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Hybrid exchange-correlation functional determined from thermochemical
data and ab initio potentials
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Multiplicative potentials, appropriate for adding to the non-multiplicative fractional orbital
exchange term in the Kohn—Sham equations, are determined from corralatitio electron
densities. The potentials are examined graphically and are used in conjunction with conventional
thermochemical data to determine a new hybrid exchange-correlation functional, denoted B97-2.
Calculations using B97-2 are compared with those fi@inthe B97-1 functiona]J. Chem. Phys.

109 6264(1998], which has the same functional form and fraction of orbital exchange, but was
fitted to just thermochemical data; afitg) the widely used B3LYP functiondl. Chem. Phys98,
5648(1993]. B97-2 atomization energies are close to those from B97-1; total electronic energies
and ionization potentials are less accurate, but remain an improvement over B3LYP. Molecular
structures from all three functionals are comparable. Static isotropic polarizabilities improve from
B3LYP to B97-1 to B97-2; the B97-2 functional underestimates experimental values, which is
consistent with the neglect of zero-point vibrational corrections. NMR shielding constants—
determined as the conventional second derivative of the electronic energy—improve from B3LYP to
B97-1 to B97-2. Shieldings determined directly from these DFT electron densities using the recently
proposed MKS approadlChem. Phys. Lett337, 341(2001)] are two to three times more accurate
than the conventional shieldings, and exhibit an analogous improvement across the three
functionals. Classical reaction barriers for sixteen chemical reactions improve significantly from
B3LYP to B97-1 to B97-2. The introduction of multiplicative potentials into semi-empirical hybrid
functional development therefore appears beneficial. 201 American Institute of Physics.
[DOI: 10.1063/1.1412605

I. INTRODUCTION continuum functionaEg[ p,,ps] and a fractioné of exact

ital h
Kohn—Sham density functional theo(DFT) is widely orbital exchange

used for electronic structure calculationghe accuracy of a Exclpa ppl= Eéclpa 05

DFT calculation is governed by the quality of the exchange-

correlation energy functional, and so, the continued develop- J’ j 2 |PW(r r )|2 ar’ 1
ment of improved approximations to this quantity is essen- Ir—r | drdr’, (1)
tial.

One approach for developing new functionals is towhere the labek in the continuum contribution indicates an
choose a flexible mathematical form and determine optimaimplicit dependence on the fraction of orbital exchange,
parameters by fitting to molecular thermochemical quantiwhich in turn is expressed in terms of the Kohn—Sham
ties, such as total energies and atomization energies. Thig-spin one-densities
semi-empirical route has been widely used for both con-
tinuum functionalg\where there is a well-defined exchange- 1 , ,
correlation potential and no integer discontiniigych as the Poo(lT ):Z i1 @iglr). @
generalized gradient approximati@@GA) and for hybrid
functionals (which are the sum of a continuum functional This functional represents a conventional continuum func-
and a fraction of exact orbital exchang&xamples of func- tional such as a GGA wheg=0, and a typical hybrid func-
tionals determined by fitting to thermochemical data includetional whené~0.2. The Kohn—Sham equations associated
the 1988 exchange GGA functional of Beékand the with this functional can be derived by minimizing the elec-
B3LYP? B97* and B97-% hybrid functionals. Thermo- tronic energy with respect to the Kohn—Sham orbitals. The
chemical fits have also been used to determine optimal paontinuum COI’III’Ibu'[IOI”EXC[pa,pB] in Eqg. (1) is an explicit
rameters in more advanced functional forffns. functional of the electron density and so its contribution to

A deficiency of thermochemical fits is that they do not the Kohn—Sham equations is the multiplicative scalar poten-
explicitly constrain the Kohn—Sham orbitals and eigenvaluegial
to be accurate. To achieve this, the exchange-correlation con- c
tribution to the Kohn-Sham equations must be accurate. ¢ OEclpaippl 3
Consider a general functional, expressed as the sum of a =~ XC@ 6p (1)

N

o
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By contrast, the exact exchange term is a functional of theonventional exchange-correlation potential since part of the
Kohn—Sham orbitals, rather than the density, and so its corexchange-correlation contribution to the Kohn—Sham opera-
tribution to the Kohn—Sham equations is non-multiplicative,tor is now accounted for in the non-multiplicative orbital
involving the electron interchange operaRy' and the one- exchange term. The conventional ZMP approach takes no
density(as in Hartree—Fock theoryThe Kohn—Sham equa- account of orbital exchange and so cannot be used to calcu-
tions are written late viclg(r) from ab initio densities. For this reason, mul-
tiplicative potential information has not been previously used
in the development of semi-empirical hybrid functionals.
In this study the ZMP approach is generalized such that

it can be used to calculatécvg(r) from ab initio densities

§f g ,ptlm(r,r’) when £+ 0. By analogy with the GGA case, a new hybrid

h(r)+v (1) +vc ()

