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We report how closely the KokiSham highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) eigenvalues of 11 density functional theory (DFT) functionals, respectively,
correspond to the negative ionization potentialdRs) and electron affinities (EAs) of a test set of molecules.
We also report how accurately the HOMQUMO gaps of these methods predict the lowest excitation energies
using both time-independent and time-dependent DFTHDBT). The 11 DFT functionals include the local
spin density approximation (LSDA), five generalized gradient approximation (GGA) functionals, three hybrid
GGA functionals, one hybrid functional, and one hybrid meta GGA functional. We find that the HOMO
eigenvalues predicted by KMLYP, BH&HLYP, B3LYP, PW91, PBE, and BLYP predicttlies with average
absolute errors of 0.73, 1.48, 3.10, 4.27, 4.33, and 4.41 eV, respectively. The LUMOs of all functionals fail
to accurately predict the EAs. Although the GGA functionals inaccurately predict both the HOMO and LUMO
eigenvalues, they predict the HOMQUMO gap relatively accurately~0.73 eV). On the other hand, the
LUMO eigenvalues of the hybrid functionals fail to predict the EA to the extent that they include HF exchange,
although increasing HF exchange improves the correspondence between the HOMO eigenvallie smd

that the HOMG-LUMO gaps are inaccurately predicted by hybrid DFT functionals. We find that DBT

with all functionals accurately predicts the HOMQUMO gaps. A linear correlation between the calculated
HOMO eigenvalue and the experimentalP and calculated HOMOLUMO gap and experimental lowest
excitation energy enables us to derive a simple correction formula.

Introduction a good approximation to the negative experimental ionization
potential 1P).t Similarly, it suggests that the electron affinity
(EA) for an N-electron system is equal to the negative of the
LUMO energy, assuming that the orbitals do not relax. In
general, the prediction of the EA using Koopmans’ theorem is
unreliable due to the generally large effect of orbital relaxation
on the LUMO eigenvalue. In fact, the HF LUMO energy goes
to zero in the complete basis set lifitn addition to the
'question of the effect of relaxation on the validity of Koopmans’
theorem, there has been substantial uncertainty as to the degree
of physical significance of the Kohn Sham (KS) orbitals of
density functional theory (DFT) applied within the KS frame-
work*5 and thus how well their eigenvalues correspond to
physical observablésThis question has persisted despite the
fact that DFT has become a widely used class of quantum
chemical methods because of its ability to predict relatively
accurate molecular properties at a reasonable computational cost.
application of quantum chemical methods for designing mo- Several observations lend support to the idea that the KS orbitals

lecular components that act as molecular transistors, dyes, and'€ Physically significant. First, the shape and symmetry
catalysts often produces sub par results and thus quamunpropemes of the KS orbitals have been found to be very §|mllar
chemistry’s utility has generally been limited for these endeav- (© those calculated by HFSecond, the long-range behavior of
ors12 Furthermore, methods that have been developed to the electron density of the exact KS potential res.ul'ts ina HOMO
describe phenomena involving the electronic structure and which €i9envalue equal to thelP on the electron deficient side of
use the energy levels and electronic structure predicted by!he €xact KS potential integer discontinuity and a LUMO

. b
quantum chemistry as input have been hindered by the quality &/9envalue equal to theEA on the electron abundant sidte'

of these properties provided by current quantum chemical However, cor_nmonly used DFT _exchange-correlanon f_unctlonals
methods. that are continuum approximations, such as conventional GGA

The highest occupied molecular orbital (HOMO) and lowest functionals, do not exhibit an integer discontinuity. Thus, their
unoccupied molecular orbital (LUMO) are the two most HOMO eigenvalues are shifted up from theP by half of the

important molecular orbitals. At the HartreEock (HF) level, ~ magnitude of the discontinuity and similarly their leJll\;IO
Koopmans’ theorem suggests that the energy of the HOMO is €igenvalues are shifted down fronEA by the same amouft
Furthermore, for finite systems, true KS eigenvalues corre-

