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Representative atomic and molecular systems, including various inorganic and organic molecules with covalent
and ionic bonds, have been studied by using density functional theory. The calculations were done with the
commonly used exchange-correlation functional B3LYP followed by a comprehensive analysis of the calculated

highest-occupied and lowest-unoccupied Kel®ham orbital (HOMO and LUMO) energies. The basis set
dependence of the DFT results shows that the economicalH&3basis set is generally sufficient for
calculating the HOMO and LUMO energies (if the calculated LUMO energies are negative) for use in
correlating with molecular properties. The directly calculated ionization potential (IP), electron affinity (EA),
electronegativity ), hardnessi), and first electron excitation energy) @re all in good agreement with the

available experimental data. A generally applicable linear correlation relationship exists between the calculated
HOMO energies and the experimental/calculated IPs. We have also found satisfactory linear correlation
relationships between the calculated LUMO energies and experimental/calculated EAs (for the bound anionic

states), between the calculated average HOMO/LUMO energies\aldes, between the calculated HOMO
LUMO energy gaps ang values, and between the calculated HOMQJMO energy gaps and experimental/

calculated first excitation energies. By using these linear correlation relationships, the calculated HOMO and

LUMO energies can be employed to semiquantitatively estimate ionization potential, electron affinity,
electronegativity, hardness, and first excitation energy.

Introduction

Density functional theory (DFT) following the approach of
Kohn and Shai® has proven to be an important tool in modern
guantum chemistry because of its ability to include some effects
of electron correlation at a greatly reduced computational
cost345Within the Kohn-Sham (KS) framework of DFT, the

KS orbitals are a mathematical object used to build the electron

density of the chemical system. With the constructed density
and the Hohenberg and Kohn theorehme can calculate a
range of chemical properties of interest.

Recently, the question of the physical meaning of the KS
orbitals for the exact KS functional has drawn considerable
attention. Perdew et llshowed for an atom of nuclear charge

—IP (Z—1<N<2

Z that
{—EA (Z<N<Z+1) @

with IP the ionization potential, EA the electron affinity, a

continuous variable representing the total number of electrons,

andu = 9E/aN the first derivative of the total energ{g) with
respect td\, the chemical potential. Earlier, Janak provedthat

@)

wheren; is the occupation number of the KS orbita] and
€i is the corresponding KS orbital energy. On the basis of

€ = oE/on,
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egs 1 and 2, Perdew et al. obtaifed

| {

in which emax represents the maximum occupied KS orbital
energy. This equation has been interpreted as showing that the
highest occupied KS orbital energy of &helectron system
represents the negative of the exact ionization potential within
exact KS density functional theofy1? In subsequent work,
Kleinmart314 argued that this was not correct and that the IP
should not be exactly equal to the highest occupied molecular
orbital eigenvalue. In a response to the Kleinman work, Perdew
and Levy showed that eq 3 holds and that this can be derived
without Janak’s theorem. They also clearly stated that

—IP Z-1<N<2
—EA (Z<N<Z+1)

max (3)

€

&=—1,Z-1<N<2)

and concluded that “the exact highest-occupied KeBham
eigenvalue is minus the ionization energy of tBelectron
system”. However, they no longer stated the relationship
between EA andez. In fact, they stated that for an exact
exchange-correlation potential there is a derivative discontinuity
at N = Z Because of the discontinuity @E/oN, i.e. u, eq 1
clearly shows thatt = —IP whenZ — 1 < N < Zandu =
—EA whenZ < N < Z + 1. However, right aN = Z, u takes
the average valugi.e.,u = —(IP + EA)/2. Analogously, when
Z—1 <N < Z, emaxin eq 3 represents the energy of one KS
orbital corresponding to the HOMO of th&electron system,
whereas wheiZ < N < Z + 1, emax represents the energy of
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another KS orbital corresponding to the LUMO of thelectron range of molecules from new photolithographic polymers for
system or the HOMO of theZ(+ 1)-electron system. Thus, at  the production of semiconductdf¢o biomolecules for neuro-
N = Z, there is a sudden change in the highest occupied KS toxins?” Such TD-DFT calculations have a strong dependence

orbital. To generalize eq 3 for the caseMf= Z, emaxin €9 3 on the orbital energies. We are also interested in developing
must be replaced by the average of the highest-occupied KScomputational approaches for predicting the likelihood of
orbital energies whed — 1 < N < Zand whenZ < N < Z + polymerization reactions based on e e schemé2%and such

1 for the exact KS function&l Perdew and Levy further noted models also require good orbital energies. The results obtained
that most exchange-correlation functionals are continuous from previous investigations led us to examine whether the KS
approximations and cannot give the correct derivative discon- orbital energies determined by a commonly used exchange-
tinuities for integem yielding poor orbital energies. As noted  correlation functional can be used to develop generally ap-
by us® and others® there are a variety of approaches to address plicable empirical correlation relationships between the KS
this problem including the use of the self-interaction correction orbital energies and related properties. For example, if we could
(SIC) or optimized effective potential (OEP). assume a linear relationship between the KS orbital energies
The focus of the present study is not to address the issue ofdetermined by the “exact” KS potential and those by a
the proof of the ionization potential theorem within the “exact” commonly used exchange-correlation functional, then the KS
KS DFT, as the “exact” functional is still unknown, but to see  HOMO energies calculated by using the commonly used
how well a typical approximation widely used by the chemical functional could be corrected empirically to reproduce the
community works. Previous work has shown that the orbital experimental IPs. Finding such a relationship requires the ability
energies from practical KS DFT computations are strongly to perform practical DFT calculations on a variety of representa-
dependent on the approximation used for the exchange-tive chemical systems.
correlation functional. The current work builds on our previous  we focus on the HOMO and LUMO energies in order to
work where we presented a more detailed theoretical analysisdetermine if correlations with interesting molecular/atomic
of DFT orbital energies, for example, in terms of the optimized properties and chemical quantities exist. In simple molecular
effective potential, self-interaction correction, and the asymptotic orhital theory approaches, the HOMO energysio) is related