P’ — €po | po(r) =0, (4)  functional is then developed by optimizing its parameters
such that it yields accurate thermochemistry for a series of
atoms and molecules and has a continuum contribution
Eic[pa,pﬁ] whose potential is maximally parallel to the

new ZMP potential for these systems. By comparing its per-
We note that the Kohn—Sham equatiof@ could be formance with that of B97-1, which was determined solely

formulated in an alternative, more theoretically appealingfrom thermochemical data, the influence of multiplicative

manner, in terms of a purely multiplicative exchange-pmen_tif"‘l information in hyprid functiopal development is
correlation potential. This can be achieved using the optiduantified. We also take this opportunity to perform a de-
mized effective potentialOEP) approacH,which minimizes tf';uled comparison between these hlghly parameterlzed fgnc-
the energy with respect to the potential. An alternative routdion@!s and the B3LYP functional, which is widely used in
is to solve the non-multiplicative equation®) for the elec-  chemical applications. _

tron density, and then use the constrained search formulation " S€C- ”é a modified ZMP approach is presented for
to determine the multiplicative potential associated with thafi€€rmininguvsc ,(r) from ab initio densities wheng+0.
density. We have demonstrated that this latter method, deln€ Potentials fog=0.21 are presented for Ne, CO, and HF,
noted MKS for “Multiplicative Kohn—Sham” is particularly @nd are compared with the corresponding exchange-
attractive for the calculation of NMR shielding constahts. correlation €=0.0) and Hartree—Fock-Kohn—Sham correla-

However, the OEP and MKS methods are not widely used afo" (§=1.0) potentials. In Sec. IIl, new exchange-

present and so, unless otherwise stated, we use the convéifrélation functionals are derived for a rangefofalues; an
tional definition of the Kohn—Sham equatioté) for the optimal functional is defined by assessing the performance of

present study. Within this formalism, the quality of the the functionals for thermochemistry, molecular structures,
Kohn—Sham orbitals and eigenvalues is completely govf"nd six hydrogen abstraction reaction barriers. In Sec. IV, the

erned by the quality of the multiplicative potentiaic (1 performance of the new functional is investigated for a range
for any . 7 of molecular structures, electric and magnetic response prop-

erties, and sixteen chemical reaction barriers. Conclusions
are presented in Sec. V.

whereh(r) is the sum of the kinetic energy operator and the
external potential andy(r) is the Coulomk(Hartree poten-
tial.

For GGA functionals¢=0 andvicyg(r) is the conven-
tional multiplicative exchange-correlation potential. For a
GGA to give accurate orbitals and eigenvalues it must there-
fore provide an accurate representation of the exchange-
correlation potential; we have previously attempted toj|, DETERMINATION OF V>§<c,a (r) FROM THE DENSITY
achieve this by explicitly introducing potential information
into our fitting procedures. Using the method of Zhao, Mor- ~ The ZMP approach is now generalized so it can be ap-
rison, and PartZMP),° exchange-correlation potentials have plied to functionals of the general forfl). The total elec-
been determined from correlated initio electron densities tronic energy is
for a series of atoms and molecules. The parameters of flex-
ible functional forms have then been optimized such that E=Ts[{<pi}]+Eex{p]+EJ[p]+Eic[pa,pﬁ]
they yield accurate thermochemistry for the series of mol- 1 12
ecules, together with exchange-correlation potentials that are _EJ f E [poo(r.r )] drdr’ (5)
maximally parallel to the ZMP potentials. The series of 2 o |r—r'| '

HCTH functionals HCTH/93, HCTH/147® and

HCTH/407! were determined in this manner and have beewhere T{{¢;}], Eed p], andE{p] are the non-interacting
successfully applied to molecules resembling those in thé&inetic energy, the interaction energy between the electrons
fitting data. They can be less successful when applied tand the external potential, and the Coulothlartreg energy,
systems that differ considerably from those in the fitting datarespectively.

such as bulk semiconductors involving relatively heavy  The energy contributions E.{p], Ejp], and
atoms:? Esclpa.pgl are explicit functionals of the spin densities. It

For a hybrid functional £+ 0) to give accurate orbitals follows that if the orbitals are varied subject to the constraint
and eigenvalues, it, too, must provide an accurate represethat they yield some reference spin densities, then these
tation ofv;f(C‘U(r). However, in this caseicyg(r) is not the terms will remain constant. From the constrained search

Downloaded 26 Apr 2011 to 129.234.252.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 115, No. 20, 22 November 2001 Exchange correlation functional 9235

formulation?? it follows that the Kohn—Sham orbitals asso- 10
ciated with the reference densitipg, andp g, are obtained
through the minimization

|2
mln(Ts[{%}]—gffz Pl ——————drdr’ (6)

r—r]

over all sets of orbitals that yield the reference densities.ufm,;30
Following ZMP, the constraint is enforced through a
Lagrange multiplien associated with the self-repulsion con-
dition