*To whom correspondence should be addressed. E-mail: SPOnding to unoccupied orbitals can be directly related to
chasm@stanford.edu. excited-state energies, and the HOMOUMO gap gives a
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The molecular orbital (MO) is an important concept in
chemistry, and molecular orbital theory is employed extensively
to describe chemical behavior. Not only has MO theory become
a ubiquitous set of tools used to explain chemical behavior, such
as reactivity and kinetics, but it also provides an indispensable
conceptual construct for the description of other phenomenon
involving molecular electronic structure including charge-
transfer processes, photoexcitation, magnetism, and molecula
electronicst In fact, it is quite common to extract trends in
molecular behavior based on simple MO properties. For
example, molecules with large HOM@UMO gaps are
generally stable and unreactive; while those with small gaps
are generally reactive. Unfortunately, although MO theory is
of immense utility, commonly used DFT functionals that can
economically calculate the electronic structure of molecules may
not predict orbital energies accurately. Consequently, the
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reasonable approximation to the lowest excitation en&tgy. can be used as the HOME@QUMO gap benchmark are the
Consequently, sufficient evidence exists to establish a reasonabldollowing: the theoretical near-exact HOMQ.UMO eigen-
expectation that the KS orbitals are physically significant objects value differences determined from the correlated electron
to the extent that exchange-correlation functionals approach thedensities using the ZhadMorrison—Parr (ZMP) approach
exact exchange-correlation functional and thus provide a goodwhich was used by Allen and ToZar the experimental lowest
theoretical and practical basis for qualitative interpretation of excitation energy which was used by Dixon et*h this paper,
molecular orbitals as suggested by Baerefds. we have selected experimental data as benchmarks. The LUMO

Unfortunately, the exact exchange-correlation functional is benchmark is calculated as the negative of the experimental IP
not known. Previous studies have established that for mostplus the experimental lowest excitation energy. We use the
available exchange-correlation functionals the calculated HOMO 6-3114-G(d,p) basis sét ! for all calculations reported. We
eigenvalue differs substantially from the experimentp 19-21 test the basis set dependence of the HOMO and LUMO energies
Zhan et al. investigated the MO eigenvalues and related using the 6-311G(d,p), 6-3#¥G(d,p), 6-31#+G(d,p), and
properties with the B3LYP functional. They found that a AUG-cc-pVTZ basis sets and find that the calculated HOMO
generally applicable linear correlation exists between both the energies and TBDFT HOMO—-LUMO gaps are generally
B3LYP calculated HOMO eigenvalues and HOMOUMO insensitive to the basis set. On the other hand, the LUMO ener-
gaps and relevant experimental propertfel this paper, we gies are sensitive to the basis set for cases where the LUMO
present the results of a systematic investigation of the HOMO eigenvalues are positive. Therefore, we use the relatively eco-
and LUMO eigenvalues calculated using the functionals from nomical 6-313G(d,p) basis set as its accuracy is sufficient for
five different categories of DFT methods: LSDA, GGA, hybrid these calculations. All eigenvalues are for structures optimized
LSDA, hybrid GGA, and hybrid meta GGA methods. The using the same basis set and method. Gaussian 03 is used for
LSDA functionals depend only on the electron density; the GGA all calculations?? Analysis of the computed results and com-
functionals depend on the density as well as the gradient of theparison with experiment is used to derive simple empirical
electron density; hybrid LSDA functionals mix LDA and HF  corrections to the HOMO eigenvalues and HOMOJMO
exchange but are not gradient corrected; hybrid GGA functionals gaps.

mix LDA and HF exchange with a gradient correction 10 prFT HOMO Eigenvalues. A DFT calculation within the
exchange; the hybrid meta GGA functionals mix LDA and HF ks framework results in the eigenvalues of occupied and

exchange with a gradient correction to exchange and employ aynoccupied (virtual) orbitals. Table 1 shows the calculated
kinetic energy functional. We will write LSDA, GGA, HLSDA, oMo eigenvalues and the experimenteP*344 for the test
HGGA, and HMGGA when specifically referring to one of the et of 27 molecules. We also list the largest absolute and average
above subsets of “DFT functlé)gals - Inthis paper, we examine gpsolute errors of these calculations. By the use of the
the SVWN LSDA functionaf? the_zBSLYP, BP86, BPWIL,  gyperimental-IPs as benchmarks for the quality of the HOMO
PW91, and _PBEZQGGA functionafs, 2 the KMLYP hybrid eigenvalues of these DFT functionals, KMLYP results in an
LSDA functional’ the B3LYP, BH&HLYP, and O3LYP  5yerage absolute error in the predictedPs of 0.73 eV,
hybrid GGA functionals;2>3¢32 and the B1B95 hybrid meta  ¢y1oed by BH&HLYP with an error of 1.48 eV. SVWN
GGA functional?#33 KMLYP has been shown to accurately 53 yp B3LYP. and B1B95 predict the IPs with absolute’
predict reaction energies, activation barriers, ionization poten- o« (')f 373 5.68 3.10, and 2.86 eV, respectively. These
tials, and electron affinitie**= One aim of this Paperisto  requits are consistent with previous reports that because
compare how well the HOMO and LUMO eigenvalues cor- conventional GGA and LSDA functionals are continuum

respond to-IP and EA, respectively. Another goal is to find ¢ 5 tionals their HOMO eigenvalues are shifted upward by half
approaches to improve the accuracy of commonly used methods ¢ the integer discontinuit§1213 The HOMO eigenvalues

and to prescribe an approach for predicting accurate HOMO . : .