behavior of the exchange-correlation potential. Indeed, the tg the IP by Koopmanns' theorem and the LUMO energy
previous work has shown that the difference between the HOMO (GLUMO) has been used to estimate the electron aff”'“ty (EA) If

and LUMO orbital energies corresponds more closely to the —, J,.0 ~ IP and—e_uuo ~ EA, then the average value of
first excitation energy as compared to the difference in the the HOMO and LUMO energies is related to the electronega-
ionization potential and the electron affinity. For almost all of tivity (y) defined by Mulliked® with = (IP + EA)/2. In
the commonly used exchgnge-correlation functionalg, the nega-5qdition, the HOMG-LUMO gap is related to the hardnesg¥
tive of the HOMO energy is not close to the exact IP, in contrast gng also as an approximation to the first electron excitation
to the results of HartreeFock (HF) theory for which Koop-  energy ¢). The electronegativity and hardness are of course
mans’ theorem is valid’ used extensively to make predictions about chemical behavior.
Although the IP given by the negative of the DFT HOMO  For example, the electronegativity is a key factor affecting the
energy with typical exchange-correlation functionals is usually parameter§) ande in the Q—e schemé for the interpretation
too small, it has been shown that the KS orbitals can be relatedof the reactivity of a monomer containing a double bond in
to experimental IPs by a constant skfPolitzer et al. showed  free-radical copolymerizations. THg—e scheme has proven
that the experimental IPs for 9 monosubstituted benzeneto be remarkably useful and continues to be the only general
derivatives linearly correlate with both the HF HOMO energies reactivity scheme in use tod&§With above definition for the
and the DFT HOMO energié8.In addition, by comparing the  electronegativity, the negative of the electronegativity is the

KS orbital energiesd®) with the HF orbital energiese[\"), chemical potential ()3? defined as the first derivative of the
Stowasser and Hoffman found a linear relationship|t5? - total energy with respect to the number of electrons. We note
eiHF| VS eiHF.ZO that the relationship between the electronegativity and the

To improve the agreement of the HOMO energy with the chemical pOtential is in terms of the exact ionization pOtentia'
first IP, new functionals and approximations for the KS potential and electron affinity, not in terms of an approximation for the
have been tested which account for the effects of self- IP and EA based on the orbital energies as usually done. A
interaction?-22 which is ignored in all of the commonly used ~ goal of this paper is to investigate how well the approximation
functionals. It has been demonstrated that, with the self- based on orbital energies actually works. The hardness, defined
interaction correction included, the negative of the calculated as the second derivative of the total energy, together with the
HOMO energies are much closer to the corresponding first IPs concept of electronegativity and the principle of equalization
and the calculated HOMOLUMO gaps are also closer to the  of electronegativitied} 36 has been used to develop the principle
first electronic excitation energies. These investigations also of hard and soft acids and bas&s*' For example, hardness
demonstrated an excellent linear correlation between the oc-has also been applied to explain aromaticity in organic
cupied orbital energies determined by including the self- compounds?
interaction correction and those determined by the commonly  We have developed linear correlation relationships which can
used functionals in which the self-interaction correction is be used to semiquantitatively estimate these fundamental
ignored. In addition, Chong et & have performed DFT  properties/quantities (i.e., IP, EA, 5, and7) based on the
calculations by using an approximate exchange-correlation calculated HOMO and LUMO energies. For comparison, in this
functional obtained with the “statistical average of (model) study, we also evaluated the IP and EA by performing direct
orbitals potential (SAOP)” and found that the calculated negative total energy calculations on the ionic systems. The appropriate
of the occupied KS orbitals are also close to the correspondinguse of the directly calculated IP and EA givgsand 5. A
experimental IPs. detailed comparison of the calculated results with the available

We are particularly interested in exploiting time-dependent experimental data shows the reliability of the developed linear
DFT (TD-DFTY> to predict the UV-visible spectra of a wide  correlation relationships.
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Calculation Method are generally less sensitive to the basis set as compared to the
corresponding HartreeFock (HF) calculations starting from a
good quality basis set such as aug-cc-pVTZ. In the previous
work,!® orbital energies calculated with the aug-cc-p\W\TZ
basis set were reasonably well-converged in terms of the addition
of more diffuse orbitals. Thus, the HOMO and LUMO energies
calculated with the aug-cc-pV L basis set can be used as a
benchmark to examine whether one can use a smaller basis set,
such as the 6-3tG* basis set, to obtain HOMO and LUMO
nergies for developing correlations with molecular properties.
e note that in the previous stuéfguite small molecules were
used and there was no issue in terms of the computational
resources needed, whereas we are interested in developing
correlations for much larger molecular systems where a smaller
basis set is needed in order to perform efficient computations.
The calculated results are collected in Tables 1 and 2 together
with available experimental data. Note that the calculated
vertical IP and EA values listed in the tables were determined
from the total energy calculations on the neutral and ionic
systems. A least-squares fit for all of the 52 systems between
the —enomo values calculated using the 6-BG* basis set and
the larger basis set (LBS), i.e., the aug-cc-pWIZ (or
6-311+G(2df+1 for Ca), gave a nearly perfect linear correlation
relationship