J f [Po(r) = peo(N]paAr")—pgolr’)]

- drdr’=0
Ir—r|

()

and the equations are brought into the standard Kohn—Shar
form by addingEg,{ p] to the minimization in Eq(6). Fur-
thermore, given that the long-range behaviowég(,(r) is

lim vée (r)= ey . (8)

r—o r

additional Fermi—Amaldi-typ¥ terms are added to the mini-
mization to impose this behavior. The addition of both extra
terms does not affect the minimization since they are explicite,,
functionals of the spin densities. Minimization therefore
gives the one-electron equations

1
h(r)+v§‘(r)+v§a(r)§N—+vég(r)

o

r

—& f dr ProlT) P —eg,,> ©po(1)=0, 9

Ir—

where the superscriph indicates a dependence on the
Lagrange multiplier ana? (r) is the o-spin constraint po-
tential

Nipry_ ’
v?;g(r)=2)\f PAT) TPl ) (10

r=r
The equationg9) can be identified as the Kohn—Sham equa- .
tions associated with the reference densities when the con ™
straint(7) is satisfied. This occurs when—c« and so com-
paring Eq.(9) in this limit with Eq. (4) leads us to define the
potential

g g l A ~T7.0
UZMP,(r( ) Ilm UJ(r(r) +vC(r(r) . (11)
N0 0' C (8]

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0

For a given reference density, this “ZMP potential” is the © ,

exact asymptotically vanishing multiplicative potential that
must be added tg times the non-multiplicative orbital ex- FIG. 1. Multiplicative potentialsbye ,(r) with £¢=1.0 (dotted liney, &
change term in the Kohn—Sham equatlons Note thaF© 21 (solid lineg, and £=0.0 (dashed linesfor (a) Ne, (b) HF, and(c)

CO. All quantities are in au.
vZMP,U(r) and the potentlad;xcv(,(r) in Eq. (4) are not nec-
essarily the same, as they can differ by an additive constant.

orbital exchange, as detailed in the previous section. The
A. Viyp,, () for Ne, CO, and HF most successful hybrid functionals include a fraction of

Our Gaussian basis set implementation of the ZMP aperbital exchangeé~0.2 (eg., B3LYP, £&=0.2; B97, ¢

proach has been amended to account for the presence ©f0.1943; B97-1,£=0.21) and so it is informative to ex-
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TABLE |. Fitting data used in functional determination: although this approximation is not used in our functional
development.

1. M: H,, LiH, BeH, CH, CH(*A), CH,(®B), CHs, CH,, NH, NH,, NHj,
OH, H,0, HF, Li,, LiF, C,H,, C,Hs CHg CN, HCN, CO, HCO,
H,CO, CHOH, N,, N,H,, O, H,0,, F,, CO,, SiH,(*A), SiH,(°B),

SiHs, SiHy, PH,, PH;, HCI, Na, Sh, Py, S, Cl,, NaCl, SiO, CS, SO, IIl. ANEW HYBRID FUNCTIONAL
+ + + + + +
clo. CLF’ CHCL, CHSH, HOCI, SQ I, HCIT, COT N, , 07, P In a previous study,we determined the B97-1 hybrid
S, Cly {61} , ) A
_ exchange-correlation functional by reoptimizing the B97
2.A;: H, He, Li, Be, B, C, N, O, F, N¢10} functional form of Beckd.B97-1 is of the form(1), with &
3.Af: Li*,Be', BY, C*, N, OF, F*, Ne* {8} =0.21 and a continuum part expressed in terms of 9 param-

eters{c;}. Optimal parameters were determined by fitting to
thermochemical data only, through the minimization