; predicted by hybrid functionals are generally better than those
ar_1d LUMO (_e|genva|ues anq _consequenﬂy HOMQJMO gaps predicted by nonhybrid functionals and are relatively sensitive
without relying on an_emp|r|cgl_correctlo_n. Ho_wever, we also to the fraction of HF exchange in the exchange-correlation
devglop an alternative emplrlgal relationship bet\_/veen the functional with functions with higher fractions of HF exchange
predicted HOMO and LUMO eigenvalues and their related resulting in more accurate HOMO eigenvalues. The explanation

expe_r|mer_1tal values. For example, if one could obtain a is that the hybrid functionals include a fraction of exact orbital
relationship between the calculated HOMO eigenvalues and theexchangé? The percentages of HF exchange for the five hybrid
experimental IPs, then the calculated HOMO eigenvalues COUIdfunctionaIs in this paper are as follows: KMLYP (55.7%)

be corrected empirically to predict accurate IPs. Determination BH&HLYP (50%), B1B95 (28%), B3LYP (20%), and O3LYP

of such a r_elatlonsh|p requires DFT ca_llc_ulatlor)s on a set of (11.61%). The reliatively small pércentages of I’—|F exchange in
representative molecular systems. In this investigation, we USega vp O3LYP. and B1B9S limit the accuracy of their HOMO

a set of 27 molecules for thelP and 10 molecules forlthe EA. eigenvalues. It has been shown previously that increasing the
Th.ese systems are selected because good experimental datf?action of HFE exchange improves the accuracy of both
exists to serve as benchmarks for these systems and because?tomization energies and barrier heights over non-hybrid
these molecules contain a variety of chemical bonds between

: unctionals?>~47 Note that the negative of the DFT HOMO
first and second row atoms. The test set aiso covers a range Oigenvalues predicted using the exchange-correlation functionals
molecular sizes extending from diatomic molecules to an- 9 P g 9

examined herein underestimate the experimental IPs indicating
thracene (GHso)- a systematic error in the HOMO eigenvalues.

Figure 1 shows that the correlation between the negative of
the calculated HOMO eigenvalues and the experimental IPs is
To study the accuracy of MO eigenvalues predicted by linear. We only show the correlation curves of nine DFT
different DFT functionals, we need to choose benchmarks for functionals with the relevant correlation curves for the BP86
each property. We use the negative of the experimental IP asand PBE functionals included in the Supporting Information as

the benchmark for the HOMO eigenvalue. Two candidates that the results for all five GGA functionals are very similar.

Results and Discussion
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Figure 1. Absolute value of calculated HOMO eigenvalues vs experimental IPs. The dashed line indicates an ideal 1.0 correlation between experimental
and calculated values.

TABLE 1: HOMO Eigenvalues (in electronvolts), before and after Correction Using the Correction Formula in eq 1 with
Values Given in Figure 1