Geometries of all of the molecules considered in this study
were fully optimized by using gradient corrected DFT with
Becke’s three-parameter hybrid exchange functional and the
Lee—Yang—Parr correlation functional (B3LYP3and with the
6-31+G* basis set* Analytic second derivative calculations,
which yield the harmonic vibrational frequencies, were per-
formed at the optimized geometries to ensure that the optimized
geometries are minima on the potential energy hypersurface (all
real frequencies). To examine the basis set dependence of th
DFT HOMO and LUMO energies, we also performed single-
point energy calculations on the neutral systems using the
B3LYP functional with a larger basis set, denoted by aug-cc-
pVTZ+1, for all elements except Ca. Here, the notation aug-
cc-pVTZ+1, as used previously, refers to the aug-cc-pvVTZ
correlation-consistent basis €sugmented with an additional
set of diffuse functions (i.e., diffuse s, p, and d functions for H
and diffuse s, p, d, and f functions for other elements) whose
orbital exponents were determined by geometric extrapolation
from the standard aug-cc-pVTZ basis $eFor Ca, the aug-
cc-pVTZ basis set is not available, so we used the standard
6-311+G(2df) basis séf*¢ augmented with a set of diffuse s,

p, d, and f functions. This augmented basis set is denoted by
6-311+G(2dfH+1. The aug-cc-pVTZ1 or 6-31HG(2dfH+1
basis set was also used to perform single-point energy calcula- _ _ _

tions on some of the anionic states to examine the basis set €omio = 1-001f€houo(LBS)] — 0.050 eV (4)
dependence of the calculated EAs. All of the B3LYP/aug-cc-
pVTZ+1 (or B3LYP/6-31H#G(2dfH+1 for Ca) calculations
were performed by using the geometries of neutral systems
optimized at the B3LYP/6-3tG* level.

The energies, E(M) and E(M"), of the ionic states of each
system M were calculated at the B3LYP/6+3&* level by
using the geometry of the neutral system optimized at the
B3LYP/6-314+G* level. Hence, the IR= E(MT) — E(M) and
EA = E(M) — E(M™) values determined by these DFT energy
calculations are the vertical ionization potential and vertical
electron affinity from the bottom of the potential well of the
neutral, respectively. In addition, TD-DFT calculatiéheere
performed at the B3LYP/6-32G* level to theoretically deter-
mine the first excitation energy, i.e., the lowest excitation energy,
accounting for both singlet and triplet excited states. The
calculated TD-DFT first excitation energy is given & in

with a correlation coefficienR of 0.9998 and a root-mean-
square deviation (RMSD) of 0.049 eV. This correlation is given
in Figure 1a. For convenience, throughout the discussion in this
paper, all of the calculated results refer to those calculated at
the B3LYP/6-31#G* level unless specified otherwise (with LBS

in a parentheses).

As seen in Figure 1b, the correlation between theuvo
values calculated using the 6-BG* basis set and those
calculated using the larger basis set is not good when all of the
52 molecules/atoms are included. The largest difference is
associated with the noble gas atom, Ne. This is not surprising
as noble gases do not bind electrons. Very diffuse functions
would be necessary for describing the resonant anion states of
the noble gas systems, so the 6+&3* basis set is not adequate
for noble gas systems. The large difference for Ar is consistent
the tables. with this result. The second largest difference is associated with

The electronegativity and hardness evaluations are all basecgz’ and here, the difference is due to the fact that the 631

on the commonly used finite difference approximation, leading asis set for H is actually the 6-31G basis set and does not
104 = (IP + EA)/2 andy = IP — EA. Thus, withy = (IP + include any polarization or diffuse functions. Clearly, the 6-31G

i ) basis set is too small to correctly reproduce the LUMO energy
EAr?{Sinar']c??] - IfP th EA’Ith? fﬂcTE\te%{darédAn %ﬁ I:near th for the hydrogen molecule. Other molecules associated with
fo a otslno de ca (iu ate b'a " ’ fthe eas the large differences in the LUMO energies include HRCHNH;z,
rﬁggtea[;rlr]sgr?dein 77 aré linear combinations of the experi- 4 CH. Their—e_umo values are calculated to be very negative
. it _ *
Al of the calculations were performed by using the Gaussian (Or eLumo very positive) at the B3LYP/6-31G™ level, whereas

7 the corresponding B3LYP/aug-cc-pV¥#A results have the
7 .
98 prograrf’ on a 16-processor SGI Origin 2000 computer. opposite sign. So, the 6-315* basis set is insufficient for

calculating the LUMO energies of these molecules. However,

as clearly shown in Figure 1b, all of the calculated positive
Basis Set Dependence of the DFT Result8efore exploring —eLumo values (for 41 molecules) show an excellent linear

any correlation of the DFT HOMO/LUMO energies with  correlation relationship

molecular properties, we need to understand the basis set

dependence of the HOMO/LUMO energies. Previous DFT —€.umo = 1.0729F€, ymo(LBS)] — 0.181 eV  (5)

calculation$® tested a series of correlation-consistent basis sets,

starting from the cc-pVTZ, and aug-cc-pVTZ basis sets and with R = 0.991 and RMSD= 0.089 eV. These results show

added 1 to 3 additional sets of diffuse functions (each set consistshat a small basis set can be used for calculating the LUMO

of s, p, and d shells or s, p, d, and f shells), labeled as aug-cc-energy of a molecule at the DFT level if the LUMO energy

pVTZ+1, aug-cc-pVTZA2, and aug-cc-pVTZ3. The calcu- calculated using that basis set is negative. Among the 52

lated HOMO and LUMO energies indicate that the DFT results molecules listed in the tables, 11 molecules are estimated to

Results and Discussion
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TABLE 1: Experimental and Calculated lonization Potential (IP), Electron Affinity (EA), Electronegativity ( y = (IP + EA)/2),
Hardness @ = IP — EA), First Electronic Excitation Energy (), Negative of HOMO Energy (—enomo), Negative of LUMO
Energy (—eLumo), Negative of Average HOMO/LUMO Energy (—(enomo + €Lumo )/2 = yui), and HOMO —LUMO Energy Gap
(eLumo — €Homo = HL) IN eV

expt? calc’