90
dC; s

4.A,: Na, Mg, Al, Si, P, S, C7}

5.A} : Na*, Mg*, Al*, Si*, P*, S*, CI* {7}

(13

whereQg is a measure of thermochemical accuracy

amine graphicallw%Mpyg(r) for such values. Following the 56

B97-1 functional,£=0.21 is chosen. cale_ exph2
In Figs. Xa-1(c) multiplicative potentialsv5yp ,(r), QE:Z [EF'—EF7)% (14)
determined foré=0.21, are presented for Ne, HF, and CO. o o
The a and 8 potentials are identical as the molecules areUsing the notation in Table 1, the 86 energy contributions to
closed-shell singlets. For Ne the potential is plotted as &) are(a) total energies of first-row atomé; and cations
function of radial distance; for the diatomics it is plotted A1 ; (b) ionization potentials of second-row ators; and
along the bond axis. The potentials were determined fronfC) tomization energies of moleculés. _
Brueckner DoublegBD) electron densities using a Tz2p  In this study we continue to use the B97-1 functional
basis séf and a Lagrange multipliex =900. (The use of a form and fitting data from Table I, but we now derive the
finite Gaussian basis set makes the linit-o inappropriate optimal parameters such that the new functior;al yields accu-
and studies have demonstrated that900 is acceptabl¥)  rate thermochemistrgnd has a continuum patcl pa ol
For comparison, the conventional exchange-correlation po¥hose potential is maximally parallel to the new ZMP po-
tentials[vbyp (1) When £=0.0] and the correlation poten- tentials for the systems in the fitting data. For the 93 systems
0 " . "NT] . .
tial of Hartree—Fock-Kohn—Sham theofyé, ,(r) when N Table |, multiplicative potentlals;é,\,lpﬂ(r) were cglcu—
£=1.0] are also presented. The correlation potentials for Nelated for & values of 0.19, 0.20, 0.21, and 0.22, using the
CO, N,, and B were presented in a previous study. TZ2P basis seth =900, and coupled cluster BD or MP2
The £=0.21 potentials are intermediate between those oflensities, for closed- and open-shell systems, respectively.
£¢=0.0 andé=1.0. Given that the fraction of orbital ex- When constraining potentials in functional development, it is
change is relatively small, they more closely resemble th@nly necessary for the calgulated pote_ntials to be maximally
£=0.0 potentials, exhibiting similar structural characteris-Parallel to the ZMP potentials. A possible shift between the
tics. In addition to these systems, the, #,, and K poten- WO potentials must be introduced because the continuum
tials have also been investigated. For all these systems, tH&rt of the new functional gives a potential that does not

£=0.21 potentials are reasonably well-approximated by exhibit any integer discontinuity. Following Ref. 18, we de-
fine a new quantity, which measures the degree to which the

Viwp.o(N] =020~ (1=0.2Dv 5yp (N ¢= 0.0, (12 two potentials are parallel

TABLE II. Error assessments for self-consistent molecular strucidemd degrees thermochemistrykcal/
mol), and hydrogen abstraction classical reaction barfilecal/mol), as a function of the fraction of orbital

exchangét.
New functionals
&
B3LYP B97-1 0.19 0.20 0.21 0.22
Molecular structures
Mean absr 0.008 0.008 0.009 0.008 0.008 0.008
Mean abs.# 0.2 0.3 0.4 0.3 0.3 0.3
Thermochemistry
Mean abs. EA,, A}) 4.5 2.3 3.3 3.3 3.4 34
Mean abs. AEi1) 3.4 1.9 1.9 1.9 2.0 2.0
Mean abs. IPA,) 1.8 1.0 15 1.4 1.4 1.3
Hydrogen abstraction reaction barriers

Mean abs. 3.2 3.7 2.6 2.5 2.5 2.5
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TABLE lll. Functional parameters defining B97-2. See Ref. 5 for definitions
Q=2 > f driviye o7(r) +ké+ of the expansion parameters.
T o '
~0fi, (N 1?p25(T), (15 e
: Cxe0 +0.827 64D +00
where T sums over the 93 systems in the fitting data; ECMO ig'ggg gggigg
. L& . . CaB,0 .
denotE;Sa and g splns,vZM.PYUT(r) is 'Fhe newa-spin ZMP Crrt £0.478 400 — 01
potential for system Tk is the o-spin shift for system T; Cevot —0.691 68D +00
vk ,7(r) is the o-spin potential associated with the con- Ccap +0.140 62 +01
tinuum part of the new functional for system T; apfk(r) is Cxe.2 *gégi ;Sg*gé
a spatial weighting function. Initial values are chosen for the E°””~2 f0'744 oeanim
. . Cap,2 .
shifts kiT and the quantity & +0.210 00@ + 00
QE,V: (I)EQ E+ vav y (16)

is minimized in an iterative fashion with respect to both thewith ¢ is small. Mean absolute errors for the new functionals

variable parametex;} and the shiftk’}, using a system are a notable improvement over B97-1 and B3LYP.

of macro- and microiterations. Following Ref. 5, the weights |t is clear that the variation witl is relatively small and

in Eg. (16) are chosen to beg=750 andw,=1. As with  that no single value is optimal for all properties. For the

897'1, all calculations in the functional development use tthmainder of this Study, we shall concentrate on the new

TZ2P basis set, and so all the functionals determined in thig,nctional with £=0.21, since this value is used in B97-1.

study are specifically designed for this basis. Unless othefye denote the new functional as B97-2, as it is a natural

wise stated, all calculations use TZ2P. extension of B97-1—the sole difference between the two

A. Dependence on & functionals is that the former is fitted to thermochemistry and

) _ potentials, while the latter is fitted to just thermochemistry.

