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The absolute hardness in density functional theory (DFT) is discussed, emphasizing the charge-transfer
excitation interpretation. Direct evaluation from the computed ionization potential and electron affinity is
intrinsically problematic when the affinity is negative; the calculated affinity exhibits a strong basis set
dependence, becoming near zero as diffuse functions are added. An alternative Koopmans-based approximation
using local functional eigenvalues uniformly and significantly underestimates the hardness. A simple correction
to the Koopmans expression is highlighted on the basis of a consideration of the integer discontinuity. The
resulting hardness expression does not require the explicit computation of the affinity and has a straightforward
interpretation in terms of the electronegativity. The correction eliminates the underestimation and gives hardness
values that do not degrade as the electron affinity becomes more negative. For systems with large negative
affinities, the values are an improvement over those from the other approaches. The success can be traced to
an implicit, unconventional approximation for the electron affinity, which outperforms the standard approach
when the affinity is significantly negative and which does not break down as the basis set becomes more

diffuse.
1. Introduction betweenE andN.
In the conceptual approach to density functional theory (DFT), [°— A°
chemical properties are identified as response functions of the n° = 2 (2)
electronic energ¥ with respect to the number of electroNs
and the external (i.e., due to the nuclei) potent{a) or b_oltlh.1*5 wherel° andA° are the experimental vertical ionization potential
Chemical concepts such as electronegatiiftiardnes8; ** and and electron affinity, respectively; the need for vertical quantities

softness;'%*2which are often defined on an empirical basis, (efiects the differentiation at the constant external potential in
thus acquire a mathematical definition, permitting their calcula- gq 1. Throughout this study, all ionization potentials and electron
tion from first ;?rln0|ples. A series of chemical principles such  jtfinities (calculated and experimental) refer to vertical rather
as Sanderson's electronegativity equalization printipdnd  han adiabatic quantities. The hardness is therefore (half) an
Pearson's hard and soft acids and t;ases. (HSABY and exact charge-transfer (CT) vertical excitation energy between
maximum hardness principles (MHP}® receive theoretical  q identical, infinitely separated molecules. A large number
justification (f_or an overview, see ref 6). A recent derivation of experimental hardness values have been compiled and used
the HSAB principle has been presented by Ayérs. by Pearsof?17-19

The absolute hardness is an important quantity, as it serves “The patural way to approximate the hardness in DFT is to

as input in HSAB and MHP studies of chemical reactivity and  gyg|yate it directly from the calculated ionization potential and
stability. The concept was introduced by Pearson in the 1960s g|actron affinity as

within the framework of the classification of Lewis acids and

based. The absolute hardnesswas quantified by Parr and _1—A
Pearson as the second derivative of the electronic energy of the =" 3)
system with respect to the number of electrons at a constant
external potential! where | and A are obtained from total electronic energy
calculations on the\ — 1, N, andN + 1 electron systems at
1(82E) " the neutral geometry
) P

2\oN?) oy | =Ey_; — Ey 4)

The operational definition of the exact, absolute hardness is A=E,— Ey, (5)

obtained by finite difference, assuming a quadratic relationship

" : : In the context of excitations, this represents a “delta SCF”
. ?gz"eis@g’gﬂ?r']’gn a?:ultjio(rgj 1|_E;ma||: fdeprof@vub.ac.be  (F.D.P.); approximation to the CT excitation in eq 2. The experimental
“tUniversity of Durham. ionization potential is positive and can typically be reproduced