atom or molecule IP EA X n T IP EA X n 71D -€EHOMO -€LUMO YHL NHL
1.Be 9.323 2.724 9.110-0.232 4439 9.342 2105 6.285 1.373 3.829 4.912
2. Mg 7.646 2710 7.729-0.233 3.748 7.962 2.610 5.300 0.929 3.115 4371
3.Ca 6.113 0.025 3.069 6.088 1.880 6.150 0.006 3.078 6.144 1.917 4.208 0.999 2.604 3.208
4. Ne 21.565 16.62 21.834-6.831 7.502 28.665 17.388 15.69%+4.139 5.776 19.830
5. Ar 15.760 1155 15.840-2.630 6.605 18.470 11.098 11.6630.944 5.360 12.607
6. LiCl 10.01 0.59 5.30 942 10.050 0.717 5.383 9.333 4.251 6.887 1.690 4.289 5.197
7. LiBr 9.31 0.66 4.99 8.65 9.510 0.746 5.128 8.764 3.897 6.542 1.731 4.136 4.811
8. NaCl 9.20 0.73 4.97 8.47 9.320 0.873 5.096 8447 3.278 6.270 2.103 4.187 4.167
9. NaBr 8.3 0.79 455 751 8.900 0.890 4.895 8.010 3.054 6.034 2.122 4.078 3.912
10. KCI 8.3 058 4.44 7.72 8.680 0.746 4.713 7.934 3.157 5.688 1.781 3.735 3.907
11. KBr 789 0.64 427 7.25 8.290 0.776 4533 7.514 2940 5476 1.806 3.641 3.670
12. HNC 12.5 12.260—1.299 5.481 13.559 5.666 8.980 0.040 4.510 8.940
13. HCN 13.60 13.670—1.756 5.957 15.426 5.804 10.086 0.204 5.145 9.882
14. Li, 5.113 5372 0.385 2878 4.987 0.978 3.627 1.434 2.530 2.193
15. Na 4.892 0.43 2.661 4.462 5252 0419 2835 4.833 0.959 3,578 1521 2550 2.057
16. Ky 4.062 0.497 2.280 3.565 4275 0.469 2.372 3.806 0.614 2.894 1408 2.151 1.486
17.CO 14.104 6.3 14.230-1.283 6.474 15.513 5.814 10.533 1.197 5.865 9.336
18.CQ 13.773 13.838—-0.922 6.458 14.760 7.376 10.471 0.561 5.516 9.909
19. H, 15.426 11.8 16.653—5.771 5.441 22.424 10.582 11.8092.724 4.543 14.532
20. LiH 7.9 0.342 4.121 7.558 3.2 8.283 0.408 4.346 7.875 2.700 5.322 1.318 3.320 4.004
21. HF 16.03 10.3 16.278-3.875 6.201 20.153 9.789 11.4530.992 5.231 12.444
22. N\ 15.581 7.8 15.841—-1.903 6.969 17.744 6.942 11.950 1.127 6.539 10.823
23. HO 12.621 7.1 12.700—2.938 4.881 15.638 7.146 8.6880.678 4.005 9.365
24. NHg 10.07 5.7 10.829—-2.302 4.264 13.131 6.003 7.289-0.457 3.416 7.745
25.CH, 14.40 10.9 14.176 —1.906 6.135 16.082 9.704 10.739-0.463 5.138 11.202
26. HG=CH 11.400 5.2 11.276—1.435 4920 12.711 4959 8.069-0.401 3.834 8.470
27. CH=CH, 10.514 4.4 10.487—1.772 4.357 12.259 4.052 7.546 0.218 3.882 7.328
28. CH=CH-C(O)OH 10.60 10.723—-0.302 5.211 11.025 3.483 8.034 1.872 4953 6.161
29. CH=CH—-C=N 10.91 10.689 —0.226 5.231 10.915 3.317 8.158 1.964 5.061 6.193
30. Ch=CH—-CH=CH; 9.082 8.803 —0.846 3.979 9.649 2771 6.520 1.095 3.807 5.424
31. CH=C(CN)CH; 10.34 10.102 —0.253 4.924 10.355 3.166 7.744 1.790 4.767 5.954
32. CH=CH—-C(O)OCH; 9.9 10.184 —0.190 4.997 10.374 3.394 7.713 1900 4.807 5.813
33. CH=C(CH;)C(O)OCH; 9.7 9.779 —0.513 4.633 10.292 3.374 7.487 1470 4.478 6.018
34. GHs—CH=CH; 8.43 8.224 —0.433 3.895 8.657 2.849 6.316 1.286 3.801 5.030
35. CHC(O)O-CH=CH; 9.19 9.559 —1.119 4.220 10.678 3.862 7.130 0.791 3.961 6.339
36. CH=CHCI 9.99 9.966 —1.415 4.275 11.381 3.863 7.363 0.594 3.978 6.770
37. CH=CCl, 9.79 9.805 —0.975 4.415 10.780 3.673 7.432 0.947 4.190 6.485
38. CH;CH=CH;, 9.73 9.700 —1.610 4.045 11.310 4.051 7.0580.099 3.480 7.158
39. CH=C(CHg): 9.58 9.200 —1.489 3.856 10.689 3.998 6.7570.107 3.325 6.864
40. CH=C(CH;)CH=CH, 8.84 8.604 —0.795 3.905 9.399 2.827 6.428 1.034 3.731 5.393
41. CH=CH—-CH=0 10.103 9.997 —-0.058 4.969 10.055 3.038 7.396 2.209 4.803 5.188
42. CH=C(CH;)CH=0 9.92 10.994 —0.086 5.454 11.080 3.126 7.336 2.064 4.700 5.272
43. CH=C(CN), 11.38 11.019 1.098 6.059 9.921 2.889 8.746 3.188 5.967 5.559
44, CH=CH—-C(O)CH; 9.64 9.567 —0.130 4.718 9.697 3.042 7.145 2.001 4.573 5.144
45. CHCH,O—CH=CH, 8.8 8.621 —1.499 3.561 10.120 3.819 6.2030.304 2.950 6.507
46. CH=CH—-C(O)NH, 9.5 9.798 —0.585 4.606 10.383 3.587 7.240 1.403 4.322 5.837
47. CH=CH—-CH,—OH 9.67 9.871 —1.303 4.284 11.174 4.032 7.450 0.486 3.968 6.964
48. CH=CH—CsH3N¢ 8.6 8.510 —0.231 4.139 8.741 2.887 6.564 1.543 4.053 5.022
49. CH=C(CH;)C(O)OH 10.15 10.066—0.284 4.891 10.350 3.266 7.691 1.766 4.728 5.925
50. CHh=CH—-0OCH; 8.93 8.749 —1.469 3.640 10.218 3.816 6.2560.254 3.001 6.510
51. CH=CHF 10.363 10.464—1.627 4.418 12.091 4.133 7.532 0.190 3.861 7.343
52. CR=CRk, 10.12 10.537 —1.126 4.706 11.663 4.334 7.627 0.215 3.921 7.412

