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We apply the long-range correctighC) scheme for exchange functionals of density functional
theory to time-dependent density functional theGFPDFT) and examine its efficiency in dealing

with the serious problems of TDDFT, i.e., the underestimations of Rydberg excitation energies,
oscillator strengths, and charge-transfer excitation energies. By calculating vertical excitation
energies of typical molecules, it was found that LC-TDDFT gives accurate excitation energies,
within an error of 0.5 eV, and reasonable oscillator strengths, while TDDFT employing a pure
functional provides 1.5 eV lower excitation energies and two orders of magnitude lower oscillator
strengths for the Rydberg excitations. It was also found that LC-TDDFT clearly reproduces the
correct asymptotic behavior of the charge-transfer excitation energy of ethylene—tetrafluoroethylene
dimer for the long intramolecular distance, unlike a conventional far-nucleus asymptotic correction
scheme. It is, therefore, presumed that poor TDDFT results for pure functionals may be due to their
lack of a long-range orbital—orbital interaction. 004 American Institute of Physics.

[DOI: 10.1063/1.1688752

I. INTRODUCTION 1
lim v;’c(R)=—§, 1)
Time-dependent density functional theofyDDFT) is Roee

becoming a popular method of calculating various moleculaiyvhereR=|R| andR is the distance vector from the nearest
properties, e.g., absorption spectfaRecently, geometrical nucleus, and atomic units have been usée €2=m=1,
optimization of excited states of molecules has been done bgnergies are in hartree, and distances are in)b&mce this
calculating energy gradients of TDDRT® Since TDDFT in-  correct behavior is also given from the self-interaction ex-
curs computational costs of the order of the configuratiorehange energy of a hydrogenlike atomic orbitathis failure

be applied to eveab initio molecular dynamics calculations -€euwen and Baerends suggested the LB94 functional,
of photochemical reactions of large systems. which improves the energy potential of the Becke 1988 ex-

However, TDDFT calculations seem to have significantChange functional to reproduce this asymptotic behavior.

problems. One of the most severe is their poor estimation Ol]nstead .Of Eq. (1.)’ Tozer and Han_dy .suggested the
asymptotic correctiofAC) scheme, which improves func-

the Rydberg excitations: They underestimate the RydbergOnal potentials by imposing the asymptotic conditiér®
excitation energies and the corresponding oscillator '

strength$ 8 As is well-known, TDDFT using pure function-

als generally provides several dozen percent smaller Rydberg
excitation energies than experimental energfe$DDFT

also has difficulty to bring even the first digit of the oscillator Where e;°V is the eigenvalue of the highest occupied
strengths into line with the experimental vafult.has been ~ ©-Spin molecular orbital and, is the ionization potential of
suggested that the incorrect far-nucleus behavior of functiont® -SPin electron. It has been reported that the underesti-
als may be responsible for these problénfr most func- mation of Rydberg excitation energies is modified by using

tionals, the o-spin exchange-correlation potentialy, the aboye Improvements. . .
i . xe Besides the above problems, it was also pointed out that
=6E,./5p, (Eyc is the exchange-correlation energy func-

ional ando.. is th i el densitvd TDDFT poorly reproduces charge-transfer excitations. By
tional andp, is the o-spin electron densily does not repro- calculating the charge-transfer excitation energies of

1
lim vf(R)=— = +eOVO+1,, 2
R— R

duce the correct far-nucleus asymptotic beha¥idr, ethylene-tetrafluoroethylene dimer, Dreuw, Weisman, and
Head-Gordon recently found that the excitation energies are

dElectronic mail: tune@qcl.t.u-tokyo.ac.jp significantly underestimated with increasing intermolecular
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distance by TDDFT employing conventional functionals in- CU=23(2,ba+ i (7)

cluding LB94 and Becke three parameter Lee—Yang—Parr ) ) S

(B3LYP).}® Consequently, they suggested that exchange\—’\_/e should notice that 'ghls equation is different from the pre-

correlation functionals should be investigated with respect t&//0Usly proposed forn;

the charge-transfer problem as a benchmark for their appli- 1 8

cability to TDDFT. Since charge transfer is essentially a Eir:—EE Pf}BKu{l—gaa

single excitation that is taken into consideration in the 7

Hartree—Fock(HF) wave function, it is presumed that this 3

failure may come from the insufficient long-range exchange +(2ao—4au)ex;{ Yy

effect in the exchange functiondis. 7
We have applied the long-range correctidhC) ®

schemé’ to TDDFT. The LC scheme uses the standard errobecause the z£?,[1—exp(—1/4a§)] term causes a cancella-

function to improve the exchange functional for calculatingtion of significant digits for largea,. For accuracyb,,

the long-range electron—electron distance with the HF exshould also be transformed into the Taylor expansion, pro-

change integral. In a previous study, it was found that thejided a,, is very large. The long-range part of the exchange

calculated dissociative energy potentials of van der Waalghteraction is expressed with the HF exchange intedral,
bonds of rare-gas dimers are obviously improved by combin- oce oce