*Vrije Universiteit Brussel. to within a few tenths of an electronvolt by standard DFT
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functionals. A positive experimental electron affinity indicates In a recent study’ we demonstrated that the failure of local
that the anion is stable with respect to electron loss, and in suchfunctional TDDFT to describe CT excitations between infinitely
cases, the affinity, and thus the hardness, can generally beseparated systems can be attributed to the influence of the integer
calculated to a similar accuracy. It is important to observe, discontinuity in the exact exchange-correlation potential. It
however, that the highest occupied molecular orbital (HOMO) follows that the same analysis explains the failure of the
eigenvalue is often positive for atomic and small molecular Koopmans approximation, eq 6 (TDDFT), to represent the exact
anions, and this has been discussed in terms of self-interactionhardness, eq 2 (CT). In section 2, we summarize the analysis
error20-23 A positive eigenvalue formally corresponds to a and use it to highlight a simple correction to eq 6. The resulting
nonnormalizable, continuum orbital, although in practice, the hardness expression does not require the explicit computation
orbital is constrained to be normalized by the finite basis set. of the electron affinity and has a simple interpretation in terms
Note that this does not imply that expanding the basis set of the electronegativity. In section 3, the expression is used to
through the addition of diffuse functions would cause the calculate the hardness of 14 small molecules, which have
electron to completely leave the system because this would raiseincreasingly negative experimental electron affinities. Results
the energy to that of the neutral species, which would be are compared with those determined using egs 3 and 6, together
energetically unfavorable. As demonstrated by Jarecki and with experimental values from eq 2. A scheme for computing
Davidson?* particular care is required when performing and negative electron affinities is highlighted. Conclusions are
interpreting calculations on bound anions. Specifically, they presented in section 4.

demonstrated that accurate numerical evaluation of K&imam

matrix elements involving diffuse basis functions leads to a 2. Theory

negative HOMO eigenvalue inf-whereas it had previously
been calculated to be positive.

In many cases, the experimental electron affinity is negative
rather than positive, as measured by electron transmission
spectroscopy method®26 Such systems pose a fundamental
problem; the anion is unstable with respect to electron loss and
cannot be described by a standard DFT ground-state total energ
calculation (or, indeed, a ground-state calculation from any
electronic structure method). In practice, medium-sized basis

Using an ensemble treatment, Perdew &€ dlave demon-
strated that a plot of the exact electronic energy vs the number
of electrons comprises a series of straight-line segments. The
derivative discontinuities at integ& lead to integer disconti-
nuities in the exact exchange-correlation potential. The exact
potentials on the electron deficient and electron abundant sides
%f the integer, denotedy. and vy, respectively, differ by
some system-dependent positive constags at all points in

: . . . space
set DFT calculations on the anion do give energies above that P

of the neutral species so reasonable estimates for the negative T =A @)
affinity can be obtained. However, this simply reflects an XC  7Xe xc

artificial binding of the electron by the finite basis set. The
e o e et o o Tl it groUp MOIGCUSS1For expermrtal and
energy becomes close to that of the neutral spec,ieS' the electror\{allues corresponding to the removal of an electron from the
affinity becomes near zero, and the hardness beé:oniés HOMO. and _the addition of an electron 1o the LUMO,
’ . respectively, it can be showhthat the HOMO eigenvalue

See refs 22 and 2731 and references therein for further . . R
discussion. This basis set dependence makes3 e less- associated with the exaefc is
attractive approach for calculating the hardness of a system with - _
a significant negative experimental electron affinity, although €Homo —
it is often used in studies of chemical reactivity.

An alternative DFT approximation, originating from Koop-
mans’ theoreni?33is

whereAxc is typically on the order of several electronvolts for

1° 8

(this condition has been widely discussed; for example, see refs
40—47) and the LUMO eigenvalue associated with the exact
Uxc IS

€LumMo ~ €HoMO
R ©) &lovo = —A° (9)

wheree umo and eqomo are Kohn-Sham one-electron eigen- Equatic_ms 8 and 9 are exact DFT ana!qgues of the original,
values associated with the lowest unoccupied molecular orbital @PProximate Koopmans theoréftin the spirit of eq 6, the exact
(LUMO) and the HOMO, respectively, from an approximate hardness, eq 2, is given by

DFT calculation on the neutral species. Unless otherwise stated, N _

we shall assume that all KohtSham eigenvalues in the present o _ €Lumo ~ €Homo
study are associated with local exchange-correlation approxima- = 2

tions, such as generalized gradient approximations (GGA). In

the context of excitations, eq 6 then repres#rtse adiabatic Now, consider local exchange-correlation functionals such as
time-dependent DFT (TDDFT) approximation to the CT excita- GGA, which do not exhibit an integer discontinuity; they are
tion in eq 2. The expression is appealing as it is equally continuum approximations. In regions where the HOMO and
applicable to systems with positive and negative electron LUMO are located, they approximately average over the
affinities and only requires a single Kok®ham calculation.  discontinuity448