a Experimental IPs and EAs from ref 48 unless indicated otherwise. Experimental electron excitation energies from ref 15 and references therein.
b All calculations were performed at the B3LYP/6-BG* level. 7rp corresponds to the lowest excitation, either singlet or triglExperimental
vertical ionization energy for CHrom ref 49. Note that for Chithe experimental adiabatic ionization energy of 12.61 eV (ref 48) or 12.78 eV (ref
51) is significantly lower than the corresponding experimental vertical ionization energy because its cationic structure considerablyndiffers fr
neutral structure (ref 51).2-Vinylpyridine.

have positive LUMO energies when the 643&* basis set is linear correlation relationships between the or ny_ values
used, whereas only 2 have slightly positive LUMO energies calculated using the smaller and larger basis sets for all of the
(0.225 eV for Ne and 0.044 eV fordiwhen the large basis set 41 molecules whose LUMO energies are estimated to be
is used, suggesting that larger basis sets are needed for theseegative at the B3LYP/6-32G* level
molecules.

The HOMO and LUMO energies can be used to estimate Zn = 0.983§,, (LBS) + 0.013 eV (6)
the electronegativityy), hardnessi), and first electron excita-
tion energy f) from the expressiong. = —(enomo + €Lumo)/2 with R = 0.998 and RMSD= 0.055 eV and
andyuL = €Lumo — €Homo (See below for detailed discussion)
wherery. = 7. From eqs 4 and 5, one can expect satisfactory 7 = 1.0207,, (LBS) — 0.070 eV (7)
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TABLE 2: Electron Affinity (EA), Negative of HOMO Energy ( —enomo), Negative of LUMO Energy (—e.umo ), Negative of
Average HOMO/LUMO Energy (—(€nomo T €Lumo)/2 = xui), and HOMO —LUMO Energy Gap (€Lumo — €Homo = L) in EV
Calculated at the B3LYP/Aug-cc-pVTZ+1//B3LYP/6-31+G*, or B3LYP/6-311+G(2df)+1//B3LYP/6-31+G* for Ca, Level

EA —€HOMO —€LUMO XHL MHL
atom or molecule calc. expt. calc. calc. calc. calc.

1. Be 6.320 1.417 3.868 4.903
2. Mg 5.296 0.920 3.108 4.376
3.Ca 0.108 0.025 4.196 1.026 2.611 3.169
4. Ne 15.663 —0.225 7.719 15.889
5. Ar 11.682 0.101 5.891 11.580
6. LiCl 0.685 0.59 6.902 1.641 4.271 5.261
7. LiBr 0.729 0.66 6.571 1.716 4.143 4.855
8. NaCl 0.848 0.73 6.287 2.061 4.174 4.226
9. NaBr 0.876 0.79 6.076 2.106 4.091 3.970
10. KCl 0.669 0.58 5.798 1.689 3.743 4.110
11. KBr 0.717 0.64 5.584 1.753 3.668 3.831
12. HNC 9.050 0.515 4.782 8.536
13. HCN 10.146 0.416 5.281 9.730
14. Lip 0.415 3.593 1.438 2.516 2.155
15. Na 0.429 0.43 3.556 1.507 2.531 2.048
16. Ky 0.494 0.497 2.895 1.425 2.160 1.469
17.CO 10.551 1.219 5.885 9.332
18.CQO 10.461 0.694 5.577 9.767
19. H, 11.812 —0.044 5.884 11.855
20. LiH 0.446 0.342 5.232 1.366 3.299 3.866
21. HF 11.495 0.790 6.143 10.705
22. N\, 11.961 1.105 6.533 10.856
23. HO 8.799 0.730 4.765 8.069
24. NH; 7.429 0.561 3.995 6.867
25.CH, 10.752 0.317 5.535 10.435
26. HC=CH 8.201 0.170 4.185 8.031
27. CH=CH, 7.655 0.368 4.012 7.287
28. CH=CH—-C(O)COH 8.021 1.953 4.987 6.068
29. CH=CH—-C=N 8.221 2.063 5.142 6.158
30. CH=CH—-CH=CH, 6.605 1.207 3.906 5.398
31. CH=C(CN)CH; 7.800 1.886 4.843 5.914
32. CH=CH—-C(O)OCH; 7.743 1.976 4.860 5.766
33. CH=C(CHs)C(O)OCH; 7.537 1.546 4.541 5.991
34. GHs—CH=CH, 6.390 1.398 3.894 4.991
35. CHC(0)O—CH=CH, 7.175 0.860 4.018 6.315
36. CH=CHCI 7.414 0.728 4.071 6.686
37. CH=CCl, 7.456 1.063 4.260 6.393
38. CHCH=CH, 7.139 0.301 3.720 6.838
39. CH=C(CHh) 6.841 0.389 3.615 6.453
40. CH=C(CH;)CH=CH, 6.521 1.148 3.834 5.373
41. CH=CH-CH=0 7.401 2.278 4.840 5.123
42. CH=C(CHs)CH=0 7.346 2.130 4.738 5.215
43. CH=C(CN), 1.1810 8.790 3.262 6.026 5.528
44. CH=CH—-C(O)CH; 7.162 2.067 4.614 5.095
45. CHCH,0—CH=CH; 6.322 0.374 3.348 5.949
46. CH=CH—C(O)NH, 7.291 1.626 4.459 5.664
47. CH=CH—-CH,—OH 7.494 0.600 4.047 6.894
48. CH=CH—CsH3NP 6.640 1.653 4.146 4.987
49. CH=C(CHs)C(O)OH 7.747 1.841 4.794 5.906
50. CH=CH—0OCH; 6.378 0.362 3.370 6.016
51. CH=CHF 7.615 0.340 3.977 7.275
52. CB=Ck, CF=CR 7.575 0.498 4.037 7.077

aExperimental EAs from ref 48. Experimental electron excitation energies from ref 15 and references tt&kimylpyridine.