ing the LC scheme with a van der Waals functiotfalt is, 1 f f . "
therefore, supposed that the problems of TDDFT may be due Ex="3 ; Z 2 Vio(r)¥io(1e)

to the insufficient exchange interaction between distant orbit-

als in exchange functionals rather than incorrect far-nucleus Xerf("”ﬂ) Ui (F) (1) d3r 10 )
asymptotic behavior. In this paper, we confirm that the LC rp 0 PP P e

scheme improves the accuracy of the excitation energies a’Wherez,l/iU is theith o-spin molecular orbital. The parameter

osgillator strengths of the Rydberg and charge-transfer eXCi,a was determined so as to minimize the mean absolute de-
tations calculated by TDDFT.

viation of the calculated equilibrium distances for the dimers
of the first to third-row atomsgexcept rare-gas dimersvith

the 6-311G- +(2d,2p) basis sét?® and three types of
exchange-correlation functionals mentioned latej (
A. Long-range exchange correction scheme =0.33).

1

2a

Jr erf

o

3
—3a,+4a;,

]d3R,

Il. THEORY

The LC scheme explicitly incorporates the long-range
orbital—orbital interaction part in the exchange functional by
combining with the HF exchange integfa!®?° In this
scheme, electron repulsion operator,1/is divided into
short-range and long-range parts by using the standard error N TDDFT, thelth excitation energy», and correspond-

B. Time-dependent density functional theory
and oscillator strength

function as ing response functiof, are usually obtained by solving the
eigenvalue equatioh?*
1 l-—erf(ury) erf(urqy) 12 112 2
e Tt (3 (A—B)YA(A+B)(A-B)2F = wF, . (10
wherer ,=|r;—r,| for coordinate vectors of electrons, ~ 1he €lements of the matricés andB are
andr,, and u is a parameter that determines the ratio of A, =8 8apSy-( €20 €i0) + Kiag jbr (11

these parts. Following Eq(3), the short-range part of
exchange interaction can be incorporated by modifyin
the wusual exchange functional formE,=—(1/2)Z, Biac,jbr= Kias,bjr» (12
X [ p2K ,d°R, into

gwhereei,, is theith o-spin orbital energy, and

whereK,, b is given by

er=-53 | 93’3Ko‘1‘§a0 V7 erf(z%,) Kino jor=(1alibm) + [ [ (e (e
+2a,(b,—c,) ]d3R, 4 x—‘szE“ i (ro) 0 (rp)d3rd3r
Sps(r)dp(ry) 7 bt 27T 1T T2
wherea,, b,, andc, are +Ki|—611'f7',jb7" (13)
4 uK? ©) In Eq. (13), the first term of the right side is the Hartree
7 6\/;/0}"3’ integral,
1 . . 1
bU=ex;<—4—a§>—1, ©  Gaolibo= [ [ ueom s
and X i (1 2) U (1 2)dr 15, (14)
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and K" is the mixed HF exchange integral term; for tively. All RKS and RTDKS calculations were carried out

iao,bjr
pure functionals,Kg';jbf 0, and for hybrid functionals using theuTcHEM program®® To confirm the accuracy of
(e.g., BALYP), LC-TDDFT, we also examined theb initio symmetry
. . . . _ 7
Kgi,jm: ¢.8,.(jaclibr), (15 adapted cluster configuration interacti®AC-Cl) method

with the same basis set using tbaussIAN 03 program®®
wherec, is a constant mixing rate. TDDFT employing an LC except for the calculations of the charge-transfer excitation.
exchange functionalLC-TDDFT) also gives a nonzero Inthe SAC-CI calculations, the single- and doubléS®-R)

Kgf,’ij due to the long-range term in E(®), method was used to incorporate excitations up to doubles
Kt jbr= 507f () Pa,(r) ettt iz) ronpertbatvely
’ M2 IV. CALCULATIONS
X i (1 1) P, (1) dr 1d%r 5. (16) We calculated the vertical excitation energies and oscil-

lator strengths of N, CO, H,CO, GH,, and GHg mol-
ecules and the charge-transfer excitation energy of
C,H,—C,F, dimer by using a TDDFT scheme employing
various types of exchange-correlation functionals.

