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The role of the basis set: Assessing density functional theory
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When developing and assessing density functional theory methods, a finite basis set is usually
employed. In most cases, however, the issue of basis set dependency is neglected. Here, we assess
several basis sets and functionals. In addition, the dependency of the semiempirical fits to a given
basis set for a generalized gradient approximation and a hybrid functional is investigated. The
resulting functionals are then tested for other basis sets, evaluating their errors and transferability.
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I. INTRODUCTION inertia, first-generation functionals are applied rather than the
more accurate second-generation functionals. Generally, a
In the past years, Density Functional ThedBFT) has  basis set of double- or triple-zeta quality is applied. Mean-
become a very important approach for computational quanwhile, systematic studies on the dependency of the basis set
tum chemistry. The Kohn-Sham implementation of DFT and functionals remain sparés?® In addition, it is not a
critically depends on the quality of the exchange-correlationyyiori clear that basis sets optimized for wave functin
functional for its success. Recently, various secondinitio methods are the most optimal choice of DFT. Recently,
generation functionalgsuch as PBE, mPWO1? VSXC?® ey hasis sets especially optimized for BEF2have been
PBEO? PKZB® HCTH/93 and B97-f, HCTH/120! proposed. However, we have to keep in mind that in these

8 9 10 - 41
HCTHM?Z’ OI?;I’X, 89782‘:' mHCTH and its hybrid®" 456 the basis sets have been optimized for specific func-
mPW1K;* B97;~ and B9&") have been developed. These o5 jike BLYF®3 or the Local Spin Density Approxi-

add to the numerous functionals that are already ava”ablﬁwation(LSDA) 3132 rther adding to the confusion. In sum
and commonly used in standard program packdgesh as , ’

we have a plethora of functionals developed for specific ba-
B88X,'°, B3P91 and B3LYE® VWN,Y P86 LYyp?® b P P

20 . sis sets and additionally, a variety of basis sets developed for
P91X® and P91E). All of the functionals were developed specific functionals. In the former case, the question arises

from a wide variety of considerations, with most of them which basis sets can and should be used for developing new

focused on the e.xchange-.correlatlc.)n hgle and employing dlff'unctionals, and which basis set should then be employed
ferent philosophies in their approximations.

Usually, after deciding upon the mathematical form Ofwhen applying them. This is a major consideration in func-

the functional, its parameters have to be obtained. The latt t|ronal development, since the question remains: with which

is a difficult process where different routes can be followed. astls fster: tr;e e:r or ?,f) tEe bq?s S?t ?fﬁ on;es. comtparable_ o
Some of these functionals only use parameters that were dgjba Ob de' unchlona ¢ Event pfarhof € aS||s she error 1S
termined by considering known boundary conditions that thetPsorbed into the parameters of the functional, the question

functional or density should obey, and for properties of cerfeémains of how transferable such a functional will be to other

tain idealized systems like the uniform electron §&d7-2* basis sets, be they further from, or nearer to the infinite basis
hence their parameters are mainly determined by physica€t limit. o _ _
properties. The majority of commonly used functionals have I this contribution, we will evaluate and compare vari-
been determined by fitting at least one of their parameters tgUS functionals using basis sets of double-zef to
atomic or molecular data. A number of the latter functionalsquadruple-zetapdfgquality. In addition, we will fit a func-

have been generated using numerical DIFE., basis set- tonal, in this case the Hamprecht-Cohen-Tozer-Handy
free) methodé:g_le in their fits (a|th0ugh they in princip'e (HCTH) fUnCﬂonal, to Sl|ght|y modified GZ'i and G3 sets

introduce numerical noigebut most of the functionals have Of molecules’ These sets are denoted as the "14d 407
been fit to molecular sets with limited basis sets, usually ofSets®® All these fits will be carried out for several basis sets
triple-zetd ! or even double-zeta quality. of double-zeta, triple- and quadruple-zeta quality. The same
Many DFT users are thus overwhelmed by the sheefitting procedure was employed for the functich&*using
number of functionals and possibilities that can be usedihe TZ2P basis set.
whereas withab initio methods, the choices are clearly de- HCTH is a post-local spin density approximatiguost-
fined and mainly determined by a trade-off between rigoi.SDA) functional, meaning that it factorizes the LSDA func-
and computational cost. Very often because of sheer uséional forms F | spa), Which can be found elsewheté:
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TABLE I. The HCTH functional errors when fitted to the respective basis sets with the 147 Set. The final
column is the value o€, which excludes the potential in the sum @f

Property rms energy Gradient Potential Q

1
Functional [kcal/mol] Sla.u] S[a.u] [a.u] [a.u]

HCTH/147@3-21G 46.89 7.50 45.4 925.1 879.6
HCTH/147@6-31G 18.53 6.07 43.8 295.6 251.8
HCTH/147@6-31G 10.60 2.99 24.2 77.6 53.4
HCTH/147@6-31C* 10.29 2.71 24.9 75.2 50.3
HCTH/147@6-31G(4d,p) 9.70 211 27.4 63.9 36.5
HCTH/147@DZzP 9.25 2.99 29.2 88.6 59.4
HCTH/147@DFO1 7.44 2.85 26.5 63.8 37.3
HCTH/147@cc-pVDZ 9.51 4.04 26.9 100.6 73.7
HCTH/147@6-3% G** 6.31 2.66 28.8 61.3 325
HCTH/147@6-3% G(2d,p) 4.82 2.47 27.4 51.3 23.9
HCTH/147 @aug-cc-pVDZ 6.91 3.40 30.0 72.4 42.4
HCTH/147@6-311G(d,p) 7.00 2.48 21.4 49.1 27.7
HCTH/147@TZ2P 4.89 2.11 194 36.5 17.1
HCTH/147@DFO2 7.37 2.83 329 74.5 41.6
HCTH/147@cc-pVTZ 5.92 2.27 24.2 45.4 21.2
HCTH/147@6-31% G(2d,p) 4.82 2.48 21.4 42.8 21.4
HCTH/147@6-31% G(2d,2p) 4.93 211 26.3 43.7 17.4
HCTH/147@6-31% G(3d,2p) 4.59 2.05 25.8 40.8 15.0
HCTH/147@6-31% G(3df,2pd) 4.68 1.95 26.5 40.7 14.2
HCTH/147 @aug-cc-pVTZ 5.08 2.42 20.2 41.0 20.8
HCTH/147@cc-pVQZ 4.96 2.10 25.4 42.2 16.8

zero. In the final term, we fit to the exchange-correlation

Exe= > E potentials determined by the Zhao-Morrison-Parr method
7R Coa Cap from high-levelab initio densities, which are shifted by a
m constantk because of the effects of the quantum-mechanical
=> Cq,yf FLspay(Pa:Pp) integer discontinuity. All these contributions need to be
v a0 weighted by appropriate weights, which have been deter-
XFo a(Parpp X ,x%)dr, (1)  mined and reported in previous pap&fEhe weightsw con-

sist of several factorized weights making contributions for
each molecule in order to ensure a balanced functional.