However, it is well-known that it uniformly underestimates the N B

hardness; for an example, see ref 31, where the underestimation Uyc T Uxc

is typically several electronvolts. Other methodologies to Uxc ™ 2 (11)
compute the chemical hardness have also been proposed. These

have been reviewed in ref 6; more recent contributions include although this breaks down at larger distances from the sy$tem.
refs 35 and 36 and references therein. It follows from eq 11 that the HOMO and LUMO eigenvalues

(10)
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from a local functional are approximately shifted from the exact o [I°+ A° 20
values in egs 8 and 9 N ( 2 ) (20)
. ~ 4 % (12) Hence, an alternative interpretation is that agproximate the
HOMO "= “HOMO © 9 negatie of the electronegatity as the aerage of the HOMO

and LUMO eigemalues and then add an approximate ionization
o+ Axc potential to gbe an approximate hardnegbecause)® = —y°
€Lumo ¥ €Lumo T T (13) + 1°). The key point is that the electronegativity can be
approximated using eq 19 because taking the sum approximately
and so do not satisfy the Koopmans relationships; see ref 40cancels the contributions fromixc in eqs 12 and 13; this has
for numerical examples of the former. Rearranging egs 12 and been known for some time, e.g., see ref 48.
13 and substituting them into eq 10 gives Equation 17 or, equivalently, eq 18 is a hardness approxima-
tion that does not explicitly involve the electron affinity. It would
therefore appear to be an attractive method for computing the
hardness in systems with negative affinities, where the direct
computation using eq 3 is problematic. Of course, such an
and so the Koopmans approximation, eq 6, underestimates theapplication would strictly be a departure from the ground-state
exact hardness by approximately half the integer discontinuity. requirement because the negative affinity corresponds to an
This explains the systematic underestimation observed in refanion that is not in its ground state. In the next section, we use
31. Following Char?? the latter contribution in eq 14 can be this expression to determine the hardness of a series of small
termed a “hardness shift”, highlighting the fact that a single molecules, comparing the results with those from the standard
Kohn—Sham calculation is not sufficient to determine the approaches in eqs 3 and 6, together with experimental values
hardness (see, also, ref 50). Equation 14 is nothing more thanfrom eq 2.
a statement of the well-known band gap problem of local
DFT#851 (e.g., see eq 10 of ref 48). 3. Results and Discussion
It is clear from eq 14 that an improved approximation to the
hardness could be obtainedAfc was known. This quantity
can be approximated from correlated electron densifié&ut
this is not a practical way to go forward. A more appealing
route is to use the fact thakxc/2 is the exact asymptotic
potential for a functional that averages ovgf. andvyc. It is
therefore approximately equal to the exact asymptotic potential
vxc(), of the local functional associated with the eigenvalues
in eq 14, which in turn can be well approximated*by

o _ €Lumo ~ €HomO Axc
n°~ 5 t— (14)

We consider the following set of representative, neutral
closed-shell molecules, containing first and second row atoms:
F2, Clp, H,CO, GHy4, CO, PH;, H,S, HCN, HCI, CQ, NHj,

HF, H0, and CH. The experimental electron affinity is positive
for the first two molecules but becomes increasingly negative
across the series. Where possible, calculations were performed
'at near-experimental reference geometries, taken from ref 52;
for the molecules where no sufficiently accurate reference
geometry was available, MP2/aug-cc-pVTZ geometries were
instead used. We have confirmed that the results have little
sensitivity to geometry; the same conclusions are obtained when
optimized geometries are used. All hardness calculations were
performed using the aug-cc-pVTZ basis Sesee later for
further discussion. All calculations were performed using the
CADPAC* program. Experimental values for the absolute
(16) hardness were determined using eq 2, with vertical ionization
potentials and electron affinities from ref 55. Again, we stress
) ) o ) the importance of using vertical quantities; many experimentally
(this can also be derived by substituting eq 8 into eq 12 and ayajlable ionization potentials and positive electron affinities
settingl® ~ 1). Equation 16 can then be combined with eq 14 gre adiabatic rather than vertical.
to give an alternative approximation for the hardness, We determined the hardness using egs 3, 6, and 17, using
four GGA functionals: PBBS OLYP 5758 KT3,59 and 1/4%0
_ €Lumo ~ €Howmo +e +1 (17) The eigenvalues, ionization potentials (calculated using eq 4),
HOMO e ; ;
2 and electron affinities (calculated using eq 5) in the three
expressions were all determined using the respective functionals.
The hardness can therefore be approximatedhal$ the The variations in the results due to the choice of functional were
HOMO-LUMO gap plus the near-exact local functional minimal and were significantly smaller than the variations due
asymptotic potentialEquation 17 has a simple interpretation  tg the different hardness expressions. The conclusions regarding
in terms of the electronegativity. To see this, we rewrite it as the relative accuracy of the three hardness expressions are
therefore not dependent on the choice of functional. For the
__ €Lumo T €Homo n present study, we present PBE results because this functional
= (18) L f X . .
2 is widely available in electronic structure codes. (In practice,
the best results from eq 17 were obtained using the 1/4
Now, from egs 8, 9, 12, and 13, functional, which reflects the fact that this functional was
determined with an emphasis on exchange-correlation potentials;
however, the improvement over PBE is minimal and 1/4 is not
a globally applicable nor widely available functional.)