This Kja,,jb- term brings nonzero off-diagonal elements into
A andB.
The oscillator strength of thith excited state is gener-
ally defined a&
A. Vertical excitation energies of typical molecules

fi=3(E — EO),,; , [(Wolr,|W)]?, 7 Tables I-V summarize the calculated vertical excitation

i energies of N, CO, H,CO, GH,, and GHg molecules. As

whereW, and W, are the wave functions of the ground and the tables indicate, the LC functiondlsC-BOP, LC-PBEOP,
Ith excited states with the total energi&s, andE, , respec-  and LC-BLYP) obviously give more accurate Rydberg exci-

tively. In TDDFT, the oscillator strength is given by tation energies, unlike the underestimates of pure functionals
2 (BOP, PBEOP, and BLYPR regardless of functional or mo-
fi=2 > [ dh(€ar—€0) ol (18)  lecular species. The LC functionals also give accurate va-
rexyz e lence excitation energies. These schemes consequently re-
whered;,, is the transition dipole moment, duce the total mean absolute deviations to half for these
molecules. The tables also show that the AC scheme im-
divaa:f Yio(N 1 an(1)dr, (19)  proves the excitation energies, although the accuracies of the

calculated Rydberg excitation energies are not sufficient for
and Fl,, is the response function obtained by solving C,H, and GHg. We should notice that this AC scheme pro-
Eq. (10). vided much more accurate excitation energies fgif Cand
CsHg with the mean absolute deviation of 0.06 and 0.12 eV,
respectively, with the HCTH functiond?:*® Conventional
Ill. COMPUTATIONAL DETAILS TDDFT studies have shown that pure functionals give accu-

To assess LC-TDDFT. we calculated the excitation enerf@te valence excitation energies and 1 to 2 eV lower Rydberg
gies and oscillator strengths of five typical moleculeisro- excitation energies. This conclusion is also supported by the
gen, carbon monoxide, formaldehyde, ethylene, and berRrésent calculations of pure functionals. Compared with pure
zeng and the charge-transfer excitation energy of ethylene-functionals, the hybrid B3LYP functional gives slightly
tetrafluoroethylene dimer. The calculations were carried oufVOrse valence excitation energies, but 0.5-1 eV better Ryd-
using the restricted Kohn—ShailRKS)?®2” and the restricted berg excitation energies for all molecules. However, there is

time-dependent Kohn—ShaRTDKS)." In the RKS and Ot much improvement in comparison with LC functionals.
RTDKS calculations, we used the following exchange-ItiS therefore confirmed that the accurate LC results may be

correlation functionals; Becke 1988B88) exchang® due to the Iong—rangg correction rather than the hybridization
+ one-parameter progressivéOP) correlatiod® (Bop),  Of the HF exchange integral.

Perdew—Burke—Ernzerhof exchafye+ OP correlation .As_a whole, .the LC functionals gave the most accurate
(PBEOP, B88 exchange+ Lee—Yang—Parr correlatidh ~— €xcitation energies. The AC.—BOP functional also gave the
(BLYP), and hybrid B3LYP® functionals. The LC scheme comparable excitation energies. The Rydberg excitation en-
was applied to the BORLC-BOP), PBEOP(LC-PBEOB, ergies of the LC and AC schemes were more accurate than
and BLYP (LC-BLYP) functional in both the RKS and the ones estimated by pure functionals, while they main-
RTDKS procedures. Besides the LC scheme, the adained the accuracy of the valence excitation energies.
schemé&*!® was also adapted to the BOP functiorf&lC-
BOP). Experimental geometries of molecules were used i
the calculations of excitation energies and oscillator Tables |-V also show the calculated oscillator strengths
strengths. Only the geometry of ethylene—tetrafluoroethylen€0S). These results should be discussed from the viewpoints
was optimized by using the RKS scheme. Augmented Sadlef magnitude and order of magnitude.

pVTZ323 and 6-31G 343 Gaussian basis sets were em-  For the N molecule, only LC functional&.C-BOP, LC-
ployed for all constituent atoms in the calculations of typical PBEOP, and LC-BLYP give the same first digit as the ex-
molecules and ethylene—tetrafluoroethylene dimer, respegerimental value, while pure functionalBOP, PBEOP, and

nB. Oscillator strengths of typical molecules
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TABLE |. Vertical excitation energies and oscillator strengths gfblecule as calculated by TDDFT. Calculated SAC-CI and experimental results are also
shown for comparison. An augmented Sadlej pVTZ basis set was employed in all calculations.

State Transition LC-BOP BOP AC-BOP LC-PBEOP PBEOP LC-BLYP BLYP B3LYP SAC-CI Expt.
Valence excitation energigsV)
b m— Ty 7.37 7.55 7.61 7.41 7.62 7.25 7.44 7.03 7.86 7.75
31'[g og— Ty 7.79 7.50 7.55 7.78 7.50 7.70 7.41 7.54 8.36 8.04
SA, m— Ty 8.29 8.35 8.43 8.32 8.42 8.15 8.22 7.96 9.15 8.88
I, Ty Ty 9.35 9.07 9.19 9.34 9.06 9.33 9.06 9.24 9.69 9.31
M = Ty 9.34 9.59 9.68 9.34 9.58 9.30 9.55 9.31 10.06 9.67
s Ty— Ty 9.34 9.59 10.02 9.34 9.58 9.30 9.55 9.31 10.27 9.92
A, m— Ty 9.86 9.89 10.02 9.89 9.93 9.83 9.85 9.72 10.71 10.27
1, oy— Ty 10.79 10.27 10.58 10.77 10.33 10.64 10.31 10.62 11.59 11.19
Rydberg excitation energigsV)
55 04— 3s0y 11.17 9.97 11.16 11.14 9.92 11.13 10.00 10.62 12.17 12.00
12; 04—3S0y 11.59 10.09 11.42 11.57 10.10 11.56 10.14 11.18 12.53 12.20
1, og—3pmy 12.07 10.27 11.98 12.05 10.34 12.06 10.35 11.55 13.14 12.90
sk g4—3pay 12.11 10.26 12.18 12.09 10.33 12.12 10.34 11.53 13.24 12.98
Mean absolute deviations of excitation enerdie¥)
Valence 0.37 0.40 0.27 0.36 0.38 0.45 0.46 0.54 0.33
Rydberg 0.78 2.37 0.84 0.81 2.35 0.81 231 1.30 0.25
Total 0.51 1.06 0.46 0.51 1.03 0.57 1.07 0.79 0.30
Oscillator strengths X 10~2)