In the next section, we will refit the HCTH generalized
9an¢27 )q gradient approximatiofGGA) functional to numerous basis

wheref, , denotes the perturbation from the uniform elec-
tron gas ifcy = 1.

y,.q= Uy 2 sets. In addition, we will assess the performance of these

_ _ _ functionals with basis sets other than those used for the pa-
X, Is closely related to the reduced density gradient, And rameterization. In the third section we will apply the same
are fixed coefficients, which have been fit to atomic data: procedure to hybrid functionals, focusing on the amount of

2
1+ 0y, X,

(Vp,)? exact exchange needed for those functionals depending on
X2=—gm—. (3)  the basis set. In the last section, we will assess several func-
Po tionals with two triple-zeta basis seteamely, TZ2B° and

When employing the form in Eq. 1 up to fourth order in cc-pvTZioH),
m, we obtain 15 linear coefficienthecause of exchange,
like-spin and opposite-spin correlatipnvhich are easily pa- 1l. GGA FUNCTIONALS AND BASIS SETS

rameterized by minimizing: For all calculations, we used the Cadpac suite of

Ne NG IE[S\2 programs?? using a standard “high” grid for the density
Q=2 Wn(EZ*-EK 9%+ > W|,G(T) functional calculations. In the basis set evaluation, we used
B WX the 3-21G*3* 6-31G*6 6-311G7® (the latter two with

Ny various combinations of diffuse and polarization functigns

+ 2 W, | PPk~ ok, 9% dr. (4 DzP, TZ2P¥® DFO2 cc-pVDZ, aug-cc-pVDZ, cc-pVTZ,

b aug-cc-pVTZ and cc-pVQZ basis séfs'! Some of the basis
The three summations correspond to errors of the energiesets specifically constructed for density functionals discussed
gradients and exchange-correlation potentials of each moln the Introduction are not availablget) for second-row
ecule, respectively. In all case; S denotes the calculated atom$®~3!and thus could not be used.
property; hence we have the energy difference between the In Table I, we compare the performance of the function-
exact and calculated energy in the first sum. In the secondls with the basis set with which they were fit. HCTH/
sum the exact gradientat equilibrium geometryshould be  147@3-21G, for example, denotes an HCTH functional fit-
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ted to the 147 set with a 3-21G basis set. The first columnvere optimized at the CISD level, show high errors despite
contains the rms energy error of the functional for the atomi-having more basis functions. Even at the quadruple-zeta
zation and dissociation energies, electron affinities, protoflevel, the “basis set functional” vyields higher errors
affinities, and ionization potentials in the 147 Set. The seCthan both HCTH/147@TZ2P and HCTH/1@®-311
ond column displays the sum of all the gradients calculated, G(3d,2p). HCTH/147@DFO2, whose basis set was de-

at the equilibrium geometry in atomic units. The gradients,g|gned specifically for density functionals, shows an ex-
have been shown to correlate with the accuracy of the bonﬂaordinarily poor performance, probably due to built-in con-

distances and angles o_btalr‘?ejd.The third °°'“”?” Is the . straint of DFO2 that the different angular momentum
square of all the errors in the exchange-correlation potentlaﬁunctions share the same exponents
contributions. All three errors are actually fitted according to . P . ' .

Eq. 4. In the fourth column, we evaluafe which is the sum When excluding the potentials at the triple-zeta legl,
of all three weighted errors with uniform weights rather thanchanges tQ,, and the ordering of HCTH/147@basis set

Q: becomes:
ng NG K-S\ 2
Q=750x >, (E&a-EK~$)241500% > alx )
m X 6-311+G(3df,2pd)~6-311+ G(3d,2p)<cc-pVQZ
n, e A ) g 2 g
+2 (Uigp+ kj,,,—v}fgs)zpjzﬁdr. () ~TZ2P~6-311+ G(2d,2p)<aug-cc-pVTZ cc-pVTZ
o

<6-311G2d,p)<DFO2.

Slncg all three contrlbl_Jtlons are |mpo_rtant "’?”9' the GG'AHere, the HCTH/147@TZ2P functional exhibits a somewhat
functionals have been fit to a value similar@ it is prob- higher error compared to the HCTH/@®B-311

ably the most important diagnostic. Nevertheless, as only tthG 34 20) functionals f t still h
first two sums are directly apparent from the energy calcula- (3d,2p) functionals forQ,, yet still has an error com-

tions, we also evaluat®,, which excludes the potential: parable to the only quadruple-zeta basis set tested, HCTH/
147@cc-pVQZ. The latter basis sets yield only slightly lower

JE[ 5\ ? errors than when fitting to a TZ2P basis. For the double-zeta
IX quality basis sets, the energies and gradients have much
(6) larger error contributions tQ than the potentials, hence the

We have to bear in mind that both the “exact’ exchange-eXCIUSion of the Ia_tter ha.ls no impact on the ordering in the
correlation potentials and densities were calculated using th'é'CTH/ 147@ functionals:

TZ2P basis set. This, however, does not necessarily imply

that the HCTH/147@TZ2P functional has a distinct advan-

tage when we fit to these quantities since basis set conveg-31+ G(2d,p) <6-31+ G** <DFO1

gence with angular momentum is much sloweraim initio

methods than for density functionals. Nevertheless, the den- ~6-3132d,p)<aug-cc-pVDA 6-31G™

sity calculations using the Brueckner Doubles method in- _g_31G < DzP<ce-pVDZ<<<6-31G<<<3-21G.
clude core correlation. This might suggest that the TZ2P ba-

sis set has a slight advantage over the other basis sets Wh@g for the double-zeta basis sets, the unpolarized basis sets
fitting it to ZMP potentials that have been obtained from BD g,¢ clearly not very useful for the purpose. HCTH/

densmes“.. Unlike the cc-pVTZ and 6-311G basis sets, the147@DFO1 and the functionals fitted to the Pople basis sets
-LZZ.P ba5|sh3ﬁt |$';I_be||t unpolarizefiof triple-zeta quality in yield the lowest errors. The former should not be surprising
the inner-shell orbitals. as it was developed specifically for DFT whereas the Pople