SVW N BLYP BP86 BPW91 PWO1 PBE B3LYP KMLYP BH&H O3LYP B1B95 EXP

HCO -5.36 -4.96 -5.11 -5.02 -5.06 -5.00 -6.23 -8.47 -7.87 -5.62 -6.40 -9.31
CO; -9.86 -9.02 -9.23 -9.13 -9.19 -9.12 -10.50 -13.19 -12.36 -9.85 -10.80 -13.78
CoH3z -7.83 -7.01 -7.26 -7.15 -7.21 -7.16 -8.20 -10.37 -9.59 -7.68 -8.45 -11.49
H,CO -6.83 -6.24 -6.39 -6.29 -6.34 -6.27 -7.67 -10.20 -9.47 -7.00 -7.92 -10.88
CHy -9.92 -9.35 -9.52 -9.43 -9.48 -9.41 -10.76 -13.23 -1251 -10.14 -11.00 -13.60
H,CCO -6.60 -5.83 -6.05 -5.94 -6.00 -5.94 -6.96 -9.01 -8.27 -6.43 -7.16 -9.64
Cly -8.06 -7.44 -7.63 -7.52 -7.56 -7.52 -8.70 -10.91 -10.21 -8.13 -8.89 -11.49
CcO -9.63 -9.05 -9.22 -9.11 -9.15 -9.08 -10.55 -13.17 -12.43 -9.85 -10.80 -14.01
Haz -10.63 -10.35 -10.45 -10.38 -10.39 -10.32 -11.81 -14.25 -13.65 -11.16 -12.03 -15.43
N2 -10.94 -10.27 -10.4 3 -10.31 -10.37 -10.29 -12.00 -15.08 -14.22 -11.17 -12.30 -1558
O, -7.46 -7.07 -7.12 -7.04 -7.08 -6.99 -8.79 -11.85 -11.11 -7.94 -9.06 -12.30
CHsNH , -5.81 -5.29 -5.48 -5.37 -5.41 -5.36 -6.59 -8.90 -8.22 -6.02 -6.83 -9.65
CH3CH O -6.56 -5.94 -6.10 -5.98 -6.05 -5.98 -7.34 -9.86 -9.11 -6.68 -7.59 -10.24
C4HA,O -6.35 -5.54 -5.77 -5.66 -5.73 -5.67 -6.53 -8.33 -7.62 -6.05 -6.72 -8.90
HF -10.27 -9.59 -9.72 -9.62 -9.69 -9.60 -11.53 -15.04 -14.09 -10.67 -11.97 -16.12
CoHy -7.44 -6.57 -6.82 -6.72 -6.79 -6.74 -7.66 -9.66 -8.89 -7.18 -7.91 -10.6 8
C4H2 -7.25 -6.41 -6.67 -6.57 -6.62 -6.58 -7.49 -9.48 -8.73 -7.01 -7.70 -10.17
CsHe -7.03 -6.11 -6.39 -6.29 -6.36 -6.31 -7.08 -8.85 -8.10 -6.77 -7.18 -9.25
CioHs -6.18 -5.29 -5.57 -5.46 -5.53 -5.48 -6.15 -7.74 -7.04 -5.86 -6.23 -8.14
Ci4H10 -5.67 -4.80 -5.07 -4.96 -5.03 -4.99 -5.58 -7.04 -6.36 -5.30 -5.64 -7.40
H>O -7.80 -7.14 -7.30 -7.19 -7.26 -7.18 -8.79 -11.75 -1091 -8.05 -9.12 -12.6 2
H2S -6.80 -6.11 -6.34 -6.24 -6.29 -6.25 -7.28 -9.37 -8.66 -6.81 -7.50 -10.50
HCI -8.60 -7.88 -8.12 -8.01 -8.06 -8.02 -9.22 -11.60 -10.84 -8.68 -9.49 -12.74
NaCl -5.91 -5.15 -5.32 -5.19 -5.31 -5.26 -6.31 -8.48 -7.73 -5.77 -6.48 -9.80
NH3 -6.55 -5.98 -6.18 -6.07 -6.12 -6.07 -7.35 -9.81 -9.08 -6.78 -7.64 -10.82
HCOO H -7.65 -6.98 -7.13 -7.02 -7.10 -7.02 -8.44 -11.12 -10.32 -7.74 -8.72 -11.50
SO -8.79 -8.04 -8.23 -8.12 -8.20 -8.12 -9.46 -11.99 -11.21 -8.81 -9.71 -1250

errors before correction
largest error 5.85 6.53 6.40 6.50 6.43 6.52 4.59 1.32 2.07 5.45 4.15
average error 3.73 4.41 4.22 4.32 4.27 4.33 3.10 0.73 1.48 3.68 2.86

errors after correction
largest error 1.35 1.31 1.36 1.37 1.34 1.36 0.85 0.62 0.66 1.02 0.82
average error 0.62 0.53 0.56 0.56 0.56 0.57 0.37 0.24 0.25 0.45 0.33

The negative of the calculated HOMO energies of the 11 eigenvalues. The linear correlation implies that Koopmans’
functionals investigated and especially KMLYP and BH&HLYP identification of the HOMO energy with the negative IP is
exhibits a high degree of linear correlation with the experimental approximately correct and is thus evidence that the HOMO
IPs, indicative of a simple, systematic error in these HOMO eigenvalues calculated by DFT have physical significance for
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TABLE 2: LUMO Eigenvalues (in electronvolts)?2
SVWN  BLYP BP86 BPW91 PW91 PBE B3LYP KMLYP BH&HLYP O3LYP B1B95 exp