1, og—3pmy 11.90 0.28 2.02 11.71 0.51 13.47 0.39 1.33 8.14 24.3
s g4—3poy 25.90 0.69 6.07 25.69 1.14 28.63 0.94 3.84 15.67 27.9
BLYP) provide values that are mostly two orders of magni- LC functionals also give the most accurate OSs of the

tude lower than the actual ones. Although the AC scheme haSO molecule. Other functionals give much smaller OSs.
a positive effect on the calculated OSs in comparison wittB3LYP gives the second-best OS, one larger than those of
BOP results, these values are still one order of magnitudéhe pure functionals. AC-BOP gives slightly smaller OSs
lower values than the experimental ones. The B3LYP functhan BOP does. There is no experimental data for the order
tional estimates even smaller OSs. The order of OS is repraf OS. Compared with the SAC-CI result, only LC and AC-
duced by all functionals. BOP results have the same order of magnitude.

TABLE II. Vertical excitation energies and oscillator strengths of CO molecule as calculated by TDDFT. Calculated SAC-CI and experimentat relsolts a
shown for comparison. An augmented Sadlej pVTZ basis set was employed in all calculations.

State Transition LC-BOP BOP AC-BOP LC-PBEOP PBEOP LC-BLYP BLYP B3LYP SAC-CI Expt.

Valence excitation energiggV)

1 o—m* 6.07 5.94 6.00 6.06 5.94 5.94 5.81 5.84 6.50 6.32
I o—7* 8.44 8.25 8.45 8.43 8.22 8.43 8.23 8.39 8.95 8.51
53 T 8.20 8.15 8.25 8.23 8.19 8.12 8.06 7.90 8.56 8.51
A T 8.93 8.78 8.90 8.95 8.83 8.82 8.68 8.63 9.48 9.36
s~ T 9.77 9.79 9.92 9.77 9.77 9.74 9.75 9.70 10.29 9.88
3% T 9.77 9.79 9.92 9.77 9.77 9.74 9.75 9.70 9.48 9.88
A T 10.20 10.02 10.20 10.21 9.99 10.18 10.00 10.03 10.48 10.23
Rydberg excitation energigsV)
33+ o—3s 9.82 8.73 9.66 8.95 8.67 9.80 8.75 9.51 10.66 10.40
s+ o—38 10.30 8.88 9.95 10.28 8.87 10.28 8.92 9.79 11.13 10.78
33+ o—3po 10.65 9.30 10.71 9.79 8.83 10.64 9.36 10.19 11.56 11.30
s+ o—3po 10.76 9.34 10.83 10.73 9.35 10.73 9.37 10.23 11.70 11.40
1 o—3pm 10.86 9.42 10.62 10.83 9.42 10.85 9.46 10.31 11.83 11.53
I o—3pm 10.74 9.35 10.54 10.72 9.35 10.77 9.41 10.27 11.70 11.55
s+ o—3do 11.76 9.94 11.51 11.73 10.00 11.79 10.00 10.96 12.70 12.40
Mean absolute deviations of excitation enerdie¥)
Valence 0.19 0.28 0.17 0.18 0.28 0.25 0.35 0.36 0.26
Rydberg 0.64 2.06 0.79 0.91 2.12 0.64 2.01 1.16 0.27
Total 0.41 1.17 0.48 0.54 1.20 0.45 1.18 0.76 0.27
Oscillator strengths X 10~?)
m o—7* 19.92 8.66 6.68 20.02 8.87 20.20 8.78 11.24 9.63 17.6
s+ o—3s 2.45 0.00 0.35 2.40 0.00 1.82 0.00 0.06 1.16
s+ o—3po 15.13 4.06 4.69 15.15 4.68 17.25 4.68 7.12 11.15
1 o—3pm 4.07 0.47 1.70 4.04 0.58 4.56 0.61 1.39 2.46
s+ o—3do 0.67 0.42 0.16 0.63 0.29 0.67 0.44 0.49 0.31
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TABLE lII. Vertical excitation energies and oscillator strengths of0® molecule as calculated by TDDFT. Calculated SAC-CI and experimental results are
also shown for comparison. An augmented Sadlej pVTZ basis set was employed in all calculations.