Four new functionals, corresponding §&= 0.19, 0.20, By comparing the performance of B97-2 and B97-1, the in-

0.21, and 0.22, have E))een determined and implemented ,ence of including multiplicative potential information in
the CADPAC progrant® To choose an optimal functional, hybrid functional development will be quantified.

molecular structures, thermochemical quantities, and hydro-" tpe parameters defining B97-2 are presented in Table
gen abstraction reaction barriers were computed, and cony_ The third parameter, the local correlation prefactor, is
pared with experimental or high-leveb initio calculations.  narticularly close to unity, demonstrating that the uniform
This criterion for the optimal functional is arbitrary, other 44543 correlation limit is approximately satisfied. The cor-

properties could have been considered. However, structurggsponding prefactor for the B97-1 functional is 0.955 689.

and thermochemistry are particularly important, while reac-

tion barriers are a demanding test of any exchange-

correlation functional. The error assessment is presented i||¥' PERFORMANCE OF B97-2

Table II. In this section a detailed assessment of B97-2 is pre-
To assess structural accuracy, the mean absolute borgnted for the prediction of molecular structures, electric and

length and bond angle errors are presented for the 40 smathagnetic response properties, together with a more extensive

molecules of Table IV. These are a subset of the fitting molrange of classical reaction barriers.

eculesM, where the experimental structures are accurately

known. The quality of bond lengths and bond angles is aI—A' Molecular structures

most constant over the range &falues considered, and is In Table IV optimized structures for the 40 small mol-

very close to that of conventional B97-1 and B3LYP. ecules are presented. The quality of the nuclear derivative
Mean absolute errors for the total energi& of sys- (and hence the molecular structure governed, for a given

temsA; andA; ; ionization potentialgIP) of systemsA,; basis set, by the quality incﬁ(,(r). Despite being deter-

and atomization energidf\E) of systemsM are presented. mined fromab initio potentials, B97-2 offers minimal im-
As with the molecular structures, thermochemical accuracyprovement over B97-1. Geometries from B3LYP are also of
varies little with & Total energies and ionization potentials comparable accuracy.

are slightly less accurate than B97-1, by approximately 1.0 In Table V, optimized bond lengths are presented for a
and 0.4 kcal/mol, respectively. Atomization energies fromseries of diatomic radicals, which are absent from the fitting
the new functionals are close to those from B97-1. The nevdata. On average, the B97-2 bond lengths are now an im-
functionals and B97-1 are a significant improvement oveprovement over B97-1, which in turn is a slight improvement
B3LYP. over B3LYP.

Finally, mean absolute errors for six classical reaction In Table VI, the structures of FOOF, FNQC,,,) O,
barriers are presented. These reactions were studied preWO,, Cr(CO)s and Ni(CO), are presented. The TZ2P basis
ously by Skokov and Wheef®rand Hamprechet al.’ and  set is used for the first-row atoms; (44s13p6d[8s7p4d
correspond to the first six reactions of Table 1X. Where morecontraction, obtained by augmenting the basis set of
than oneab initio value is presented in Table IX, an averageWachters:* is used for the transition metals. In FOOF,
value is used for the error analysis. Once again, the variatioRNO,, and Q, B97-2 bond lengths are uniformly shorter
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TABLE V. Optimized geometriegin A and degreesusing B3LYP, B97-1  TABLE V. Optimized bond lengthgin A) for diatomic radicals using

and B97-2 with the TZ2P basis set. B3LYP, B97-1 and B97-2 with the TZ2P basis set.
Molecule B3LYP B97-1 B97-2 Expt B3LYP B97-1 B97-2 Expgt
H, 0.740 0.739 0.739 0.741 BH* 3 1.203 1.210 1.212 1.215
LiH 1.590 1.595 1.601 1.596 NH" gl 1.079 1.078 1.074 1.070
BeH 1.341 1.348 1.353 1.343 OH" 3 1.038 1.035 1031 1.029
CH 1.123 1127 1.124 1.120 BeF o 1371 13r3 1374 1361
CH,(B) 1.077 1.080 1.077 1.078 BN 23H+ 1317 1.324 1323 1.329
1352 1351 1351 136.0 89 22 1.201 1.204 1.203 1.205
CH,(*A) 1.110 1.113 1.110 1.110 < ZH“ 1.817 1.325 1.817 1.301
1018 1014 1014 1019 CF 1 1.278 1.277 1.274 1.272
NF 3y, 1.324 1.320 1.311 1.317
CH, 1.078 1.080 1.077 1.080 NO o1 1147 1149 1143 1151
CH, 1.088 1.090 1.087 1.086 OF 217 1.356 1.348 1.338 1.354
NH 1.041 1.042 1.038 1.036 Fr 21, 1.302 1.294 1.284 1.365
NH, 1.027 1.028 1.024 1.024 Al, 32; 2512 2514 2.482 2.466
103.2 102.8 102.8 103.3 SiCl 1 2.095 2.088 2.079 2.058
NH, 1.013 1.014 1.009 1.012 NS 271 1.496 1.496 1.491 1.494
106.9 106.5 106.5 106.7 PO 211 1.482 1.482 1.477 1.476
OH 0.975 0.973 0.970 0.970 Mean 0.007 0.007 0.001
H,O 0.961 0.960 0.956 0.957 Mean abs. 0.012 0.011 0.009
105.0 104.7 104.7 104.5

“Reference 22 unless otherwise stated.