CoH» -1.02 -0.36 -0.50 -0.37 -0.48 -0.43 0.33 1.03 1.03 0.06 0.80 -6.26
CHy -0.31 -0.09 0.13 0.21 -0.15 -0.01 0.26 0.88 0.88 -0.12 0.73 -2.70
CcO -2.77 -2.09 -2.23 -2.12 -2.19 -2.14 -1.16 0.33 0.41 -1.44 -0.56 -7.61
H> 0.59 1.01 1.12 1.25 1.00 1.10 1.56 2.53 2.58 1.32 2.16 -3.63
HF -0.86 -0.64 -0.31 -0.23 -0.60 -0.44 0.05 1.23 1.14 -0.30 0.79 -5.82
CeHs -1.85 -1.10 -1.32 -1.19 -1.28 -1.23 -0.48 0.57 0.76 -0.71 -0.18 -4.53
CioH g -2.75 -1.95 -2.19 -2.07 -2.15 -2.10 -1.40 -0.44 -0.19 -1.63 -1.14 -4.15
CiaH 10 -3.34 -2.50 -2.76 -2.64 -2.72 -2.67 -2.03 -1.18 -0.90 -2.24 -1.79 -4.09
HO -0.51 -0.17 0.05 0.19 -0.15 -2.31 0.52 1.71 1.69 0.28 1.25 -5.52
NH3 -0.50 -0.19 -0.00 3 0.13 -0.26 -0.11 0.30 1.14 1.16 -0.01 0.88 -5.10

a2 The experimental benchmarks are subtracted from the experimental ionization potential and lowest excitation energy.
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Figure 2. Calculated LUMO eigenvalues (in electronvolts) vs experimental results. The experimental result is determined from the difference
between the experimental IP and the experimental lowest excitation energy. The dashed line indicates an ideal 1.0 correlation between experimental
and calculated values.

quality exchange-correlation functionals. Of practical conse- HOMO energies are improved modestly from their already
quence is the fact that from the linear correlation curves we relatively accurate prediction of IP, the HOMO energies of alll
can extract a linear correction equation for the calculated HOMO other functionals are significantly improved by their respective
energies to obtain more accurate predictions of the IP. The empirical corrections.

parameters for each functional for the correction formula shown  peT |LyMO Eigenvalues. In this paper, the experimental

below are given in Figure 1: benchmark for the LUMO eigenvalue is determined by taking
—HOMO,,, = A+ B x (~HOMO,,,) ) the difference between the experimental ionization potential and
corr ca the experimental lowest excitation energy (approximately the

Here, HOMQor is the corrected HOMO energy, and HOMO ~ HOMO—LUMO gap):434*Because of the scarcity of accurate

is the calculated HOMO eigenvalue, Although this empirical €xPerimental excitation energies, we only list comparisons
correction is a simple linear correlation, it significantly improves Petween the LUMO energies and the set of 10 molecules (Table
the accuracy of functionals with significant differences between 2)- The calculated LUMO eigenvalues are shown in Table 2.
the HOMO energies andIPs. We show the largest and average Compared with the HOMO resullts, the errors in the LUMO
absolute errors of corrected HOMO energies in Table 1 and €igenvalues are significantly larger with the calculated LUMO
the corrected HOMO energies in the Supporting Information. €igenvalues being much higher in energy than those determined
The average absolute energy differences between the correcte@xperimentally. As expected, the virtual orbitals are generally
HOMO energies and-IPs range from 0.24 eV for KMLYP to ~ more difficult to describe theoretically than the occupied orbitals.
0.62 eV for SVWN, whereas the uncorrected differences Figure 2 shows the calculated LUMO energies vs the LUMO
between the HOMO energies andPs ranged from 0.73 eV benchmark energies determined using the experimental IP and
for KMLYP to 4.41 eV for BLYP. Although the KMLYP lowest excitation energy. The data exhibits almost no correlation,
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TABLE 3: HOMO —LUMO Gaps Calculated Directly from the Energy Difference between the HOMO and LUMO
Eigenvalues, before and after Correctiof