State Transition LC-BOP BOP AC-BOP LC-PBEOP PBEOP LC-BLYP BLYP B3LYP SAC-CI Expt.
Valence excitation energigsV)
3A2 n—m* 3.15 3.20 3.26 3.13 3.15 3.06 3.12 3.19 3.65 3.50
A, n— a* 3.82 3.86 3.94 3.81 3.80 3.78 3.82 3.92 4.13 3.94
SA, T 5.82 5.92 5.97 5.84 5.98 5.70 5.81 5.46 6.12 5.53
lBl o—m* 9.11 8.84 8.96 9.10 8.81 9.07 8.80 9.03 9.56 8.68
Rydberg excitation energiggV)
382 n—3sa; 6.60 5.57 6.50 6.57 5.47 6.50 5.53 6.28 7.10 6.83
B, n—3say 6.74 5.66 6.62 6.71 5.57 6.63 5.61 6.40 7.26 7.09
3A1 n—3pb, 7.47 6.26 7.37 7.44 6.21 7.44 6.28 7.10 8.03 7.79
°B, n—3pa, 7.32 6.26 7.29 7.30 6.26 7.24 6.28 7.07 7.92 7.96
1A1 n—3pb, 7.57 6.31 7.45 7.54 6.28 7.52 6.32 7.16 8.12 7.97
1BZ n—3pa, 7.48 6.32 7.41 7.45 6.32 7.40 6.32 7.14 8.08 8.12
A, n—3pb,; 7.72 6.57 7.52 7.69 6.53 7.69 6.59 7.41 8.34 8.38
1A2 n—3db; 8.70 7.16 8.50 8.67 7.20 8.73 7.20 8.11 9.32 9.22
Mean absolute deviations of excitation enerdie)
Valence 0.30 0.23 0.24 0.31 0.26 0.29 0.23 0.19 0.45
Rydberg 0.47 1.66 0.59 0.50 1.69 0.53 1.65 0.84 0.13
Total 0.41 1.18 0.47 0.44 1.22 0.45 1.18 0.62 0.24
Oscillator strengths X 10™2)

B, n—3say 0.08 0.04 0.06 0.08 0.04 0.07 0.04 0.05 0.06 2.8,3.2,3.8,4.13
1A1 n—3pb, 2.21 1.68 1.02 2.20 1.91 2.17 1.95 2.71 1.88 3.2,3.6,3.8,6.05
1B, n—3pa, 7.17 2.11 2.62 7.17 2.46 7.81 2.49 3.64 4.26 1.7,1.9,1.7,2.81
1B1 o—* 6.69 1.75 2.42 6.68 1.57 7.16 1.73 2.32 2.95

An experiment reported that OS of,HO molecule is figuration interaction(Cl) singles and doubles, complete
smaller for the'B, (n—3pa,) excitation than for thé¢B,  active-space SCF, generalized valence bond Cl, or equation
(n—3sa,) excitation. However, the order of these OSs isof motion method4! We confirm as such with the present
not reflected by recerab initio calculations of the multicon- SAC-CI calculation. This order of OS is reproduced only by
figurational self-consistent-fieldSCH, multireference con- LC and AC-BOP functionals.

TABLE IV. Vertical excitation energies and oscillator strengths gHgZ molecule as calculated by TDDFT. Calculated SAC-CI and experimental results are
also shown for comparison. An augmented Sadlej pVTZ basis set was employed in all calculations.

State Transition LC-BOP BOP AC-BOP LC-PBEOP PBEOP LC-BLYP BLYP B3LYP SAC-CI Expt.

Valence excitation energiggV)