with R = 0.999 and RMSD= 0.095 eV. It is not surprising  anionic system whose electron charge distribution becomes
that the correlations become worse if the 11 molecules with much more diffuse and requires the use of a larger basis set
positive LUMO energies are included in the fits as shown in (usually including at least one set of diffuse functions), whereas
Figure 1, parts ¢ and d. The excellent linear relationships eqsthe IP is related to a cationic system. We expect that the
4—7 clearly indicate that it does not matter whetherthgono, 6-31+G* basis set is adequate for predicting the IPs of neutral
—€Lumo, XHL, andzny. values calculated by using the 6-BG* molecules as confirmed by their agreement with the correspond-
basis set or those calculated by using the larger basis set aréng experimental data (see Table 1) but is probably too small
used for exploring possible correlations with molecular proper- to predict EAs for a number of molecules. As shown in Table
ties for the molecules whose LUMO energies calculated with 1, the DFT calculations at the B3LYP/6-3G* level predict
the 6-31-G* basis set are negative. that only 12 of the 52 molecules are associated with positive
The calculated EAs are expected to be much more sensitiveEAS, whereas the other 40 anions are predicted to be unbound.
to the basis set than the corresponding IPs. For the neutralThese 12 EA values are all close to the corresponding EAs
molecules considered in this study, the EA is related to the (Table 2) calculated by using the larger basis set. As shown in
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Figure 1. Plot of the—enomo (8), —eLumo (b), xHu (), andyu (d) values calculated using the 6-BG* basis set versus those calculated using the
larger basis set (LBS). The circles and solid triangles refer to the data associated with the positive and-negati@-31+G*) values, respectively.

Figure 2, we obtained a satisfactory linear relationship between
these two sets of EA values

EA.= 1.0557EA,(LBS) — 0.041 eV ®)

calc

with R = 0.985 and RMSD= 0.049 eV. In addition, we also
tested the B3LYP/aug-cc-pVHZL calculations on some of the
unbound anions to examine the calculated negative EAs. For
the anions examined, the EAs predicted at the B3LYP/aug-cc- Y
pVTZ+1 level have the same signs as the corresponding EAs
predicted at the B3LYP/6-31G* level, but the magnitudes of
the calculated negative EAs are significantly reduced, and we
found no satisfactory linear correlation between the two sets of
negative EA values. So, our discussion of the correlation about
EAs must be limited to the positive EA values corresponding
to bound anionic states.

lonization Potential. We have collected in Tabll a total
of 52 representative molecular/atomic systems for which the
experimental IE8~51 is available, including various inorganic

cale

15 ———— e e e
- O =
1 — —
05 —
0 0 .
: —y=-0.040575 + 1.0557x R= 0.98497 :
: X=EAcaIc (LBS); y=EACE|C ]
05 RS R SR S RS S S S S T
-0.5 0 0.5 1

EA  (LBS)

calc

1.5

and organic molecules and including compounds with covalent Figure 2. Plot of the electron affinities calculated using the 6+&*

and ionic bonds. A survey of Table 1 reveals that the directly

basis set versus those calculated using the larger basis set.

calculated vertical IPs are, on the whole, in good agreementthe HOMO energies, i.e;€nomo, calculated with both the
with the corresponding experimental IPs, but the negatives of smaller and larger basis sets are all systematically smaller than
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TABLE 3: Comparison of the Experimental Data? with the Results (All in eV) Calculated by Using the Empirical Linear
Relationships egs 7, 10, 13, 16, and 19 for lonization Potential (IP), Electron Affinity (EA), Electronegativityy), Hardness §),

and First Electronic Excitation Energy (r)

EA X U r

atom or molecule calc. expt. calc. expt. calc. expt. calc. expt. calc. expt.
1.Be 8.666 9.323 3.103 2.724
2. Mg 7.383 7.646 2.602 2.710
3.Ca 5.961 6.113 0.133 0.025 2.923 3.069 6.370 6.088 1.524 1.880
4. Ne 20.915 21.565 16.931 16.62
5. Ar 15.670 15.760 10.236 11.55
6. LiCl 9.450 10.01 0.554 0.59 5.148 5.30 9.575 9.42
7. LiBr 9.000 9.31 0.579 0.66 4.946 4.99 8.953 8.65
8. NaCl 8.646 9.20 0.806 0.73 5.013 4.97 7.915 8.47
9. NaBr 8.339 8.30 0.817 0.79 4.869 4.55 7.504 7.51
10. KCI 7.888 8.30 0.609 0.58 4.416 4.44 7.496 7.72
11. KBr 7.612 7.89 0.625 0.64 4.292 4.27 7.115 7.25
12. HNC 12.175 12.5
13. HCN 13.616 13.60
14. Lip 5.204 5.113
15. Na 5.140 4.892 0.451 0.43 2.851 2.661 4516 4.462
16. K; 4.250 4.062 0.382 0.497 2.324 2.280 3.596 3.565
17.CO 14.198 14.104 7.204 6.3
18.CQ 14.117 13.773
19. H 15.860 15.426 12.020 11.8
20. LiH 7.412 7.9 0.327 0.342 3.868 4.121 7.653 7.558 2.261 3.2
21. HF 15.396 16.03 10.085 10.3
22. N\, 16.043 15.581 8.582 7.8
23. O 11.795 12.6 7.231 7.1
24. NH; 9.973 10.07 5.729 5.7
25. CH, 14.466 14.40 8.933 10.9
26. HG=CH 10.989 11.400 6.401 5.2
27. CH=CH, 10.313 10.514 5.342 4.4
28. CH=CH—-C(O)OH 10.943 10.60
29. CH=CH—-C=N 11.105 10.91
30. CH=CH—CH=CH, 8.972 9.082
31. CH=C(CN)CH; 10.566 10.34
32. CH=CH—C(O)OCH; 10.525 9.9
33. CH=C(CH;)C(O)OCH; 10.231 9.7
34. GHs—CH=CH, 8.706 8.43
35. CHC(0)O—CH=CH, 9.766 9.19
36. CH=CHCI 10.070 9.99
37. CH=CCl, 10.160 9.79
38. CHCH=CH, 9.672 9.73
39. CH=C(CH) 9.280 9.58
40. CH=C(CH;)CH=CH, 8.852 8.84
41. CH=CH-CH=0 10.113 10.103
42. CH=C(CH;)CH=0 10.034 9.92
43. CH=C(CN), 11.871 11.38
44. CH=CH-C(O)CH; 9.786 9.64
45. CHCH,0—CH=CH, 8.559 8.8
46. CH=CH—-C(O)NH, 9.909 9.5
47. CH=CH—-CH,—OH 10.183 9.67
48. CH=CH—CsH3N¢ 9.029 8.6
49. CH=C(CH;)C(O)OH 10.497 10.15
50. CH=CH—-OCH; 8.628 8.93
51. CH=CHF 10.290 10.363
52. CR=CF, 10.413 10.12
RMSD 0.366 0.064 0.159 0.242 0.846
R (correlation coefficient) 0.993 0.953 0.987 0.991 0.978