SVWN BLYP BP86 BPW91 PW9l PBE B3LYP KMLYP BH&HLYP O3LYP B1B95 exp

CoH» 6.81 6.66 6.75 6.79 6.73 6.73 8.53 11.39 10.62 7.74 9.26 5.23
CHgy 9.60 9.26 9.64 9.64 9.32 9.40 11.02 14.11 13.40 10.03 11.73 10.9
CcoO 6.86 6.96 6.99 6.99 6.96 6.94 9.39 13.51 12.84 8.41 10.24 6.4
H, 11.22 11.36 11.56 11.63 11.39 11.43 13.37 16.78 16.23 12.48 14.18 11.8
HF 9.41 8.95 9.41 9.39 9.09 9.16 11.59 16.26 15.23 10.37 12.75 10.3
CeHe 5.18 5.01 5.07 5.09 5.09 5.08 6.60 9.42 8.86 6.06 7.01 4.72
CioHs 3.43 3.34 3.37 3.39 3.38 3.38 4.75 7.30 6.85 4.23 5.09 3.99
Ci4H10 2.34 2.30 2.31 2.32 2.32 2.32 3.55 5.86 5.47 3.06 3.85 3.31
H,0 7.29 6.97 7.35 7.39 7.11 7.16 9.31 13.47 12.60 8.33 10.37 7.1
NH3 6.05 5.79 6.17 6.20 5.86 5.96 7.65 10.95 10.24 6.77 8.51 5.72
errors before correction
larges t error 1.58 1.64 1.52 1.56 1.58 1.50 3.30 7.11 6.44 2.51 4.03
average error 0.73 0.76 0.72 0.72 0.74 0.73 1.63 4.96 4.29 1.03 2.35
errors after correction
larges t error 1.71 1.71 1.60 1.62 1.72 1.69 1.68 2.28 2.23 1.71 1.87
averag e error 0.71 0.73 0.71 0.72 0.73 0.72 0.85 1.00 0.95 0.83 0.92

aEquation 1 with values given in Figure 3.

most likely because the calculated LUMO is not accurate and corresponds only weakly to the measured EA of the molecule.
experimental benchmarks are not direct measurements of theA possible solution to the inability of LUMO energies to predict
LUMO eigenvalue, because of extensive relaxation of the the EA is the use of TBDFT to predict HOMO-LUMO gaps
occupied orbitals. Consequently, the DFT calculated LUMO from which a prediction for the EA is obtained by adding the
energies and the experimentally derived LUMO energies show HOMO energies to the HOMGLUMO gaps.
little correlation. Although a direct calculation of the LUMO Figure 3 shows HOM@LUMO gaps calculated from the
energies leads to large errors, the LUMO eigenvalue might be difference in HOMO and LUMO eigenvalues and the experi-
calculated more correctly by first calculating the HOMO mental lowest excitation energies. The linear correlation coef-
LUMO gap and then subtracting the HOMO eigenvalue. This ficients are not as high as those determined for the HOMO,
calculation is more robust because both the HOMO and gap although a linear correlation relationship is apparent. Conse-
are well defined and of physical significance, which in turn quently, we can empirically correct the calculated HOMO
might lead to improvement in the accuracy of the calculated LUMO gaps. Table 3 lists the absolute errors for corrected
LUMO. results with the corrected values reported in the Supporting
HOMO —LUMO Gaps. The HOMO-LUMO gaps calcu- Information. This simple correction decreases both the largest
lated directly as the difference in HOMO and LUMO eigen- errors and average errors, with the average unsigned errors
values using the 11 DFT functionals are reported in Table 3. It predicted within approximately 1 eV of the experimental gap
is immediately apparent that the HOMQUMO gaps of the while the averagencorrectedunsigned errors are as large as 5
two nonhybrid functionals (LSDA, GGA) are notably better than eV. After correction, the residual error is still significant. As
those calculated using hybrid functionals (HLSDA, HGGA, mentioned above, to describe the gap accurately, time-dependent
HMGGA). Our results for GGA are consistent with those of (TD) calculations are required. With TD calculatid{s we
Allen and Tozer who found that GGA HOMELUMO gaps obtain excitation energies directly, rather than as the indirect
accurately reproduced the theoretical benchmark, although theybyproducts of solving the secular equation using a basis set that
did not examine non-GGA functionalAlso, of the five hybrid provides a set of virtual orbitals and eigenvalues. We perform
functionals, the B3LYP, O3LYP, and B1B95 HOMGQ.UMO time-dependent DFT (TBDFT) calculations using the same
gaps are markedly better than those of KMLYP and BH&HLYP. basis set to determine the lowest excitation energy. The
These results indicate that there is in effect an anticorrelation excitation energy of the first singlet excited state is a reasonable
between the accuracy of the HOMQUMO gaps and the approximation to the HOMOLUMO gap14~17 This definition
accuracy of the HOMO energies of DFT functionals. The two of the HOMO-LUMO gap has a more physical essence than
hybrid functionals (KMLYP and BH&HLYP) perform signifi-  that calculated directly from the energy difference between
cantly worse than other functionals for calculating HOMO  HOMO and LUMO eigenvalues. From the excitation energies
LUMO gaps, while they were significantly more accurate in calculated this way and the calculated HOMO eigenvalues, we
predicting HOMO eigenvalues. Consequently, it is the fact that can determine the LUMO eigenvalues. Therefore, to calculate
KMLYP and BH&HLYP have small errors in their predicted LUMO energies, we shall first calculate HOMO eigenvalues
HOMO eigenvalues and significant errors in their LUMO and then use TBDFT to calculate the HOMOGLUMO gaps
eigenvalues that results in their less accurate HGMOMO and thus obtain the LUMO eigenvalues as the HOMO energies
gaps. On the other hand, the three hybrid functionals B3LYP, plus the HOMG-LUMO gaps.
O3LYP, and B1B95 have moderate accuracy because they have Table 4 shows the HOMOLUMO gaps (lowest excitation
low percentages of HF exchange. These results are consistenenergies) calculated using HDFT. The TD-DFT HOMO—
with the idea that even the true exchange-correlation functional LUMO gaps are significantly better than those determined from
would lead to a poor prediction for both the LUMO and the energy differences between the HOMO and LUMO eigen-
HOMO—-LUMO gap because the LUMO is a poor physical values. In contrast to the directly calculated HOMOJUMO
description of the EA. The difficulty lies in the difference gaps, the differences between ¥DFT gaps calculated with
between the definition of the LUMO, a virtual orbital and thus different functionals are small. For instance, although KMLYP
a purely theoretical entity, and the electron affinity, an experi- and BH&HLYP gaps calculated as the orbital energy differences
mentally measured property. Thus, although the LUMO eigen- were the most inaccurate, TD-KMLYP and HBH&HLYP
value and the electron affinity are related, the LUMO eigenvalue predict relatively good HOM©LUMO gaps with errors of 1.38
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Figure 3. Calculated HOMG-LUMO gaps (in electronvolts) vs experimental lowest excitation energies. The dashed line indicates an ideal 1.0
correlation between experimental and calculated values.