3Blu T— T 4.18 4.41 4.50 4.19 4.47 4.08 4.32 4.07 4.49 4.36
By, T 7.56 7.11 7.66 7.56 7.10 7.52 7.11 7.35 8.05 8.00
Rydberg excitation energidgV)
3B3u m—3S 7.01 6.14 6.64 7.00 6.07 6.93 6.12 6.49 7.24 6.98
By, T—3S 7.13 6.20 6.76 7.13 6.15 7.04 6.17 6.56 7.36 7.11
3Blg 7—3po 7.43 6.62 7.22 7.41 6.59 7.32 6.62 7.04 7.96 7.79
1Blg T— 3P0 7.74 6.64 7.29 7.73 6.62 7.67 6.63 7.07 8.00 7.80
Byg 7—3po 7.86 6.64 7.35 7.86 6.62 7.79 6.63 7.09 8.09 7.90
3Ag mT—3pT 7.92 6.81 7.48 7.91 6.79 7.95 6.87 7.31 8.20 8.15
1Ag T—3pm 8.10 6.89 7.64 8.10 6.89 8.11 6.93 7.39 8.38 8.28
3By, 7—3do 8.51 6.70 8.03 8.50 6.81 8.49 6.75 7.40 8.84 8.57
By, 7—3do 8.56 7.18 8.06 8.55 7.23 8.53 7.22 7.76 8.87 8.62
= 7—3déS 8.76 6.73 8.25 8.75 6.83 8.78 6.77 7.42 9.10 8.90
B,y 7—3d8 8.77 7.26 8.27 8.77 7.31 8.80 7.32 7.85 9.04 9.05
By, m—3dm 9.05 7.72 8.57 9.04 7.74 9.10 7.74 8.14 9.37 9.33
Mean absolute deviations of excitation enerdie¥)
Valence 0.31 0.47 0.24 0.30 0.50 0.38 0.46 0.47 0.09
Rydberg 0.15 1.41 0.58 0.15 1.40 0.16 1.39 0.92 0.17
Total 0.17 1.28 0.53 0.17 1.27 0.20 1.26 0.85 0.15
Oscillator strengths X 10~?)
By, T T 75.43 12.85 24.41 75.25 14.64 75.45 15.56 34.67 37.31 29
B,, m—3s 13.05 3.49 4.77 12.96 4.54 13.23 4.29 6.75 8.07 4
1B, 7—3do 0.42 0.06 0.00 0.42 0.15 0.76 0.09 0.29 019 .-
1By, 7—3d8 7.35 2.25 1.92 7.29 1.51 7.77 1.67 1.26 5.37
1B2u 7—3d8 4.26 0.79 1.34 4.25 0.97 4.96 0.94 1.42 2.89
By, 7—3dm 6.15 18.45 6.64 6.31 16.51 6.46 15.64 9.41 4.10

Downloaded 10 Nov 2006 to 128.125.134.138. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8430 J. Chem. Phys., Vol. 120, No. 18, 8 May 2004 Tawada et al.

For GH,, the experimental order of OS is attained by 20
all functionals. The OS of the valené®,, (7m— 7*) exci-
tation is underestimated by pure functionals and is signifi- ﬁ'é%;BOP
cantly overestimated by LC functionals. The failure of LC %‘ B AC-BOP
functionals may be due to the character of molecular orbitals = 15 [ -O-LC-PBEOP
that was erroneously identified by LC functionals. LC func- g iEgESEYP
tionals also significantly overestimate the OS of the Rydberg Sl Ao BLYP
1B,, (77— 3s) excitation. Except for RydbertB,;, andB,, é’s ~+B3LYP
excitations, there are no other experimental OS values for 2 10 X HF
these excitations. Only LC functionals give the same order of Q‘r_ + ?f‘/CF; Cl X~
OSs as the SAC-CI results. LC functionals also give the s
closest OSs to the SAC-CI values.

Finally, the experimental OS of €l are known only 05

for the 1'E,, (w— m*) state. Five types of OS have been
suggested for this state, and except for LC and SAC-CI val-
ues, all calculated OSs are half the experimental values. Only
LC functionals give OSs close to the largest experimental 00 X
value. This may indicate that the underestimated OSHf,1 3 6 7 B p 10

state is attributable to the lack of the long-range exchange Intermolecular distance R (A)

Intera,‘cnon bpftween th_e correspondlﬂngmdw*. orbitals. LC FIG. 1. The lowest charge transfer excitation energy of ethylene—
functionals give the different order of magnitude fotA,, tetrafluoroethylene dimer for the long intermolecular distance calculated by
and 21E1u states in comparison with the SAC-CI results. TDDFT employing various types of functionals. For all methods, the exci-
However, this order of the present SAC-CI calculation dis_tation energy at 5.0 A is set to.zero'. The curve obtained by the time-
agrees with the past SAC-CI resfdtThere is a room for dependent Hartree—Fock calculations is also shown for comparison.
further investigation.

Overall, it was found that LC functionals give the most . . ]
accurate OS of all DFT calculations except fofHz. As is ~ clearly slat|sfy the far-nucleus asymptotic relatiomR (
well-known in TDDFT studies, pure functionaléBOP, >5.0 A),*°
PBEOP, and BLYPunderestimate OS. AC-BOP and B3LYP 1 1
somewhat improved the OS estimate of BOP. The experi- wct(R)—wcr(5.0 A)=— RTE0A:
mental order of OS was correctly given by only LC and '
AC-BOP functionals. No functionals gave the same orders oEquation(20) is derived from the relation for the long-range
OSs as the SAC-ClI results for all molecules. The LC result§"T excitation energy,
have two different orders for thl1 (o— #*) and!S " (o 1
—3po) excitations of the CO molecule and théA,, ( lim wcr(R)=— =+ IPp—EA,, (21
—.3po) and 2'E,, (m—3pm) of the GH, molecule. The R R
AC-BOP results have three different ordéome for the ex-  \yhere IR, is the ionization potential of donor and EAs the

citations of CO and two for those of,8,). It is therefore  glectron affinity of acceptor. For larg@andR,, wcr, there-
concluded that the LC scheme is one of the most effective t¢y e satisfies

improve OS obtained by a pure functional, provided appro-
priate molecular orbitals are given in Kohn—Sham calcula-
tions.