a Experimental IPs and EAs from ref 48 unless indicated otherwise. Experimental electron excitation energies from ref 15 and references therein.

b Experimental vertical ionization energy for Giftom ref 49.¢ 2-Vinylpyridine.

the experimental and calculated IPs. By performing a least- determined by eq 10 are listed in Table 3 for comparison with
squares fit for all of the 52 systems, we obtain an excellent the experimental data. We also found a similar, excellent linear
linear correlation relationship between the experimental IPs and correlation relationship between the directly calculated IPs and
each set of the calculatedenomo Values, i.e.

IP,,.,= 1.3042F €,000(LBS)] + 0.411 eV

expt

with R = 0.993 and RMSD= 0.360 eV and

IP, = 1.3023( € 0m0) + 0.481 eV

expt

with R = 0.993 and RMSD= 0.366 eV. The IP values

9)

(10)

—enomo Values

1P

calc

= 1.3124( €, 00) + 0.514 eV

(11)

with R = 0.989 and RMSD= 0.454 eV. These linear
correlations are shown in Figure 3.

Electron Affinity. Only 10 of the 52 molecules/atoms under

consideration have a postitive electron affinity (EA) value as
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EAs, and the theory predicts additionally that land CH=
C(C=N), will bind an electron. The calculatede, ymo values

are systematically larger than the corresponding experimental
and calculated EAs, but we found a satisfactory linear relation-
ship between the available experimental data and each set of
the calculated-¢ ymo values, i.e.

EA = 0.6580F € 0(LBS)] — 0.543 eV (12)
with R = 0.952 and RMSD= 0.064 eV and
EA = 0.6091¢ € o) — 0.475eV  (13)

with R=0.953 and RMSD= 0.064 eV. For all of the systems
whose anionic states are bound, we also found a similar linear
relationship between the calculated EA and yvo values

EA .= 0.4781(€ yuo) — 0.213 eV (14a)

with R=0.889 and RMSD= 0.130 eV. With the larger basis
set, we obtained

EA.,(LBS) = 0.4583[ ¢, 0 (LBS)] — 0.169 eV (14b)

with R=0.927 and RMSDB= 0.099 eV. The low value dRin

both cases for the relationship between the LUMO and EA is

in part due to the small spread in the values of the EA.
Electronegativity. As noted above, with the finite difference

approximation, we havg = (IP + EA)/2. Thus, we have

“experimental”y values for the 10 systems whose experimental

EAs are available. Because the calculated IPs and EAs are all

in good agreement with the corresponding experimental IPs and

EAs, it is not surprising that the calculatgd/alues are also in

good agreement with the available experimentally deriyed

values. In addition, the negative of the calculated average

HOMO/LUMO energies, i.eyn. = —(enomo + €Lumo)/2, are

also close to the experimentally derived and calculgtealues.

The reasonable agreement of the calculgtgdvalue withy is

due to some cancellation of errors; the calculatedomo value

is systematically smaller than the IP, whereas the calculated

—eLumo Vvalue is systematically larger than the EA. As shown

in Figure 5, we found a linear correlation relationship between

the available experimentally derivedvalues and each set of

the calculategy. values, i.e.

Yexp= 1.3192, (LBS) — 0.511 eV (15)
with R = 0.986 and RMSD= 0.167 eV and
Yexp= 1.320%,, — 0.516 eV (16)

with R = 0.987 and RMSD= 0.159 eV. We also found an
approximate linear relationship between the calculgtedand
x values for all of the 52 systems

Yeaic = 1.059¢,, + 0.330 eV a7
with R = 0.935 and RMSD= 0.369 eV. Equation 17 is not
as good, as shown in Figure 5c, becaysks derived from
both the IP and the EA. The negative EA component is difficult

identified by experiment. A negative EA value as listed in Table to determine accurately for unbound anionic states as noted
1 simply means that the anionic state is unbound. The calculatedabove, although the IP component can be determined reliably.
EAs are all in good agreement with the available experimental Nevertheless, the magnitudes of the absolute EA values are
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Figure 4. Plot of the experimental electron affinities versus the
—eLumo Vvalues calculated using the 6-8G* (b) and larger (a) basis
sets.

generally much smaller than those of the corresponding IP
values. Thus, the accuracy of the calculaféslis dominated
by that of the calculated IPs, rather than that of the EAs, giving
an overall correlation that is still reasonable.

In addition, there is a satisfactory linear correlation relation-
ship between calculategl values and thee parameter used
in the Q—e schemé? Such a linear relationship combined
with eq 17 gives a satisfactory linear relationship between the
e parameter and the calculatgd, values. TheQ parameter
used in theQ—e scheme also correlates with the calculgged
values and reaction energies. The detailed results for the
determination of theQ and e parameters have been reported
elsewheré?