Table 1 presents hardness values calculated using eqgs 3, 6,

wherey® is the exact electronegativity, and 17 with the PBE functional. The final column lists

Uxc(®) & €omo T | (15)

where enomo and | are determined from the local functional
calculations. Hence,

Me .o
2 ~ €homo

€lumo T €homo

5 (19)
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TABLE 1: Hardness Values (eV), Determined Using the Three Approaches with the PBE Functional and the aug-cc-pVTZ
Basis Set, Compared to Experimental Values Determined Using the Data in Reference55

eq3 eq 6 eq 17 exptl: eq 2
molecule n= (l - A)/2 n= (ELUMO - EHomo)/z n= (GLUMO - EHOMQ)/Z + €nomo + | 17° = (|° - AO)/Z
F 7.36 1.83 7.72 7.2
Cl 5.16 1.54 5.42 5.2
H,CO 5.66 1.79 6.29 6.2
CoHa 5.58 2.84 6.74 6.2
CcO 7.44 3.52 8.34 7.9
PH; 5.44 3.05 6.84 6.2
H,S 5.38 2.73 6.82 6.3
HCN 7.17 3.97 8.88 8.0
HCI 6.56 3.47 8.15 8.0
CO, 7.20 4.10 8.69 8.8
NH3 5.70 2.73 7.51 8.2
HF 8.39 4.34 11.01 11.1
H,O 6.61 3.16 8.71 9.5
CHgy 7.22 4.55 9.06 10.7
dleV -1.3 —-4.7 +0.1
|d/eV +1.4 +4.7 +0.5
m +1.41 +1.48 +1.16
clev —1.30 +3.21 —-1.31
R? 0.64 0.64 0.87

a2d and|d| denote the mean and mean absolute errors, respectively, relative to experimental dagadR? denote the gradient, the intercept,
and the correlation parameters, respectively, of the correlation plots, relative to experimental data.

TABLE 2: lonization Potentials (1), Calculated Using Eq 4 affinities degrade; they are not sufficiently negative. The

‘\’/V'tlh the aug-cc-pVTZ Basis Set, Compared to Experimental hardness values in Table 1 become clos&/2 significantly
alues (°) underestimating experimental values, with a mean absolute error

eqb4 eCL5 eqs  eq bZZ of 1.4 eV.
o c o

molecule | ! A A A A The second column of values in Table 1 lists the hardness
le 1534 1570 +0.63 —0.43 —0.10 +1.24 determined using the Koopmans approximation, eq 6. (For all
Cl 11.18 1149 +0.87 +047 +034 +1.02 systems, the HOMO and LUMO eigenvalues are negative.) The
H.CO 10.75 109 -058 -—-151 -184 -15 N . .
CoHa 10.66 10.68 —-0.50 —2.46 -2.82 —1.8 hardness values are significantly and uniformly underestimated,
Cco 13.85 14.01 —-1.02 -2.34 -282 -18 reflecting the absence of the discontinuity term in eq 14. The
PH; 10.52 1059 -0.37 —259 -3.16 -—1.9 mean absolute error is 4.7 eV. The third column of values in
EZC;SN %g-go ig-gl :8-3; :g-ig :2-5‘1‘ :gé Table 1 is determined from eq 17, through the simple correction