(20

1 1

wct(R)—ocr(Ro)~ — rRT Ry’ (22)
Actually, the left-hand side of Eq22) is slightly larger than
the right-hand side, because the orbital—orbital interaction
decreases the CT excitation energy as the electron-donating
and electron-accepting orbitals come close to each other.

Following the study of Dreuvet al,'® we calculated the Since LC functionals reproduce the long-range behavior of
lowest charge-transféCT) excitation energy of ¢H,—C,F,  the SAC-CI energy in addition to satisfying E@O), it is
dimer by using various functionals while increasing the in-presumed that these functionals may give a well-balanced
termolecular distanceR) as displayed in Fig. 1 and Table electron correlation for such a separated molecule. B3LYP
VI. The results of the time-dependent HF and high-lealel increases the CT excitation energy as abouD.2R
initio SAC-CI calculations are also shown for comparison. + const., while the mixing rate of the HF exchange integral,

In Fig. 1, calculated lowest CT excitation energieg;, ¢, in Eq. (15), is 0.2 in this functional. For other functionals
are plotted by setting the excitation energy at 5.0 A to zerancluding AC-BOP, it is found that the calculated CT excita-
for each method. The figure shows that LC functiortdlS-  tion energies hardly change for large Dreuw et al. con-
BOP, LC-PBEOP, and LC-BLYRyive the correct long-range cluded that the poor long-range CT excitation energy is due
behavior of CT excitation energies in agreement with theto the lack of the exchange interaction between the electron-
behavior of the SAC-CI energy for the long intramoleculardonating and electron-accepting orbitHisThis figure also
distance R). Calculated wcr values of LC functionals supports this conclusion. We, therefore, conclude that the LC

C. Charge-transfer excitation energy
of ethylene—tetrafluoroethylene dimer
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TABLE V. Vertical excitation energies and oscillator strengths gfHgmolecule as calculated by TDDFT. Calculated SAC-CI and experimental results are
also shown for comparison. An augmented Sadlej pVTZ basis set was employed in all calculations.

State Transition LC-BOP BOP AC-BOP LC-PBEOP PBEOP LC-BLYP BLYP B3LYP SAC-CI Expt.
Valence excitation energigsV)
1 3B1L| T 7 3.73 4.08 4.10 3.76 4.13 3.64 4.01 3.75 4.03 3.94
1 3Elu T— T 4.80 4.62 4.65 4.81 4.63 4.76 4.58 4.65 4.81 4.76
11B,, T 5.39 5.16 5.23 5.39 5.16 5.38 5.15 5.34 5.16 4.90
1 382u T— T 5.03 4.90 4.97 5.03 4.90 4.99 4.87 5.01 5.69 5.60
1By, T 6.21 5.88 6.00 6.22 5.88 6.20 5.85 6.00 6.37 6.20
1 1E1u T T 7.00 6.80 6.94 7.00 6.78 6.97 6.77 6.96 7.65 6.94
Rydberg excitation energidgV)
1 lE1g 7—3S 6.70 5.60 5.69 6.70 5.52 6.60 5.53 5.94 6.55 6.33
11A,, T—3pa 7.17 6.04 6.18 7.16 6.00 7.10 6.01 6.42 7.12 6.93
1 1E2u T—3po 7.32 6.04 6.16 7.31 5.99 7.25 6.00 6.44 7.19 6.95
2 lElu T—3pT 7.46 6.28 6.21 7.45 6.26 7.43 6.28 6.67 7.11 7.41
1 1Blg 7—3do 7.93 6.49 6.69 7.92 6.51 7.89 6.49 6.97 7.75 7.46
1 1829 7m—3do 7.94 6.48 6.69 7.89 6.50 7.86 6.48 6.96 7.74 7.46
2 1Elg 7—3dé 7.70 6.49 6.69 7.93 6.51 7.90 6.49 6.97 7.61 7.54
1 lEZg 7—3dm 8.06 6.70 6.80 8.05 6.74 8.07 6.73 7.19 7.92 7.81
2 lA1g 7—3d7 8.04 6.72 6.85 8.03 6.76 8.06 6.76 7.21 7.94 7.81
1 1A2g 7—3d7 8.13 6.72 6.81 8.12 6.75 8.14 6.76 7.22 7.96 7.81
Mean absolute deviations of excitation enerdie¥)
Valence 0.23 0.28 0.24 0.23 0.30 0.24 0.29 0.26 0.23
Rydberg 0.29 0.99 0.87 0.31 1.00 0.28 1.00 0.55 0.20
Total 0.27 0.73 0.64 0.28 0.73 0.26 0.73 0.44 0.21
Oscillator strengths X 1072)