TABLE 4: HOMO —LUMO Gaps (in electronvolts) Calculated Using TD-DFT Before and After Correction Using the
Correction Formula?

SVWN BLYP BP86 BPW91 PW9l1 PBE B3LYP KMLYP BH&HLYP O3LYP B1B95 exp

CoH» 7.90 6.76 7.67 7.65 7.43 7.50 6.88 8.61 8.19 7.33 8.00 5.23
CH4 9.70 9.39 9.71 9.72 9.43 9.51 9.96 10.93 10.61 9.51 10.20 10.9
CcO 8.21 8.17 8.20 8.21 8.19 8.18 8.41 8.78 8.72 8.35 8.44 6.4
Ha 12.38 12.63 12.61 12.74 12.69 12.64 12.89 13.22 13.23 12.88 12.95 11.8
HF 9.63 9.15 9.58 9.57 9.29 9.36 9.90 11.26 10.80 9.52 10.30 10.3
CeHe 6.96 5.34 6.80 6.83 6.56 6.68 5.37 5.84 7.22 6.68 7.06 4.72
Ci0Hs 4.12 4.18 4.02 4.04 4.04 4.04 4.34 4.87 4.75 4.30 4.46 3.99
CiH10 2.92 3.02 2.87 2.88 2.88 2.88 3.20 3.73 3.64 3.11 3.29 3.31
H,O 7.55 7.23 7.54 7.59 7.37 7.41 7.76 8.71 8.39 7.58 8.07 7.1
NH3 6.20 6.02 6.26 6.33 6.14 6.16 6.46 7.25 7.01 6.31 6.73 5.72
errors before correction
largest error 2.70 1.77 2.47 2.45 2.23 2.30 2.01 3.41 2.99 2.13 2.80
Avera ge error 1.07 0.84 1.05 1.08 1.04 1.05 0.87 1.38 1.37 1.09 1.15
errors after correction
largest error 2.08 1.73 1.88 1.85 1.96 1.91 1.53 2.02 1.68 2.00 1.79
avera ge error 0.98 0.78 0.94 0.95 0.97 0.97 0.68 0.69 0.79 0.93 0.86

aEquation 1 with values given in Figure 4.