. '9’.‘0””9 for the ”_“Ome”t the Pople basis sets that Jus’Basis sets were developed for Hartree-Fock. Nevertheless,
differ in the polarization component on the hydrogen, the

following ordering of HCTH/147@ imQ is observed: with the exception of the HCTH/14@6-31+ G(2d, p) func-
g g @i tional, the double-zeta “basis set functionals” yield much

TZ2P<6-311+ G(3df,2pd)~6-311+ G(3d,2p) higher errors than those obtained by the triple-zeta quality
~ aug-cc-pVTZ cc-pVQZ~6-311+ G(2d,2p) b§5|s setsHenge, if computationally feasuple, basis sets of
triple-zeta quality are preferable over basis sets of double-

<cc-pVTZ<6-311G2d,p)<DFO2. zeta quality when doing calculations employing DEver-

All basis sets are ordered by their errouslike Table ), ?”' a:;(j) conglstfant W'th earlier observations made' by
with < and < corresponding to a difference of more than JeNser, Dunning’s basis sets do not seem to be an optimal
5% or 20% between the functionals, respectively. Fronehoice for density functional calculations. On the other hand,
Table I, the HCTH/147@TZ2P functional clearly yields the diffuse functions are more important with the Pople basis
best overall results. The Pople large basis sets also exhibi€ts, in that they provide a significant error reduction. A de-
surprisingly low errors, although some polarization and dif-tailed analysis of the results shows that predominantly the
fuse functions are needed to achieve this performance. Intetotal atom energies, atomization energies and electron affini-
estingly, Dunning’s correlation consistent basis sets, whicliies of anions are affected, with the error for the latter in-

N NG

Q1=750x >, (EgX**-EK5)?+500x >,
m I, X
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TABLE Il. The coefficients of selected HCTH/147 basis set fitted functionals.

Coefficients @3-21G @6-31G** @DzP @aug-cc-pVDZ @6-311G(3d,2p) @TZ2P @aug-cc-pVTZ  @cc-pvVQZ
C1=Cxs.,0 0.962 69 1.096 17 1.107 28 1.099 03 1.094 34 1.090 25 1.086 94 1.087 82
C2=CCuo 0 5.460 39 0.863 60 1.164 35 1.00558 0.356 53 0.562 58 0.43359 0.476 82
C3=Ccap,0 1.35755 0.618 11 0.538 57 0.365 06 0.481 29 0.542 35 0.552 40 0.465 67
C4=Cxp1 1.016 33 —0.616 54 —1.07061 —0.684 59 —0.680 22 —0.799 19 —0.521 52 —0.678 53
C5=CCpon 1.649 66 —0.658 61 —2.45161 -0.719 13 0.604 60 0.01714 —0.07142 0.296 97
C6=Ccapa 4.777 88 5.029 01 7.217 06 8.78171 6.797 69 7.014 64 6.31972 7.215 49
C7=Cxy2 —1.902 08 3.874 19 5.965 61 4.426 88 5.009 18 5.57212 3.771 29 4,784 45
Cs=Ccuo2 —10.334 —-0.3721 5.4245 —1.2823 —3.8674 —1.3063 —1.1795 —2.1521
Co=Ccap2 —49.342 —16.913 —28.774 —30.845 —24.128 —28.382 —16.407 —22.881
C10=Cxo3 11.314 —1.4469 —7.5266 —2.7257 —3.8054 —5.8676 —0.3338 —3.5355
C11=Ccuo3 3.6314 —1.0619 —9.2072 2.8592 5.1594 1.0575 0.3399 2.8817
C12=Ccup3 77.455 11.587 37.650 34.961 22.585 35.033 3.4357 19.866
C13=Cxp4 —3.7768 1.3633 5.7849 6.1824 5.4561 3.0454 —2.1418 0.5397
C14=Ccooa —5.4840 2.2222 7.0638 —1.4161 —1.5290 0.8854 1.1322 —0.6523
C15=Ccapa —46.989 —7.5787 —24.401 —20.981 —11.340 —20.428 0.5629 —9.7235

creasing by more than a factor of 2 when omitting diffuseis not as significant as the change between the different “ba-
functions. In comparison, with the HCTH/147@cc-pVTZ sis set functionals” of triple-zeta quality. Nevertheless, the
functional the error of the atomization energies and ionizacoefficients still differ by a significant amount, suggesting
tion potentials of the anions decreases by less than 20%at convergence towards the basis set limit has not been
when diffuse functions are included in the basis set. This is achieved. However, if similar basis set errors are absorbed
general indication that despite their limited usefulness folinto the parameterization of functionals fitted to different
DFT, Dunning’s basis sets are more “balanced” than thetriple and quadruple-zeta basis sets, the functionals are ex-
6-31 family of basis sets with respect to diffuse functions.pected to be fairly transferable. In addition, the functional
The HCTH/147@TZ2P functional yields a similar error aserror is only very slightly influenced by changing some of
the HCTH/147@cc-pVTZ basis set for the anions, suggestthe functionals coefficients. We have to note that using func-
ing that diffuse functions might reduce its error further.tionals with quadruple-zeta quality or higher is not useful,
Changing the basis functions on the hydrogen atom, as hasnce the basis set error is probably about an order of mag-
been suggested in a prior assessment of different densityitude lower than the functional error itself.
functionals>®®! degraded the performance of the HCTH/  In Tables IlI-VI we investigate the transferability of the
147@TZ2P “basis set functional” in all tests. “basis set functionals” in more detail. Here, all the new
Having obtained a number of functionals, comparingfunctionals developed are evaluated with the 6+&**,
their coefficients in Table Il yields further insight. Here, only aug-cc-pVDZ, 6-31% G(3d,2p) and TZ2P basis sets. The
the HCTH/147@3-21G functional obtained from fitting to results for the 6-3% G** basis for selected functionals that
the split-valence 3-21G basis set differs blatantly from theare listed in Table | are shown in Table Ill. As expected, the
other functionals. Both the HCTH/147@DZP and HCTH/HCTH/147@3-21G and HCTH/147@6-31G functionals are
147@aug-cc-pVDZ functionals have large zeroth-order likeclearly insufficient to describe the properties investigated.
spin correlation coefficientscg,,, o) probably thus compen- Reasonably low errors are obtained with all functionals be-
sating for the basis set error. Note that this coefficient also
increases when going to larger molecilesThe
HCTH/147@ 6-31+ G** coefficients are closer to the ones TABLE lll. The errors of the HCTH/147@ “basis set functionals” evalu-
obtained by the triple-zeta basis sets than the other doubl@ed 0ver 147 systems with the 6-8G™ basis set.