95 ‘ s s e o of the Koopmans values. The uniform underestimation is

HCI 12.73 12.75 0.39 2.21 3.58 3.3 - .
co, 13.67 13.77 -0.72 -3.31 -3.70 -3.8 eliminated (the mean error is near zero), and the mean absolute
NH3 10.96 10.82 —0.44 —2.65 —4.06 —5.6 error is significantly reduced to 0.5 eV. Admittedly, this error
HF 16.32 16.12 -047 -291 -570 —6.0 is larger than can be obtained from direct evaluation using eq
H-0 12.80 1262 -042 -271 -462 -6.4 3 on systems with positive electron affinities, and this can be
CHq 13.97 136 -0.47 —-275 -—-415 -78

traced to the inherent approximations used in the derivation of
2 Also listed are the electron affinities calculated using the standard eq 17. However, hardness values determined using this expres-
approach, eq 5, with the aug-cc-pVTZ and cc-pVTZ basis sets; the sion do not degrade as the table is descended; they are as

electron affinity calculated using eq 22 with the aug-cc-pVTZ basis; 5.0 rate for systems near the bottom of the table as they are
and the experimental electron affini§;. All calculated quantities were for F» and Ch
2 .

obtained using the PBE functional. All quantities are in &Values
were calculated using the aug-cc-pVTZ basis %®alues were It is pertinent to comment on the basis set dependence of the

calculated using the cc-pVTZ basis set. results. The values in Table 1 were determined using the aug-
cc-pVTZ basis set. As discussed in section 1, the calculation

experimental values from eq 2. Mean and mean absolute errorsOf electron affinities for systems with negative experimental
relative to experimental data, are denatiethd|d|, respectively. values benefits from the use of compact basis sets to enhance
First, we consider the results from eq 3, which uses the the artificial binding of the electron. We have therefore also
calculated andA values. The hardness is accurately reproduced performed calculations using the more compact (nonaugmented)
for F, and Cb, both of which have positive electron affinities ~cC-pVTZ basis set. In line with the observations in refs 22, 27,
(as anticipated, the anion HOMO eigenvalues are positive in 28, 30, and 31, the electron affinities of systems with negative
both cases). However, the results degrade as the table isexperimental values do improve, although the errors remain very
descended, reflecting the increasingly negative experimentalsignificant. The affinities are presented in Table 2. lonization
electron affinity. To quantify this, we list, in Table 2, the potentials determined using this smaller basis set barely change
calculated and experimental ionization potentials and electron from the aug-cc-pVTZ value®;the typical change is less than
affinities, which are the components of the hardness. The first 0.1 eV. It follows that the hardness values determined using eq
two columns of Table 2 compare the calculated and experimental3 do improve, although the mean absolute error (0.8 eV) remains
ionization potentials. In all cases, the computation is of large. Even the moderate cc-pVTZ basis set is therefore not
reasonable quality. The next column lists the calculated electroncapable of sufficiently binding the electron in systems with large
affinities, which should be compared to the experimental values negative affinities. Furthermore, we observe that reducing the
in the final column. As the table is descended, the computed basis set in this manner reduces the accuracy of the affinity,
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e N R the geometric progression. Hardness values from eq 17 are
. essentially identical to those of Table 1, demonstrating that basis
. set convergence is reached without the need for double
4 augmentation. By contrast, the results from eq 3 are different
_ from those of Table 1, which can be traced to the calculated
i electron affinities. For Fand C}, the calculated affinities
increase to approximately one electronvolt whereas for the
o remaining molecules the affinities are very close to zero. For
five of the molecules, convergence problems prevented the
computation of the anion energy, demonstrating the difficulty
of using such diffuse basis sets for anion calculations.

In most applications, the hardness is used to discuss trends
| L in chemical reactivity and stability. Thus, it is important that
8 9 10 1112 calculated values exhibit a good correlation with experimental
eV values. To investigate this, we present, in Table 1, the line
(a) Eqn. (3) parame_tersm (grac_iient),c (int_er_cept), andR? (s_quare of the
correlation coefficient) describing the correlation of the three
R T T T T T T T T hardness expressions with the experimental values. Calculations
- using the conventional approaches (egs 3 and 6) have similar
. slopes fn = +1.41 to+1.48) and correlation parameteR &
- 0.64), which are far from unity. The intercept is particularly
_ large € = +3.21 eV) when eq 6 is used. The correlation is
much better for the third approach, with an improved slape (
= 41.16) and correlation parameté&(= 0.87). The improved
correlation is clearly evident in Figure 1, which presents the
correlation plots for the three methods.