and 1.37 eV, respectively. Also notice that most of the calculated LUMO gaps indicate that prediction of MO energies is expected
gaps are larger than the experimental gaps, indicating ato be reliable. It can be seen that, after correction, the errors in
systematic error that might be corrected. the corrected HOM©LUMO gaps range from 0.71 to 1.00
The TD-DFT calculated gaps plotted vs experimental €V for the 11 functionals while the errors for the corrected TD
excitation energies shown in Figure 4 indicate that the linear HOMO—LUMO gaps range from 0.68 to 0.98 eV. Thus,
correlations between calculated results and experimental resultgredicting HOMO-LUMO gaps using time-independent DFT
are appreciably better than those calculated using time-and our linear correction formula seems to be an alternative
independent DFT which should increase the utility of the linear route to TD-DFT for accurate predictions of the lowest
correction equation. Again, the linear correlation is likely due €xcitation energy.
to the definition of the calculated HOMELUMO gap using
TD—DFT being more consistent with the physical process. This
results in errors that are more systematic. Table 4 shows the In this paper, we have reported HOMO and LUMO eigen-
errors for the corrected HOMEGLUMO gaps with the corrected  values predicted employing 11 DFT functionals. We use the
values tabulated in the Supporting Information. The small errors negative of the experimental ionization potential and the lowest
in the corrected HOMO eigenvalues and corrected HOMO  experimental excitation energy to compare with the calculated

Conclusions
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Figure 4. TD—DFT calculated HOMG-LUMO gaps (in electronvolts) vs experimental lowest excitation energies. The dashed line indicates an
ideal 1.0 correlation between experimental and calculated values.

HOMO eigenvalue and the HOMELUMO gap. We find that to correct the calculated results. As has been shown, the DFT-
the KMLYP and BH&HLYP HOMO energies predict the most  calculated HOMO and LUMO eigenvalues are generally less
accurate—IPs with errors of 0.73 and 1.48 eV, respectively. sensitive to the basis s&tSo although these correction formulas
The B1B95, B3LYP, and O3LYP hybrid functionals include are based on results using the 6-3W(d,p) basis set, they
less HF exchange and result in errors in their HOMO energies should be similar to results one might obtain using a different
of 2.86, 3.10, and 3.68 eV, respectively. The HOMO eigenvalues basis set. After correction, the errors in the HOMO energies
predicted by hybrid functionals are better than those predicted over our 27 molecule test set range from 0.24 to 0.62 eV. The
by nonhybrid functionals with the pure DFT methods resulting average error in the corrected HOMQUMO gaps ranges from
in errors in the HOMO energy ranging from 3.73 to 4.41 eV. 0.71to 1.00 eV while the errors for the corrected TD HOMO
On the other hand, after an empirical correction, all 11 LUMO gaps range from 0.68 to 0.98 eV. This implies that the
functionals result in accurate HOMO eigenvalues with errors corrected HOMG-LUMO gaps are as accurate as the ¥D
ranging from 0.24 to 0.62 eV. The calculated LUMO eigen- DFT and corrected TBDFT gaps. In conclusion, all 11
values of all 11 functionals are considerably larger than the functionals predict accurate HOMO orbital energies when
experimental EAs as a result of the poor description of virtual corrected and accurate HOM@QUMO gaps either by using
orbitals by time-independent quantum chemical methods. How- TD—DFT or by empirically correcting the HOMOGLUMO
ever, the predicted HOMOGLUMO gaps by nonhybrid func- energy differences. Accurate LUMO orbital eigenvalues can be
tionals are relatively accurate with errors ranging from 0.72 to obtained by adding the corrected HOMO energies to the
0.76 eV. Unfortunately, the large fraction of HF exchange in corrected or TB-DFT HOMO—-LUMO gaps. Thus, these
KMLYP and BH&HLYP that results in accurate HOMO methods can be powerful tools for the prediction of MO
eigenvalues degrades the accuracy of the LUMO eigenvalues,eigenvalues and may be useful for simulation of molecular
thus resulting in inaccurate HOME&@.UMO gaps. Conse-  electronics and for understanding charge transfer in photoex-
quently, KMLYP and BH&HLYP have errors in their HOMO citation and redox chemistry.
LUMO gaps of 4.96 and 4.29 eV. The smaller percentage of
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