zeta quality “basis set functionals,” confirming its lower ba- Property rms energy ~ Gradient Q,
sis set error. No clear conclusions on this effect can be made  Functional [kcal/moll  =[a.u] [a.u]
with the triple- and quadruple-zeta functionals, since bor'q_|
) ; ' CTH/147@3-21G 70.4 6.07 1460.2
the HCTH/147@TZ2P (including the potential and HCTH/147ge—3lG 30.0 511 37757
HCTH/147@ 6-311 G(3d,2p) functionals yield the lowest HcTH/147@6-313* 9.1 255 41.3
errors and not the HCTH/147@cc-pVQZ functional. The lat-HCTH/147@cc-pvDZ 10.7 2.29 46.1
ter basis set has supposedly the lowest basis set error coCTH/147@DzP 7.7 2.57 33.6
pared to the basis set limi. The exchange coefficients HCTH/147@aug-cc-pvDz 8.4 2:58 38.9
; ) ; .~ HCTH/147@6-311G(8,p) 6.4 3.39 41.1
(Cxo,n With m going from O to 4 of all the functionals at this  \c1/147@cc-pvTz 6.9 358 453
level of basis set quality seem to be similar for the differentyctHii47@TZ2P 6.9 3.63 46.8
functionals reported in Table Il. In contrast, the correlationHCTH/147@6-31% G(2d,2p) 6.5 3.51 43.7
parameters exhibit a wider variation upon switching betwee!CTH/147@6-31% G(3d,2p) 6.7 3.67 46.5
the fitting sets with 93, 147 or 407 systefiiBhe effect of the :CTH”M@G'?’”GGdf'E’pd) 6.8 3.89 503
. ) . . CTH/147 @aug-cc-pVTZ 7.0 3.94 58.0
diffuse functions on the basis set going from the HCTH/ycry147@cc-pvoz 75 3.90 526

147@cc-pVTZ to the HCTH/147@aug-cc-pVTZ functional
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TABLE IV. The errors of the HCTH/147@ “basis set functionals” evalu- TABLE VI. The errors of the HCTH/147@ “basis set functionals” evalu-

ated over 147 systems with the aug-cc-pVDZ basis set. ated over 147 systems with the 6-316G(3d,2p) basis set.

Property rms energy  Gradient Q; Property rms energy  Gradient Q;

Functional [kcal/mol] S[a.u] [a.u] Functional [kcal/mol] S[a.u] [a.u]
HCTH/147@3-21G 70.8 4.88 1380.8 HCTH/147@3-21G 73.9 4.88 1415.9
HCTH/147@6-31G 32.6 5.65 536.2 HCTH/147@6-31G 29.6 5.29 340.9
HCTH/147@6-31¢* 9.3 3.40 52.3 HCTH/147@6-31G* 11.8 1.72 45.0
HCTH/147@cc-pVDZ 9.7 3.15 49.8 HCTH/147@cc-pVDZ 12.8 1.77 52.0
HCTH/147@DzZP 8.3 3.40 48.4 HCTH/147@DzP 7.4 1.72 23.4
HCTH/147@6-3% G** 7.2 3.49 45.5 HCTH/147@6-3% G** 7.8 1.67 23.9
HCTH/147@6-311G(8,p) 6.3 4.16 52.1 HCTH/147@aug-cc-pvVDZ 9.8 1.63 33.0
HCTH/147@cc-pVTZ 6.9 4.31 56.9 HCTH/147@6-311G(4,p) 6.9 1.96 21.6
HCTH/147@TZ2P 8.3 4.37 64.0 HCTH/147@cc-pVTZ 5.8 2.02 18.7
HCTH/147@6-31% G(2d,2p) 6.5 4.21 54.9 HCTH/147@6-31% G(2d,2p) 6.3 1.98 20.2
HCTH/147@6-31% G(3d,2p) 8.3 4.37 64.5 HCTH/147@6-31% G(3d,2p) 5.6 2.09 18.6
HCTH/147@6-31% G(3df,3pd) 7.3 4.54 63.6 HCTH/147@6-31% G(3df,3pd) 5.9 2.23 20.5
HCTH/147@aug-cc-pVTZ 7.3 461 65.1 HCTH/147@aug-cc-pVTZ 5.9 2.26 21.1
HCTH/147@cc-pVQZ 7.8 4.58 65.6 HCTH/147@cc-pvVQZ 5.6 2.28 19.5

ing fit to the 6-31G basis set or larger. Interestingly, in the With the HCTH/147@aug-cc-pVDZ functionalTable .
case of the 6-3 G** basis set, only the HCTH/147@Dzp Here, the HCTH/14@6-31%G(3d,2p), HCTH/147
and HCTH/147@aug-cc-pVDZ functionals shdyy errors @6-31% G(3df,2pd), HCTH/147@TZ2P, HCTH/
below 40 a.u., affected mainly by the gradient error contri-147@aug-cc-pVTZ and HCTH/147@cc-pVQZ functionals
bution. In comparisoriTable ), the functional optimized for ad@in yield higher errors, mainly because of the gradient
this basis set has @, value of 32.5 a.u. For all the triple- (@nd partly due to the energgontributions to the errog); .

zeta quality functionals, the rms energy error is lower, but th Thus, the functionals fit to the double-zeta quality basis sets

gradientggeometriescounterbalance this effect. All of these give the lowest errors when applied ather basis sets of
“basis set functionals,” with the exception of HCTH/ double-zeta quality.