It is informative to consider the two contributions in eq 17.
) In a previous study? we determined near-exact HOMO
o R®=0.64 ] LUMO eigenvalue differences from high-quality, correlated

electron densities using the Zhablorrison—Parr (ZMP) ap-
proach®? These were then subtracted from experimehtalA
values to calculatédxc. These earlier calculations allow us to
judge the accuracy of the two components of the hardness in
eq 17. For a subset of 10 of the present 14 molecules, we
compared the first and second terms in eq 17 with the
corresponding reference values from ref 40. The mean absolute
error for the first term (half of the HOMOGLUMO gap) is 0.3
eV, and the error for the second term (half of the discontinuity)
is 0.6 eV. Errors in both terms are therefore significant, although
that for the latter is larger.

Next, we comment on hybrid functionals. Our derivation of
eq 17 assumed that the potential approximately averages over
the discontinuity in the exact potential, which is appropriate
for functionals such as GGA (and the local density approxima-
tion, LDA) but not for hybrids, which include a fraction of exact
R%?=0.87 7 orbital exchange. Nevertheless, we have observed that the
expression does still work reasonably well with hybrids, such

$9 10 11 12 as B3LYP%863 The explanation lies in eq 18: HOMO eigen-
eV values from hybrids are more negative than those of GGAs,
but there is a compensating increase in the LUMO eigenvalue,
such that the sum is approximately equal to the GGA value, a
Figure 1. Correlation of the hardness, calculated using (a) eq 3, (b)

eq 6, and (¢) eq 17, with experimental values. Data are taken from reasonable approximation to minus the electronegativity. To
Tgblé 1 qLh P : guantify accuracy, we have determined hardness values, using

eq 17 with the B3LYP functional, that have the following mean
absolute errors and correlation parameters:

Experiment / eV

L y=1412-130 -
- R*=064 .

O = N W A NN D 0O
T
|

o
—
o
W

Experiment / eV

—_— N W A Q0 O
T

=)
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— e
=
T T

Experiment / eV

_ N W A NN 0O
T
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(c) Eqn. (17)

and hence the hardness, ofand Ch. The artificial improve-
ment of systems lower in the table is therefore achieved at the

expense of the systems at the top of the table. Hardness values ldj=0.7ev

determined using eq 17 are much less affected by the reduction m=+1.23

in the basis set; the mean absolute error increases slightly to c=—-152eV

0.6 eV. We have also performed calculations using a doubly

augmented daug-cc-pVTZ basis set, which is obtained by RF=0.78 (22)

augmenting the aug-cc-pVTZ basis set (used in Table 1) with
additional diffuse functions, with exponents determined from Although these results are more accurate than the corresponding
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B3LYP values from eqgs 3 and 6, they are still inferior to the cases, the extra electron is only bound in the DFT calculation
third column of PBE results in Table 1 and are not recom- by the finite basis set. For the systems in the lower part of Table

mended. 1, even the modest cc-pVTZ basis set is completely unable to
All the molecules in Table 1 are closed-shell, neutral species. provide quantitative estimates of the affinity. Enhancing the
We have also considered the closed-shell catiohsNia™, B, basis set with diffuse functions allows the electron to leave the