HF 0.923 0.920 0.916 0917  bReference 23.
Li, 2.715 2.729 2.754 2.673  cReference 24.
LiF 1571 1575 1578 1564  9Reference 25.
C,H, 1.196 1.199 1.197 1.203
1.062 1.064 1.062 1.063
C,H, 1.325 1.328 1.324 1.331 than those of B97-1. For all but the OO bond length in
1.082 1.084 1.082 1.081 FOOF, this leads to an increased error. The FO and OO bond
1217 121.7 121.7 121.4 lengths in FOOF and §) respectively, are particularly poor
CN 1.162 1.165 . 1172 \with both hybrid functionals. For F{ the FO bond length
HEN 1.066 1.068 1.066 1085 improves slightly from B97-1 to B97-2, although significant
1.146 1.149 1.146 1153 d timation remains; the OO bond length becomes less
co 1.126 1128 1.125 1128 UNderes ’ 9
HCO 1.173 1.175 1.171 1.173
1123 1125 1121 1123 TABLE VI. Optimized structuregin A and degreesof FOOF, FNQ, O,
124.2 123.9 124.1 124.2 FO,, Cr(CO)g and NiCO), using B3LYP, B97-1 and B97-2. See text for
HZCO 1.200 1.201 1.197 1.203 basis set details.
1.106 1.108 1.105 1.102
122.0 122.0 122.0 121.9 B3LYP B97-1 B97-2 Expt
N, 1.092 1.095 1.091 1.098 -
0, 1.208 1.208 1.198 1207 1531 1513 1.509 1575
H:0, 1.456 L.aa7 1.435 1456, 1.228 1.236 1.219 1.217
0.966 0.965 0.961 0.966 g4, 109.3 109.1 109.4 1095
100.5 100.5 100.8 100.5 T 88.1 87.9 88.1 87%
F, 1.404 1.396 1.387 1.412 FNO,
co, 1.160 1.162 1.158 1160  rpy 1.487 1.470 1.461 1.487
HCl 1.282 1.284 1.275 1275  Two 1.176 1.179 1.170 1.180
Na, 3.043 3.073 3.130 3.079  fono 136.3 135.8 135.9 13620
Si, 2.272 2.273 2.258 2.246 O3
P, 1.893 1.894 1.885 1.893  foo 1.258 1.256 1.244 1272
s, 1.915 1.919 1.898 1889  fooo 118.1 118#102 1183 1168
cl, 2.032 2.023 2.003 1.988 o 1631 1603 1609 L6do
NaCl 2.371 2.373 2.378 2.361
_ Moo 1.190 1.194 1.181 1.260
sio 1.513 1.513 1.509 1510 20 1112 1112 113 1179
cs 1.535 1.538 1.533 1.535 Cr(CO)s
SO 1.496 1.494 1.488 Lasl o 1.929 1.921 1.907 1.91%41.916
Clo 1.595 1.591 1.576 1.570 o 1.139 1.141 1.138 1.1401.140
CIF 1.653 1.647 1.633 1.628 Ni(CO),
I nic 1.848 1.844 1.834 1.8381.817"
Mean r 0.004 0.005 0.002 reo 1.135 1.137 1.134 1.1411.127
Mean abs. r 0.008 0.008 0.008
Mean 6 0.0 —02 ~01 “Reference 26. *Reference 30.
Mean abs 02 0.3 0.3 PReference 27. 'Reference 31.
‘Reference 28. 9Reference 32.
®Reference 21. 9Reference 29. "Reference 33.
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TABLE VII. Static isotropic polarizabilitiegin atomic unit$ using B3LYP, To assess the frequency dependence of the polarizability,

B97-1, B97-2 and BIX), with the Sadlej basis set. vertical valence excitation energies were determined for N
B3LYP B97-1 B97-2 BOT) Expf CO, HCO, GH,, and GHg with appropriate basis sets. Va-

lence excitations from B97-1 and B97-2 were very similar,

:'2:0 g:gg g:gi g:gg g:?‘l" 2:2?1 qnd so the results are no_t explicitly presented. B97-2 excita-

N, 11.93 1184 1171 1175 1174 tions were equal to or slightly largéby less than 0.1 eV

co 13.18 13.05 1296 13.03 138 than those of B97-1. This led to a slight improvement for

F, 8.69 8.62 8.53 845 838 N,, CO, and GH,, where valence excitations are underesti-

NH, 1472 1454 1435 1433 1456 mated with B97-1. It slightly reduces the accuracy foCi®

S(H)j 1;81 12:;2 12:22 12:22 1;2% and Q;HG, where B97-1 overestimates some of the excitation

CH, 2815 27.92 2756 2691 2770 ©SNergies.