147@6-31% G(3df,3pd) and HCTH/147@aug-cc-pVTZ If we evaluate the functionals with triple-zeta quality
give very similarQ; errors, with rms energy errors of 6.7 basis sets, we observe, as expected, that their errors are a lot

+0.3 kcal/mol and a gradient error around 3.6 a.u OveraIICIOSer to the lowest error possible obtained by the basis sets

the triple-zeta and quadruple-zeta quality functionals vary b)to which the functionals were fit. When using the 6-311
at most 20% in both errors. +G(3d,2p) basis set, the double-zeta “basis set function-

The evaluation of the functionals with the aug-cc-pvDz &!S” Yield the lowest gradient errors, although again this is
basis set yields similar resul@able V). Of course, the only achla_eved when including _dlffus_e functions. As for the
overall errorQ; is higher, as is evident from the larger error other entire bas_ls set e_valuatlons in Tables Il to VI, the_
obtained by the HCTH/147@aug-cc-pVDZ functional Com_double—zeta basis sets give a much lower error for the gradi-

pared to the HCTH/14@6-31+ G** functional displayed ents, but not for the energy. This is an interesting phenom-

in Table I. The gradient errors are especially affected. Onlfrr‘]on; the safme o_bserlva'uon was mzlade na Tflfer?nt cj’ﬁtext
the double-zeta quality “basis set functionals” yield errors WNen GGA functionals were developed solely for the de-

that can be compared to ti@, value of 42.4 a.u. obtained scription of accurate structures and frequencidsence, it is
' probably a lot harder to develop a single functional for both

accurate geometries and energies rather than one for each
TABLE V. The errors of the HCTH/147@ “basis set functionals” evaluated individual property_ However’ the former approach of Sepa_
over 147 systems with the 6-3315(3d,2p) basis set. rating the calculations can lead to other problems, namely

Property rms energy  Gradient Q, that energetic properties will be calculated at nonequilibrium

Functional [kcal/moll  S[a.u] [a.u] structures. The HCTH/147@cc-pVQZ, HCTH/147@cc-
HCTH/147@3-21G 733 4.90 1450.7 p_VTZ _and HCTH/147@aug-cc-pVTZ functionals agai_n
HCTH/147@6-31G 28.8 6.02 4327 Yield higher errors than the other functionals developed with
HCTH/147@6-31G* 11.0 1.65 40.17  atriple-zeta quality basis set. Noteworthy is the low error of
HCTH/147@cc-pVDZ 13.0 1.73 53.7 the HCTH/147@TZ2P functional when applied to the
HCTH/147@DZP 7.7 1.69 244 6-311+G(3d,2p) basis set, resulting in @, value of 15.5
Egmﬁj;gsl;gifpvoz 755 1f560 2§i6 compared to the minimum value of 15.0 a.u. obtained by the
HCTH/147@6-311G(d,p) 6.9 1.89 20.9 HCTH/147@6-31H G(3d,2p) functional. This is even
HCTH/147@cc-pVTZ 6.1 1.99 18.7 lower than the error of the HCTH/1&I6-311
HCTH/147@TZ2P 4.8 2.03 155  +G(3df,2pd) functional obtained with the 6-311
HCTH/147@6-31% G(2d,2p) 5.6 1.96 16.9 +G(3d,2p) basis set. This emphasizes the transferability of
:g:ﬁggguslct%\(?zf 3pd) 5'50_ 1 2'21_25 171'80_ o the functionals that have been fitted to the higher basis sets,
HCTH/147@cc-pVQZ 5.4 290 181  Since the variation is less than 10% Q1 and on the rms

energy error and the gradient errofwith the exception
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of the HCTH/147@cc-pVTZ and HCTH/1&96-311 TABLE VII. The errors of selected hybrid functionals evaluated for the 147
+G(2d,p) functionals for the rms energy erjoA number Set

of the functionals parameterized for the triple-zeta basis sets Property rms energy GradientQ, % HF
yield a lower error when evaluatin@, with the 6-311 Functional [kcal/mol]  =[a.u] [a.u] exchange
+G(3d,2p)_ basis set rather than flor.the_ basis set to whichsg7.1/147@6-32 G** 764 242 341 0
they were fit(compare to Table)l This indicates that a large B97-1/147@aug-cc-pVDZ 8.29 317 441 0
amount of the remaining basis set errors absorbed into the&87-1/147@6-31% G(3d,2p) 5.83 204 184 0
; ; P ; B97-1/147@TZ2P 6.04 203 192 0
funcuonale, is of ?]smll?r magmtudfe.h i o BO7-1/147@aug-co-pVTZ 6.8 218 o248 0
Ir_1 Table V_I,t e performance of the different *basis set gg7 1/147@6-31 G+ 4.29 179 150 30
functionals” with the TZ2P basis set is shown. All errors are Bo7-1/147@aug-cc-pvDZ 4.29 268 245 27
slightly larger(by about 10% but the trends are again the B97-1/147@6-31% G(3d,2p) 2.94 186 103 15
same. The HCTH/147@DZP basis set functional now gives §97-1/147@Tz2pP 3.47 el
B97-1/147@aug-cc-pVTZ 3.04 207 132 18

lower error than the HCTH/14@ 6-31+ G** functional, but
only by a small margin. Again, the functionals fitted to Dun-
ning’s basis sets of double-zeta quality yield larger errors

than the other functionals fitted to basis sets of double-zeta.ieq by the exchange-correlation potential in the core that

quality. Among the triple-zeta level “basis set functionals,” -5nnot be adequately described by the 6-8GLbasis sets.
the errors vary by only 10%, supporting the observations

made for the 6-311 G(3d,2p) basis set. When evaluating |;;. HYBRID FUNCTIONALS AND BASIS SETS

the HCTH/147@3-21G and HCTH/147@6-31G functionals o )

in Tables IV to VI, the former functional has a lower gradient ~ The method applied in the last section to the GGA func-
error. Still, polarization functions are essential when calcufionals is now used for hybrid functionals to assess the dif-

lating geometries, reducing the gradient errors by a factor oferent basis sets. There is, however, one complication: the
2 and more. varying amount of exact Hartree-Fock exchange. Here, we

In summary, the triple-zeta “basis set functionals” are fitted hybrid functionals to the 6-31G**, aug-cc-pVDZ,

transferable between each other, indicating that when fittin%’3ll+e(3d’29)' TZ2P and aug-cc-pVTZ b&,lSiS sgts, using
using basis sets of this quality, the basis set error absorbed e abovementioned procedure. While the inclusion of the

the parameterization does not play a role. The variation ir«fxchange—correlatlon potential points into the fits for hybrid

error of 10% or less when evaluating one functional fit with unctionals is possibléf? itis r!ot clear if thee%/erall perfpr-
a certain basis set with a different one is probably not impor-gggcseegfir;[rlﬁzeﬁ::;r;cstg)cr;iegﬁ I?’hgeeere(:?cilyV\?e rzstrirt/eoxilelves
tant. This has further implications in the use of density func- ' '

tionals. Since the errors do not change significantly whent0 fitting to gradients and energies oriimilar to the deter-