Mg?*, B3", and AB*. For such systems, it is well known that system to dipole-bound or continuum states; so, the electron
eq 3 provides very accurate hardness estimates because one on8ffinity becomes near zero, and the hardness is clo$&1to
needs to compute the higher ionization potentials of the neutral Using an analysis based on earlier studfe$,we have
species and not the electron affinit@g-or example, for B, reiterated why an alternative approximation, based on Koop-
eq 3 is equivalent to subtracting the third and forth ionization mans’ theorer¥¥ using local functional eigenvalues, significantly
potentials of the B atom. As anticipated, results from eq 17 are underestimates the hardness. We have then used this analysis
an improvement over the Koopmans values from eq 6 but are to highlight a hardness approximation that can be interpreted
unable to compete with the direct evaluation using eq 3. We as a simple correction to the Koopmans expression (see eq 17)
have also considered closed-shell anions. For such systems, ther as the addition of an approximate ionization potential to the
HOMO and LUMO eigenvalues tend to be positive and so the negative of an approximate electronegativity (see eq 18 and the
results exhibit an unacceptable sensitivity to the basis set. Indiscussion below). Only the eigenvalues and the ionization
future work, we shall investigate the hardness of open-shell potential from a local functional are required; the electron
molecules. Generalization of eq 17 will lead to spin-dependent affinity does not need to be computed. The correction eliminates
hardness value®.The analogue of Koopmans' theorem with the uniform underestimation of the Koopmans expression. For
spin-polarized DFT for systems with an open-shell ground state the molecules in Table 1, the inherent approximations in the
has been discussed by Gritsenko et*&P. derivation lead to relatively large errors of 0.5 eV on average;
Explicit Computation of Negative Electron Affinities. The however, the results do not degrade as the electron affinity
focus of this paper has been the evaluation of the hardnessbecomes more negative, and the correlation with experimental
without the explicit computation of the electron affinity. This values is good. For systems with large negative experimental
has been achieved by implicitly approximating the affinity in electron affinities, the results are an improvement over those
terms of the Koha-Sham eigenvalues and the ionization from the conventional approaches. The scheme may prove useful
potential. Specifically, eq 17 is exactly equivalent to a direct in conceptual DFT studies.
evaluation of the hardness using eq 3, with a conventional A third interpretation of the scheme is that it evaluates the

ionization potential but an electron affinity given by hardness directly using eq 3, with a conventional approximate
ionization potential from eq 4 but an unconventional electron
A= —(€,umo T €nomo) — | (22) affinity from eq 22. This unconventional electron affinity

expression may be useful in studies of negative affinities,

This can be easily verified: substituting eq 22 into eq 3 gives overcoming the fundamental basis set breakdown of the standard

eq 17. Equation 22 can also be derived from egs 9, 13, and 16app_roach. ) )

(see, also, eq 19 of the present study and eq 11 of ref 48). The Finally, we reiterate the link between the present work and
differences between the hardness values in the first and thirdthe calculation of the electronegativity, the direct calculation
columns of Table 1 can therefore be regarded as arising entirely®f Which is also problematic when the affinity is negative. As

because of the different electron affinity approximations. The indicated in eq 19, the discontinuity contributions approximately

former uses the standard evaluation, eq 5, and the latter use§@ncel for the electronegativity and so it can be approximated
eq 22; both use the ionization potential from eq 4. The improved &S Minus the average of the HOMO and LUMO eigenvalues
hardness values from the latter approach simply reflect more (which is equivalent to the addition of an approximéate the
accurate affinities, on average, from eq 22. To quantify this, &ffinity in eq 22). The accuracy of the electronegativity
we present, in Table 2, electron affinities determined using this calculated in this manner will be close to that of the hardness
expression with the aug-cc-pVTZ basis set; values using the " €d 1.7 beca}use the two quantities differ only by.the ionization
daug-cc-pVTZ basis set are essentially identical. For systemsPotential, which can be calculated to good precision.

with significant negative experimental affinities, the results are )
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research area (e.g., see refs 29 and 30). Equation 22 may
useful for providing qualitative predictions in such studies,

overcoming the fundamental basis set breakdown of the standard (1) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
approach. Molecules Oxford University Press: New York, 1989.
(2) Parr, R. G.; Yang, WAnnu. Re. Phys. Chem1995 46, 701.

4. Conclusions 129%34)- Kohn, W.; Becke, A. D.; Parr, R. Gl. Phys. Chem1996 100,

: ; ; (4) Chermette, HJ. Comput. Cheml999 20, 129.
The calculation of the absolute hardness is an important aspect (5) Geerlings, P.: De Proft, F-.. Langenaeker A, Quantum Chem.

of conceptual DFT. The conventional approach, where the 199933 303
hardness is evaluated directly from computed DFT ionization (6) Geerlings, P.; De Proft, F.; Langenaeker, Bhem. Re. 2003
potentials and electron affinities, works reasonably well for 103 1793.

i iti it (7) For an account on the different electronegativity scales, see, e.g.:
molecules with positive electron affinities (however, see refs Mullay, J. In Electronegatiity: Structure and Bonding Sen, K. D..

20—24). This direct approach is less appropriate for systems jgrgenson, C. K., Eds.; Springer-Verlag: Berlin, Heidelberg, 1987; Vol.
with a significant negative experimental electron affinity. In such 66, p 1.
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