In this equation the cation
and anion are treated as point charges, which of course leads
to an overestimation of the electrostatic attraction. Using the
values for IPt f e of 9.84 eV and EAe of 3.30 eV computed at
the level of DFT/SVWN, one obtains minimum values for
the excitation energy of about 9.54 eV at 4 Å and 11.34 eV at
8 Å. Comparing to the values obtained with TDDFT/SVWN,
the CT states are underestimated by about 7.5 eV !!!" even
when the asymptotic correction LB94 is applied. In general,
the excitation energies of the CT states are slightly corrected
towards higher energies by using LB94 due to improved or-
bital energies.

In Fig. 3, the potential energy curves of the lowest CT
state along the distance coordinate R calculated with differ-
ent xc-functionals are compared to the one obtained at the
level of CIS. Only CIS has the correct 1/R asymptote, while

FIG. 1. Structure of the C2v symmetric cofacial ethylene-tetrafluoroethylene
dimer used within our test calculations. The intermolecular distance is de-
fined as the distance between the centers-of-mass of both molecules.

JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 6 8 AUGUST 2003

29430021-9606/2003/119(6)/2943/4/$20.00 © 2003 American Institute of Physics
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No spatial overlap between occupied & virtual orbitals involved in the excitation
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ωlocal = εA
LUMO − εD

HOMO

ωexact = IPD − EAA

Local functional excitation energies too low by many eV!
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COMMUNICATIONS

Relationship between long-range charge-transfer excitation energy
error and integer discontinuity in Kohn–Sham theory

David J. Tozer
Department of Chemistry, University of Durham, South Road, Durham, DH1 3LE UK

!Received 29 September 2003; accepted 23 October 2003"

Charge-transfer !CT" electronic excitation energies are known to be very poorly predicted by
time-dependent density functional theory !TDDFT" using local exchange-correlation functionals.
Insight into this observation is provided by a simple analysis of intermolecular CT excitations at
infinite separation. It is argued that the first TDDFT CT excitation energy approximately
underestimates the experimental excitation by the average of the integer discontinuities of the donor
and acceptor molecules; errors are of the order of several electron volts. © 2003 American Institute
of Physics. #DOI: 10.1063/1.1633756$

Time-dependent density functional theory !TDDFT" in
the adiabatic approximation1,2 is now widely used for calcu-
lating electronic excitation energies. In general, valence ex-
citations that do not involve substantial charge-transfer !CT"
are described reasonably well using conventional exchange-
correlation functionals. Rydberg excitations can also be ac-
curately reproduced, providing an asymptotic correction
!AC"3,4 is applied to the exchange-correlation potential. By
contrast, it has been demonstrated5–8 that much larger errors
are observed for excitations involving substantial CT—
calculated values underestimate experiment by up to several
electron volts. Errors are particularly large for local function-
als such as the local density approximation !LDA" or gener-
alized gradient approximation !GGA". Hybrid functionals,
which include a fraction of orbital exchange, offer some im-
provement. The aim of this Communication is to provide
some insight into the error from local functionals.

Consider a donor molecule D and an acceptor molecule
A. When infinitely separated, the vertical intermolecular CT
excitation energy from the highest occupied molecular or-
bital !HOMO" of D to the lowest unoccupied molecular or-
bital !LUMO" of A is given exactly by

%Exact!IPD"EAA, !1"

where IPD and EAA are the exact vertical ionization poten-
tial and electron affinity of isolated D and A molecules, re-
spectively. By considering the form of the coupled-perturbed
Kohn–Sham equations in this long-range limit, Dreuw et al.8
have shown that for a local functional such as LDA or GGA,
the corresponding TDDFT excitation energy reduces to

%TDDFT!&LUMO
A "&HOMO

D , !2"

where &LUMO
A and &HOMO

D are the Kohn–Sham eigenvalues
corresponding to the LUMO and HOMO orbitals on A and
D, respectively, which are identical to those obtained from
calculations on the two isolated systems. We have confirmed
this relationship for the systems considered in this study. It

follows from Eqs. !1" and !2" that the TDDFT excitation
energy error for infinitely separated systems is9

%TDDFT"%Exact!&LUMO
A "&HOMO

D "!IPD"EAA". !3"

We first consider the system A!C2H4 ; D!C2F4 , which
was investigated by Dreuw et al.8 All Kohn–Sham eigenval-
ues quoted in the present study are determined at optimized
geometries using the BLYP10 GGA exchange-correlation
functional with the aug-cc-pVTZ basis set; analogous results
are obtained using the LDA and other GGAs. Experimental11
IP and EA values are used. For the isolated donor and ac-
ceptor systems we have

IPD!10.7 eV, EAA!"1.8 eV,

&LUMO
A !"1.0 eV, &HOMO

D !"6.3 eV. !4"

Substituting these values into Eq. !3" gives a TDDFT CT
excitation energy error of "7.2 eV. This error is almost 60%
of the exact excitation energy.