. . . . . .mination ofQ, in the last section, see Eq).&ll functionals
going to higher basis sets, the triple-zeta basis set level is Q @

likely to be sufficient for use in density functional calcula- were again fit to the 147 systems, but with=2 in the

i With still | basi ts. the basis set t i Eower series in Eq. 2. This cut-off in the power series expan-
lons WITh stiltlarger basis Sets, In€ basis set fruncation efrog;, , yields the B97-1 form rather than the HCTH form.
will “drown in the noise” that is the inherent error of the

Here, 9 linear coefficients are fit instead of the 15 in the

functional itself. In general, Dunning’s correlation-consistents A The amount of exact exchange was varied over a
basis sets developed for correlated initio methods yield range from 0% to 50% in order to determine the minimum.

higher errors than the various Pople basis sets or TZ2P. ‘pofore discussing the outcome of the results of the hy-
When we investigated this behavior in more detail, we foundyiq fynctionals, it is worth comparing the values at 0%
that the inclusion of core-valence basis functfdiS only  pariree-Fock exchange to the functionals obtained in the
lowers the rms energy error by 0.1 kcal/mol. Inclusion of anprevious section. The difference between them is the fit to
additional tight d-functiori? which has been shown to be exchange-correlation potentials, which will raise @gerror
important for second-row elemeritsreduces this error by @ for the GGA functionals in contrast to the “hybrid” func-
further 0.3 kcal/mol. Moreover, these contributions lower thetional at 0%. Of course, another discrepancy is the different
sum of the gradient error by another 0.1 a.u. If we assum@umper of coefficients. The newly obtained GGA functionals
that the same contributions were added to the HCTHAre displayed in Table VII, and can be compatedth the
147@aug-cc-pVTZ functionals results, we would probablydifferences mentiongdto those in Table I. For the TZ2P,
arrive at aQ value close to the lowest value obtained. Thus,s-31+G** and aug-cc-pVDZ basis sets, the higher-order
although several enhancements for correlation-consistent bgoefficients seem to change very litilsee Table )l While

sis sets could be introduced, extensive complements ahe energy error increases going fram=2 to m=4, the
higher-angular momentum functions, in particular, do not apgradient error decreases, wif, close to the errors when
pear to be necessary. Out of all basis sets tested, the HCT#iting only to gradients and energies with=2. This has
functional fit to the 6-31% G(3df,2pd) basis set gives the been previously reportéd®° and has led to the conclusion
lowest energies and gradients errors, and the HCTH functhat it is unnecessary to include orders higher than 2 in the
tional fit to the TZ2P basis set yields the lowest errors for thepower series. Here, mainly the error in the potential is af-
quantity Q, which includes energies, gradients and potentiafected as an additional calculation with the TZ2P basis set
points. We believe that this is due to correlation effects deand the variabl€ shows. In this case& for the HCTH/147
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FIG. 1. rms erroi(in kcal/mo) of the 147 Set with different hybrid “basis  FIG. 2. Q, error (in atomic units, see Eq.)6f the 147 Set with different
set functionals.” hybrid “basis set functionals.”

mum than B97-1/147@aug-cc-pVTZ, with the values ob-

with m=4 form yields 37 a.u., compared to 51 a.u. for thetained by the B97-1/14@6-31% G(3d.2p) functional

B97-1/147 form withm=2, hence the overal) value is nallv | il Detailed its of th .
raised by 40%. Comparing Tables | and VII, we realize that " ginally jower stil. Lelared results of the minima are

not only is the functional somwehat dependent on the basig /cn N Table \./l.l dlsplay[ng the Iowe.st. energy points cal-
set for which it was parameterized, but also the basis se ulated. The minima obtained when fitting a separate curve

. . . rough the points are at 29% and 28% for the
Szgsndence itself is dependent on the class of function 97-1/147@6-311+ G** and B97-1/147@aug-cc-pVDZ

Let us now return to the hybrid functionals. Since the;bng'i /lj%ﬁfggij_'cg%j; and Bg;gemT%%z;or trée
error of the resulting functional also correlates slightly with 97'1/147@ ) s/TZ pL . -t functi Is” an t
the starting guess used, the points will not necessarily fit ) aug-cc-p asis set functionals™ are a

0, 0, 0, i
curve. Unlike the GGA functionals where we can determine 6%, 17% and 17%, respectively.
the starting guess by fitting to exchange-correlation points,
with hybrid functionals the initial coefficients are, at best, V- ASSESSMENT OF DENSITY FUNCTIONALS

educated guesses. Thus, we sometimes had to fit a curve | this section we assess several density functionals with
through the points, and in Fig. 1, the rms energy error iyo pasis sets: cc-pVTZ and TZ2P. The former basis set has
plotted as a function of amount of exact exchange for varioug,een ysed in the construction of VSX@nd the latter in the
functionals. This plot shows a disturbing property of hybrid parameterization of the HCTH-type function&r€1%! For
functionals:the amount of exact exchange in the functionalihis evaluation, we use the large 407 Eetgain comparing
depends on the basis set for which it isAll hybrid density g energy, gradient ar@, errors. A similar comparison for
functionals known have their exchange coefficient fit to amost of the functionals evaluated has been done before, us-
specific basis setor are using numerical DFT hence the g the TZ2P basis set and the much smaller sets of 93 and
variation of the exact exchange, in the range of 15% to 25%3 47 molecules. Thus, we can assess if the results will remain

might well be due to basis set effects. In the case Otransferable between the G2-1 and G3 S&tSable VIII
the tested functionals, the optimized exact exchangeshows all results obtained.

fractions for all three triple-zeta basis setsbtaining
B97-1/1471@6-31+G(3d,2p), B97-1/147@TZ2P and * The simplest density functional method, LSDA in its

B97-1/147 @aug-cc-pVTZhover around 18%. However, fit- VWN parameterization, is already a vast improvement

ting to a double-zeta basis set (B97-1/@8-31+ G** and over the Hartree-Fock method. The LSDA geometries
B97-1/147@aug-cc-pVDE yields minima located around are surprisingly accurate, even more so when compar-
28%. In Fig. 2, the value o, is displayed, exhibiting gen- ing the grad|ent_ error to a vast number of GGA and

erally the same behavior as the energy in Fig. 1. Since this is meta-GGA functionals.