Hardness. As the electronegativity is the average of the
IP and EA, the hardnesgj) is also determined by IP and
EA, throughn = IP — EA, based on the finite difference
approximation. Thus, we also have “experimentaltalues
for the same 10 systems. It is not surprising that the DFT-
calculatedy values are also in good agreement with the avail-
able “experimental’n values as shown in Table 1. The
calculated HOMG-LUMO energy gaps, i.egu. = €Lumo —
€nomo, are systematically smaller than the “experimental”

Zhan et al.
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Figure 5. Plot of the experimentally derived (a and b) and calculated
(c) electronegativitiesy) versus theyn. values fn = —(enomo +
€Lumo)/2) calculated using the 6-31G* (b and c) or larger (a) basis

and calculatedy values. We found an excellent linear relation-
ship between the available “experimentgl’values and each
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set of the calculategy values, i.e. 10 —— ————TTT——7———

Nexpt = 1.5724p, (LBS) + 1.282 eV (18) I @ 0

with R = 0.993 and RMSD= 0.215 eV and -
Nexpt = 1.611%,, +1.201eV (19) -

BV)

with R=0.991 and RMSDBG= 0.242 eV. A similar, satisfactory Ch I
linear relationship exists between the calculatgdandy values
for all of the 52 systems

ne)qn

o= 1.3343), + 2.347 eV (20)

with R = 0.991 and RMSD= 0.580 eV. These linear y=1.2819+1.5724x R=0.99253

correlations are depicted in Figure 6. The linear correlation [ x=n,, (LBS)y=n_,
between the calculateg. and » values, i.e., eq 20, is ol e
significantly better than that between the calculatgd andy 0 2 4 6 8 10
values, i.e., eq 17, for all of the 52 systems, despite the fact n,, (V) (LBS)

that bothy ands are derived from the same IP and EA values.

The better linear correlation between the calculaggdandy 10—
values may be partly due to a cancellation of systematic errors
in the calculated IP and EA values and also in the calculated
HOMO and LUMO energies for the determination of thg
values.

Electronic Excitation Energy. The experimental first elec-
tron excitation energyr] is available for 15 systems as shown
in Table 1. The results obtained from the TD-DFT calculations
are, on the whole, in good agreement with the available
experimental data. We can also compare the calculated HOMO &
LUMO energy gaps, i.e.yu. = €Lumo — €Homo, With the 4
available electron excitation energies. As shown in Table 1, the
calculatedyy, values are systematically larger than the corre-
sponding experimentalvalues. A reasonable linear relationship 2
exists between the available experimentalalues and each
set of the calculategy,. values:

T
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=
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1.1539),, (LBS) — 2.575 eV (21) o ) . . . 0
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with R = 0.961 and RMSD= 1.138 eV and

Toxpr= 0.92697,, — 1.450 eV (22) el L A

with R = 0.978 and RMSD= 0.846 eV. A similar linear
relationship exists between the calculateahd . values for
all of the 52 systems

715 = 0.8616),, — 1.393 eV (23)

20

@

with R = 0.965 and RMSD= 0.757 eV. These linear 315
correlations are shown in Figure 7, along with a linear <
relationship between the experimental and calculatgdalues
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10
Toxpr= 0.985%, — 0.455 eV (24)

i 5 & —y=2.3465+ 1.3343x R=0.99102
with R = 0.992 and RMSD= 0.509 eV. o X cyen,
Conclusion oL v v b v b e b b b

0 5 10 15 20 25 30

We have performed a series of DFT calculations by using a
commonly used exchange-correlation functional, B3LYP, on a N, V)
variety of representative molecular/atomic systems, including Figure 6. Plot of the experimentally derived (a and b) and calculated
various inorganic and organic molecules with covalent and ionic (¢) hardnessr() values versus the HOMELUMO energy gapsifu.)
bonds. The basis set dependence of the DFT results has beef@lculated using the 6-31G* (b and c) or larger (a) basis set.
examined, particularly for the HOMO and LUMO energies. We those using a much larger basis set (i.e., aug-cc-p¥I}ZWe
obtained a general, nearly perfect linear correlation between thedemonstrated a very simple rule for determining whether a small
HOMO energies calculated by using the 6+33* basis set and basis set is adequate or not for calculating the LUMO energy



4194 J. Phys. Chem. A, Vol. 107, No. 20, 2003 Zhan et al.

A B e LA B s s s e s s B e s B B s s e 25 UL AL DL LN B B AL BB R
I (a) —y=-25747 +1.1539x R=0.96065 i - (b) i
r x=n_ (LBS); y=t__ i [ ——y=-1.4499 + 0.92691x R= 097847 ]
expl
20 - 20 = -1
i ] r inHL' y_Texpt T
s [ 1 :
2 I ]
-3 i ] o i 1
[T + E & i ]
10 C ] 10 | .
5 _— __ 5 —
0 P YN TR N NN TN T Y SN NN T Y Y SN AN TN SO SN T Y SO N SO 1 0 r N T N 9
0 5 10 15 20 25 0 5 10 15 20 25
n,, (eV) (LBS) N, V)
20
A L m o e o e o e B e e LA S e m s s e N L
£ (c) ] r (d) .
I ——y=-1.3929 + 0.86164x R=0.96474 4 |  ———y=0.45499 + 0.9859x R=0.99226 i
- e - — R . (o]
20 X=nH|_’ y_TTD - B X_TTD' y_Texpt 1
- - 15 — —
i o ] i ]
15 - 1 B 1
- 4 % - .
2 i ] S10F i
= L N £ I T
" 10 | ] s _
. - PW - -
L ] 5 e
5 | - L 4
i ] o .
0 L O v e b Ly 1 0 [ P SR T R N S SR TR TR N NN SO SN S N TR T S i
0 5 10 15 20 25 0 5 10 15 20
n, @v) T (V)
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