We now demonstrate that this underestimation can be
understood from a consideration of how local functionals
treat the integer discontinuity. The exact exchange-
correlation potential is discontinuous at integer numbers of
electrons.12 For any N-electron system, the exact potential on
the electron deficient side of the integer, vXC

" (r), and on the
electron abundant side, vXC

# (r), differ by a system dependent
constant amount 'XC at all points in space

vXC
# !r""vXC

" !r"!'XC . !5"

The exact HOMO and LUMO eigenvalues associated with
vXC

" (r) and vXC
# (r) are, respectively,12

&HOMO
" !"IP &LUMO

# !"EA , !6"

where IP and EA are the exact ionization potential and elec-
tron affinity, respectively, of the N-electron system. Local
functionals such as LDA and GGA do not exhibit an integer
discontinuity; they are continuum approximations. In regions

JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 24 22 DECEMBER 2003

126970021-9606/2003/119(24)/12697/3/$20.00 © 2003 American Institute of Physics
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For local functionals,

εHOMO ≈ −IP +
∆XC

2

εLUMO ≈ −EA− ∆XC

2

where ∆XC is the integer discontinuity of PRL 49 1691 (1982). Hence,

ωlocal − ωexact ≈ −1

2

“
∆A

XC + ∆D
XC

”
which explains the significant underestimation.
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Do our errors (general excitations) correlate with spatial orbital overlap?

For a given occupied-virtual pair, degree of overlap can be measured using

Oia =
˙
|ϕi |
˛̨
|ϕa|

¸
=

Z
|ϕi (r)||ϕa(r)| dr

But, many occ-virt pairs contribute; contribution from each pair measured by

κia = Xia + Yia where

„
A B
B A

«„
X
Y

«
= ω

„
1 0
0 −1

«„
X
Y

«

This leads us to consider the quantity

Λ =

P
i,a κ

2
iaOiaP

i,a κ
2
ia

which takes the value 0 6 Λ 6 1.

Small Λ → long-range excitation
Large Λ → short-range excitation
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PBE
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Poor GGA description of CT in the tripeptide can be attributed to the small
overlap between the occupied and virtual orbitals involved in the excitation.

n1 → π∗3 CT , error = − 5.04 eV, Λ = 0.06

ϕi (r)

ϕa(r)
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Good GGA description of CT in DMABN can be attributed to the large overlap.

CT, error = − 0.26 eV, Λ = 0.72

ϕi (r)

ϕa(r)

Tripeptide/DMABN results highlight ambiguous nature of term charge-transfer
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B3LYP
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CAM-B3LYP
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CAM-B3LYP is therefore recommended for excitation energy calculations

But, if wish to use PBE or B3LYP, then use above observations to propose a
diagnostic test:

0.0

−2.0

−4.0

−6.0

0.0 1.0

E
rr

or
/

eV

Λ

PBE excitation with Λ < 0.4 likely to be in

significant error

0.0

−2.0

−4.0

−6.0

0.0 1.0

E
rr

or
/

eV

Λ

B3LYP excitation with Λ < 0.3 likely to be

in significant error

Expect analogous observations for other GGAs/Hybrids

Λ is not unique and its diagnostic value is qualitative rather than quantitative.
However, it captures the essential physics of the problem and may prove useful
in practical calculations. Implemented in DALTON.
Further investigation necessary....
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Conclusions J. Chem. Phys. 128 044118 (2008)

• CAM-B3LYP provides best quality excitation energies; no correlation between
error and orbital overlap, Λ. Reflects presence of long-range, non-local exact
orbital exchange.

• Clear correlation between error and Λ for PBE and B3LYP.

• Allows us to propose simple diagnostic test. If Λ below prescribed threshold,
errors likely to be very significant. Further investigation required.

• Results highlight ambiguous nature of term ”charge transfer”. Wide range
of Λ values for the CT excitations − correlation between Λ and error provides
simple explanation as to why tripeptide (small Λ) is poor with GGA/hybrid, but
DMABN (large Λ) is well-described.

• Inappropriate to say that GGA/hybrids fail for CT excitations. Must quantify
degree of orbital overlap before making judgment.
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