the value used in the fitvith more sophisticated weightst * For molecular systems, PKZB yields no clear improve-

is more informative, albeit more abstract. Here, the differ- ~ Ment over PBE, although it was developed as an im-

provement over PBE including a semi-empirical fit and

ences between the basis sets, which were already exhibited an extra variable, the kinetic energy density Both

with the GGA functionals, can be seen again. While the : :

' functionals give rms energy errors close to 20 kcal/mol.
BY7-1/14@6-31+ G™* and the B97-1/147@aug-cc-pVDZ In addition, we would expect geometry errors similar to
functionals show similar minima in the energies, with the the ones obtained by the LSDA method. We would dis-
B97-1/147@6-31+ G** curve shifted a bit towards lower courage the use of these functionals for the calculation
values. Still, the gradient error when fitting to the 6-31 of both molecular thermochemical data and geometries.
+G*™* basis is much lower than with the aug-cc-pVDZ basis . mpw1K is a hybrid functional with a large percentage

set. Similar behavior is observed for the basis sets of triple-  of exact exchange, developed for accurate reproduction
zeta quality. Only when the gradients are included does the  of reaction barriers, reducing the error of B3LYP for
B97-1/147@TZ2P functional yield a lower error for its mini- this property by about 5095.However, its performance
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TABLE VIII. Errors evaluated with the 407 Set of contemporary functionals, using the TZ2P and cc-pVTZ

basis sets.
. TZ2P cc-pvTzZ
Basis Set
Functional rms energy Gradient Q; rms energy Gradient Q;
HF 155 34.81 17917
LSDA 105 15.93 7846
PKZB 18.0 20.45 428.6
PBE 20.7 15.68 426.0 20.5 16.42 449.5
mPW1K 16.8 19.18 399.6 17.7 18.27 483.2
PW91PW91 19.2 14.64 373.1 19.1 15.08 378.3
BP86 16.9 16.16 338.2 11.8 16.51 3314
mPW91PW91 13.8 15.66 274.0 13.9 15.41 263.4
BLYP 9.8 18.50 249.7 11.0 18.91 283.9
BPW91 10.3 15.51 203.1 10.9 16.80 258.4
PBEO 11.9 11.19 199.8 12.2 12.05 219.8
OLYP 9.6 13.52 172.5 10.0 14.32 205.5
B98 8.7 13.40 166.2 8.9 13.39 175.7
B3LYP 9.6 11.36 165.3 10.2 11.62 177.3
B97-2 7.4 11.50 161.6 8.4 11.77 175.7
VSXC 9.4 11.39 158.6 9.4 11.43 167.5
HCTH/147 9.1 11.37 137.3 9.5 12.36 173.3
HCTH/407 8.0 11.28 135.3 9.3 12.46 187.6
HCTH/93 8.4 11.66 134.2 9.8 12.50 178.6
B97-1 7.3 10.81 130.9 8.1 11.19 143.7
~HCTH 7.3 10.65 114.2 8.4 11.72 150.4
7~HCTH hybrid 6.3 10.36 107.5 7.3 11.11 133.2

for minimum geometries and energetics of stable mol-
ecules is the worst of all hybrid functionals tested and
even standard GGA’s yield lower errors.

* PW91PW91, the original GGA proposed by Perdew,

* PBEO does not yield better energy predictions than the
GGA functionals mPW91PW91, BPW91 and BLYP. In-
terestingly, its gradient error is lower than the one ob-
tained for the most commonly used functional B3LYP,

yields slightly lower errors than PBE, that largely come
from the evaluation of the gradients.

« When replacing the PW91 exchange functional with
mPW091, the rms energy error is reduced, yet the gradi-
ent error increases.

* The BP86 GGA functional, albeit an improvement over
these methods, still gives@; error almost three times
larger than the best functionals available. The rms en-
ergy error is lowered by 5 kcal/mol when using the
CcC-pVTZ basis set instead of TZ2P; the gradient error
however increases.

e BLYP is one of the more accurate functionals, but gen-
erally overestimates bond distances, and its gradient er-
ror is extremely large. This leads to rms errors in bond
lengths that are almost twice as high as for hybrid
functionals® Nevertheless, it is still one of the com-
monly used functionals, very often employed when cal-
culating hydrogen bond$or in Car-Parrinello Molecu-
lar Dynamics simulations of liquid waté?.Its rms and
gradient errors both increase when using the cc-pVTZ
basis set. In contrast to the smaller sets, the BLYP func-
tional now clearly outperforms BP86 for the 407 set,
whereas this was not the case for the 93°Set.

e The BPW91 functional uses Becke’s exchange func-
tional in combination with PW91 correlation, and yields
lower errors than the PW91 and mPW91 exchange
functionals for the properties tested. Here, the func-
tional gives a performance similar to BLYP, perhaps
slightly better. Again, its gradient error is higher for the
cCc-pVTZ basis set.

thus we would expect a pretty accurate description of
geometries and higher-order properties.

OLYP®! is a clear improvement over BLYP for atomi-
zation energies and reactions, and even more so for mo-
lecular structure&%31ts overall errors are almost com-
parable to those of the hybrid functionals, much better
than BLYP and BPW91. Here, an improved exchange
functional OPTX is used instead of Becke’'s exchange
functional. However, its performance for hydrogen
bonds is not as good as BLYP.

B98 does exactly the opposite of PBEO: We would ex-
pect its geometries to be further away from the equilib-
rium than B3LYP, but its energy error is slightly de-
creased. In the overa), evaluation, the error is very
similar to the one obtained by the older B3LYP.

» The B3LYP functional is probably the most widely used

hybrid functional, and every new functional is com-
pared to its accuracy. The rms error for the 407 Set is
close to 10 kcal/mol, which is considerably larger than a
“chemical accuracy” of 2 kcal/mol. The gradient error
is again slightly increased for the cc-pVTZ basis set
compared to TZ2P.