1A, 7—3po 11.36 3.01 2.78 11.28 3.68 12.26 3.48 5.24 4.60 .
11E,, T 137.42 49.71 48.59 136.96 48.42 137.70 48.64 58.31 70.39 125,120,88,86,90.0,95.3
2 1E1u T—3pT 7.71 5.05 2.99 8.22 6.02 7.32 5.88 18.55 13.92

scheme sulfficiently recovers the long-range exchange intecorrectc, values in suit with the experimental valy#2.5
action that is neglected in pure exchange functionals andV),** which was estimated by Eq21) employing the ex-
consequently improves on the poor CT excitation energy esperimental IP of GF, (10.7 eJ* and EA of GH,
timate of conventional TDDFT. (—1.8 eV)* Although the HF and SAC-CI methods also
Table VI summarizes the calculated lowest CT excitationprovided large excitation energies, the limit energies of these
energies. The table shows that LC functionals estimate 1.5—&ethods are 2 to 3 eV larger than the experimental energy.
times the excitation energies obtained by p8®P, PBEOP, The validity of LC functionals was supported by tbe val-
and BLYP, AC-BOP and B3LYP functionals even &  ues that reproduce the theoretical valagel(a.u.). The table
=5.0 A. To assess the calculated CT excitation energies, thalso displays the energy differencé\e) between the
CT energy at the limit oR— (cy) was evaluated for each electron-donating orbital of £&, and the electron-accepting
method by fittingwc1(R) =cy—c¢ /R into the energy curve orbital of GH,. This Ae also indicates the CT excitation
for R=5.0—-10.0 A. The, andc, values are summarized in energy limit atR— o for each method due to E(1). Since
Table VI. The table shows that only LC functionals give Ae andc, values are close to each other except for AC-BOP

TABLE VI. The lowest charge-transfer excitation energy gHg—C,F, dimer in eV for long intramolecular distancé®) in A as calculated by TDDFT.
Calculated TDHF and SAC-CI results are also shown for comparison. An 6-8&6is set was employed in all calculations.

R LC-BOP BOP AC-BOP LC-PBEOP PBEOP LC-BLYP BLYP B3LYP HF SAC-CI Expt.
5.00 9.48 5.21 5.42 9.44 5.15 9.44 5.18 6.73 12.65 11.49

6.00 9.98 5.25 5.51 9.95 5.19 9.95 5.22 6.87 13.19 12.00

7.00 10.34 5.28 5.57 10.31 5.21 10.31 5.24 6.96 13.56 12.36

8.00 10.61 5.29 5.59 10.58 5.23 10.57 5.25 7.03 13.83 12.63

9.00 10.82 5.30 5.62 10.78 5.23 10.78 5.26 7.06 14.04 12.83 --
10.00 10.98 5.30 5.64 10.95 5.24 10.94 5.27 7.11 14.21 12.99 -
®© (=¢q)? 12.49 5.40 5.87 12.45 5.33 12.45 5.36 7.49 15.78 14.50 b12.5
c; (a.u)° 1.04 0.06 0.16 1.04 0.06 1.04 0.06 0.26 1.08 1.04 =1
A€ 12.43 5.32 5.43 12.40 5.25 12.43 5.28 7.42 15.67 14.43 b12.5

&The charge-transfer excitation energy at the limiRef: o in eV, which was estimated by fitting the functidns c,— ¢, /R, into the excitation energy curve.
bThis experimental value was estimated by using the vertical ionization potentigFef(00.7 eV} and electron affinity of gH, (— 1.8 eV).

“The valuec, in a.u., which was obtained in a.

The energy difference between the electron-donating orbital,6%, @nd the electron-accepting orbital ofl€,. The SAC-CI value was obtained by the
calculation of GH,—C,F, at R=1000 A.
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ones, the calculatefie values may support the above discus-B3LYP patrtially recovers this behavior, the improvement is
sion about the CT excitation energyRt-oo. Itis, therefore, in proportion to the mixing rate of the Hartree—Fock ex-
concluded that the LC method corrects the long-range exehange integral. It was also found that LC functionals gives
change part of pure functionals with maintaining the balancehe correct CT excitation energy at the long-range limit,

with the short-range part. while even the SAC-CI method estimates 2 eV larger exci-
tation energy. This may indicate that the LC scheme brings
V. CONCLUSIONS well-balanced short- and long-range exchange effects in ex-

change functionals.
As mentioned above, the LC scheme may be the first
bz_ipproach to have overcome three problems affecting TDDFT

lems with TDDET calculations. The LC scheme modifies ancalculations: The underestimations of the Rydberg excitation

exchange functional by combining the short-range part 0]energies, oscillator strengths, and charge-transfer excitation

exchange functional with the long-range part of the HartreeSNETYIES. Itis, _therefore, pre;umed that the poor results of
Fock exchange integral., TDDFT employing pure functionals may be due to the lack

First, the LC-TDDFT scheme was examined by calculat-Of a long-range orbital—orbital interaction in exchange func-

ing the excitation energies of typical molecules: Nitrogen,t'onals rather than a poor far-nucleus asymptotic behavior.

carbon monoxide, formaldehyde, ethylene, and benzene mol-
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