PH, 31.34 3099 30.76  30.44 30.93

H,S 25.25 24.99 24.61 2467 2471 Isotropic NMR shielding constants

SG, 2573 2550 2526  26.06 2561

HCI 1790 17.73  17.42 1743 17.39 In Table VIII, isotropic NMR shielding constants are

Cl, 3116 3091 3046 3071 3035 presented for a series of small first- and second-row mol-

mgiﬂfﬂg&m 8:22 gég _0(')(_);2 ecules. All calculations were performed at the near-

Mean (Exp) 026 009 -013 —0.10 experimental geometries discussed in Ref. 8, using the Huzi-

Mean abs(Expt) 033 022 019 025 naga(IGLO 1V) basis sef**° The errors are dominated by

_ the ozone molecule and so errors are also presented when

{Reference 35 unless otherwise stated. ozone is omitted. The columns headed B3LYP, B97-1 and

PReference 36. . o
B97-2 are conventional shielding constafttse second de-
rivatives of the corresponding electronic enerpieeter-

accurate. For these molecules, the B3LYP description can b%med n a-coupled fashion. Sh|eIQ|ngs are very poor for all

. .three functionals, although there is a notable improvement
more accurate. For the two transition metal complexes, simiz

lar quality is obtained with B97-1 and B97-2, while B3Lyp oM BSLYP to BI7-1 to B97-2.
: . . In a recent studywe introduced a new approach for
is less accurate for the metal ligand distances.

determining NMR shielding constants directly from theoret-
ical electron densities. In the new approach, denoted MKS
B. Static isotropic polarizabilities (for Multiplicative Kohn—S_har_)] a fully multiplicative
o ) o exchange-correlation potential is determined from a theoret-
In Table VII, static isotropic polarizabilities are pre- g electron density using the convention&0) ZMP ap-
sented for a series of small molecules. All calculations Wer‘?)roach. The Kohn—Sham orbitals and eigenvalues associated
performed at gear—experlmental geometfieSusing the Sa-  ith this potential are then input into the conventional un-
dlej basis set! The B3LYP, B97-1, and B97-2 polarizabil- 4ypled Kohn—Sham shielding expression: for full details of
ites do not include zero-point vibrational corrections e MKS approach, see Ref. 8. The M@E3LYP)
(ZPVC's), and so are not strictly comparable with the exDe”'MKS(BQ?-l), and MKSB97-2 values in Table VIII are
mental values. For several of the molecules in Table V”'shieldings determined from B3LYP. B97-1. and B97-2 elec-
Russell and Spackm%ha\/_e calculated ZPVC's, and find (o densities, respectively, using the same combination of
that in all cases the correction increases the calculated polaf7op and HuzinagdGLO IV) basis sets used in Ref. 8. The

izability by a non-negligible amount. An accurate non- egyjts are two to three times more accurate than the respec-
corrected DFT calculation should therefore underestimate thg, o shieldings determined in the conventional manner.

polarizabilities of these systems. To provide a more Va”dAgain there is an improvement in quality from

comparison we also present BD pol_arizabilities, which. MKS(B3LYP) to MKS(B97-1) to MKS(B97-2). When all the
neglect ZPVC's; these were determined as the numericaghglecyles are considered, the B97-2 mean absolute error is

(finite-difference derivative of the BDT) electric dipole 15 g ppm, compared to the bet initio error of 11.2 ppm.
moment, using a static electric field of magnitude 0.001 au.

In moving from B3LYP to B97-1 to B97-2, there is a
uniform reduction in the static isotropic polarizabilities, lead-
ing to improved agreement with the reference(BPvalues. The accurate calculation of chemical reaction barriers is
The mean errors, relative to BD), reduce from 0.36 to 0.18 a considerable challenge for Kohn—Sham theory. For many
to —0.04 au for B3LYP, B97-1, and B97-2, respectively. Thereactions, barriers from conventional GGA and hybrid func-
corresponding mean absolute errors reduce from 0.44 to 0.3®nals lie significantly below those from high-leva initio
to 0.22 au. correlated methodée.g., see Refs. 20, 50, BAlthough the