B97-2 is a reparameterization of B97-1 including the

ZMP potential points into the fit of the exchange-

correlation functional. Hence, we can expect its energy
error to be worse than B97-1, since the fit to an extra
guantity usually worsens the performance to the ener-
gies. However, its advantages over B97-1 still have to
be established since even its gradient error is larger.
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» The performance of VSXC for the 407 set is very simi- TABLE IX. Number of molecules in the 407 set with an energy error larger
lar to B3LYP. This contrasts with the bad performancetha” 15 kcal/mol for the functionals tested, using the TZ2P and cc-pVTZ
of VSXC for the smaller 93 Set where it returned an Pasis sets.
error barely lower than the BLYP function®l Fitted to

the cc-pVTZ basis set, it is the only functional yielding Functional Tezp copvTZ
similar errors for both basis sets. PBE 159 140
e All HCTH functionals give errors which differ i, by BE;% 128 1286
less than 3% for the TZ2P basis set and less than 8% forgpywgs 44 48
the cc-pVTZ basis set. These functionals, while they are gLyp 36 46
pure GGA functionals, yield errors that can be com- oLyp 34 46
pared to hybrid functionals like B3LYP for both the B3LYP 31 37
TZ2P and cc-pVTZ basis sets. Here, the additional HCTH/147 30 38
value added to the functional by reparameterizing it to VSXC 30 33
147 or 407 systems is not obvious, although the HCTH/ HCTH/93 24 38
407 functional outperforms the other parameterizations HCTH/407 23 38
: . 7~HCTH 22 30
in the rms energy error. Th@, value of HCTH/407 is B9S 21 2
the worst for the HCTH functionals with the cc-pVTZ pgg7.1 18 23
basis set. The justification for the reparameterization, ~HCTH hybrid 14 21

making HCTH/407 a better functional than HCTH/93
or HCTH/147, will become only visible when consider-
ing hydrogen bonds or inorganic molecufe® where
error cancellation plays an important role. Generally,ecules with atypically large errorshan the TZ2P basis set.
this error cancellation cannot be expected in DFT meth-rhe regyits are very similar to the ones obtained in Table

ods. In some post-Hartree-Fock methods like MP2 it IS\, a4 compared to B3LYP, the best available functional
inherent, and hence the reparameterization of the func;,

tionals remains important to recapture such effects. (t-he .T'HCTH hyb”d) CUt.S the number O.f outliers in half,
, bablv the b hoi hen i yielding a considerable improvement. With regard to the ac-
* B97-1 is probably the best choice when it comes oy .oy of density functional theory with all the evaluations

using density functional hybrid calculations, since it is_ . . . )
already well tested and its calculated structures arwhu:h are done with the 407 Set, the rms error of the func

similar to those obtained by B3LYRor even slightly ?ionals ranges between(6-HCTH hybrid) and 21 kcal/mol

bette), and it outperforms B3LYP by about a third in (PBE), with the most commonly used hybrid functional
Q, when predicting energetic properties. B3LYP yielding an error around 10 kcal/mol. The mean error

« ~HCTH is for both basis sets an improvement over theof these functionals is between 3.8 kcal and 15.6 kcal mol,

HCTH functional showing that the inclusion of the ki- With B3LYP yielding 6.2 kcal/mol. This can be compared to
netic energy density can lower the error further. Unfor-€mpirical correction methods like @3,which yield errors
tunately, it lacks the performance of the HCTH/407 around 1 kcal/mol for the G3 set that, however, does not
functional for weak interactiong:3¢ include some of the molecules with the largest errors in our
« The ~HCTH hybrid, when additionally including exact 407 set. Extrapolation methods like Wajive mean errors

exchange, clearly vyields the lowe§, value of all around 0.5 kcal/mol for a considerably smaller set similar to
methods tested. Its error for the TZ2P basis set is 5099uUr 147 Set. Full MP2 yielded an rms error of about 20
lower than the one obtained by B3LYP in addition to kcal/mol for the 407 Set using the TZ2P basis set. This gen-
yielding a lower gradient error and structuteshan  erally places the accuracy of DFT between raw perturbation
B3LYP. theory results and coupled-cluster theory when calculating

Summarizing the results in Table VIII, by ranking all GGA ground state energies.

functionals based on thefd, value, we get the following

order(taking into account that some functionals have been fit: CONCLUSIONS

to one of the basis sets

From the above, we can make a number of observations

HCTH/147~HCTH/93~ HCTH/407< OLYP< BPW91 concerning the use of DFT functionals and the basis sets
used with them. All results regarding the basis sets are ob-
<BLYP<mPW91PW9x BP86<PW91PW9X PBE. tained by fitting functionals to basis sets, and then evaluating

For the meta-GGA's and hybrid functionals, the ordering is their errors, thus the results are independent of the functional
parameterization. For most of the properties investigated, in-
7-HCTH hybrid<B97-1< 7-HCTH<VSXC~B97-2 cluding energies and gradients, the Pople basis sets can be
recommended. Dunning’s basis sets, fit to CISD, give con-
~B3LYP~BI8<PBEO<mPW1K<PKZB. siderably higher errors despite having a larger number of
Although rms errors can give a lot of insight, the maximumbasis functions. Although it yields a higher error than the
errors are also considered important. In light of this, we haves-311+ G(3df,2pd) basis set for energies and gradients, the
examined in Table IX the number of molecules in the 407 sefTZ2P basis set still gives the lowest overall error for the
for each functional that have large rms energy erfover 15 GGA functionals when including the ZMP exchange-
kcal/mo)). As we have discussed in the basis set evaluationgorrelation potentials into the fit. The basis set error, which
the cc-pVTZ basis set generally exhibits more outlign®l-  might still be significant at the triple-zeta level, shows that
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the functionals obtained by fitting to one basis set are trans®F. De Proft, J. M. L. Martin, and P. Geerlings, Chem. Phys. (286 400
ferable to other basis sets. Hence, it is probably not impor54(1996- '
tant to reach the basis set limit when developing new density A'gg' Scheiner, J. Baker, and J. W. Andzelm, J. Comput. CHén775
functionals, since the overall DFT error is considerablyzs M_7)' artell, J. D. Goddard, and L. A. Eriksson, J. Phys. Cheri0a
larger. Basis sets developed for DFT methods might alleviate 1927(1997.
this problem, but the problem remains as to which functionaf°p. M. W. Gill, B. G. Johnson, J. A. Pople, and M. J. Frisch, Chem. Phys.
to use for their development. The same analysis for hybriq7'59t'f/-ll9l_7~ ’3'99_(1933-5 Vazal and 1. . Fresie. Mol Phve.g6. 1437
density functionals shows that the amount of exact exchange; goc ™ artin, J. El-Yazal, and J. P. Frams, Mol. Phys.86
obtained is dependent on the basis set itself. Whereas basj‘%. M. L. Martin, in Density Functional Theory: A Bridge Between Chem-
sets of double-zeta quality yielded minima around 28%, the istry and Physicsedited by P. Geerlings, F. De Proft, and W. Langenaeker
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