Both B97-2 and BDT) underestimate experimental po- errors can be reduced by significantly increasing the fraction
larizabilities by an average of 0.13 and 0.10 au, respectivelypf orbital exchangée.g., see Ref. 52n Table 1X, classical
which is consistent with the neglect of ZPVC's. By contrast,reaction barriergi.e., ho zero-point, thermal, or tunnelling
B3LYP and B97-1 overestimate the experimental values bygontribution$ are presented for sixteen simple reactions. The
an average of 0.26 and 0.09 au, respectively, and so thefirst column indicates the reactants. The second column de-
errors will increase upon addition of a positive ZPVC. scribes the nature of the transition state, in each case the

D. Classical reaction barriers
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TABLE VIII. Isotropic shielding constantgin ppm) using B3LYP, B97-1, B97-2, MK®3LYP), MKS(B97-1), and MKSB97-2), with the Huzinaga

(IGLO IV) basis set.

J. Chem. Phys., Vol. 115, No. 20, 22 November 2001

Wilson, Bradley, and Tozer

MKS MKS MKS Bestab
B3LYP B97-1 B97-2 (B3LYP) (B97-1) (B97-2) initio Expt.
HF F 412.1 412.3 4125 414.2 414.4 414.4 418.6 419.7
H,O o 327.8 328.4 328.3 3295 330.2 329.8 387.9 357.8
CH, C 188.8 190.6 191.3 188.4 189.9 190.7 198.9 198.4
co C —-18.4 —-13.9 —12.4 -7.3 -27 -24 5.6 2.8
o -81.2 —-80.8 -74.1 -52.2 —-50.8 —45.4 -52.9 -36.7
N, N -91.7 —-87.9 —-85.9 -69.2 —65.1 —64.0 —58.12 —59.61
F, F —252.4 —241.6 —243.1 -211.8 —200.7 —202.7 —-186.8' -192.8
0’00’ o’ —1692.5 -1671.3 —1660.4 —1209.5 —-1178.8 —1174.1 —1208.2 —129¢
o —1127.3 -1112.1 —1099.6 -812.1 —790.5 —782.9 —754.6 — 728
PN P —54.8 —-36.4 —36.3 18.2 37.4 37.1 86 53
N — 4258 —419.9 —408.4 —355.9 —348.0 —340.8 —347° —349
H,S S 707.5 716.8 7225 711.9 721.3 725.6 754.6 75%
NH; N 259.7 260.9 260.9 260.4 261.6 261.3 270.7 273.3
HCN C 69.4 72.6 73.4 74.9 78.0 78.3 86.3 82.172
N —49.3 —45.7 —-39.8 —-30.7 —27.0 -22.2 -13.6 —20.4
C,H, C 107.1 109.5 111.7 109.9 112.1 113.9 1381.8 117.2
C,H, C 47.3 51.0 53.8 51.3 54.8 57.2 7.2 64.5
H,CO C —24.3 -19.4 —-16.6 -19.3 -14.7 -12.5 4.7 —4.4
o) —452.4 —441.9 —424.9 —372.8 —360.6 —348.3 —-383.F - 375
N’NO N’ 81.9 85.5 86.7 95.2 98.9 99.7 100.5 99.9
N —-10.8 -7.1 -2.4 2.4 6.1 10.5 58 11.3
o) 173.4 174.0 173.9 188.7 190.1 189.9 198.8 200.5
COo, C 49.8 53.9 55.1 53.9 57.9 58.7 63.5 58.8
o] 213.8 214.4 215.7 223.2 224.2 225.2 286.4 243.4
OF, o) —583.7 -561.3 —556.0 —526.6 —505.0 —502.1 —465.8' —473.1
H,CNN’ C 160.2 162.4 162.7 161.3 163.4 163.6 171.9 164.8
N -59.8 —-53.9 —-50.0 -52.5 —46.8 —43.4 —31.6 —43.4
N’ -192.4 —183.6 —-180.2 —146.6 —-1375 —135.4 —142.4 —149.6
HCI cl 945.2 949.5 952.4 945.6 949.8 952.0 962.3 957
SO, S —249.4 —226.9 —2275 —195.3 —172.4 —172.4 —134.2 —126
o) —282.9 —278.4 —273.8 —224.0 —217.1 —214.7 —-170.4 - 205
PH, P 563.8 576.6 580.0 564.7 577.2 580.4 594 599.9
Mean -60.7 —-53.9 —-50.4 —-15.4 -7.9 -55 45
Mean abs. 60.7 53.9 50.4 20.8 16.5 15.8 11.2
Mean abs% 76.8 62.6 54.9 36.8 23.2 18.5 19.5
O; omitted
Mean —-37.9 —-31.9 —-28.9 —-16.2 -9.9 -7.8 3.1
Mean abs 37.9 31.9 28.9 16.5 11.7 11.1 8.2

aReference 40, GIAO-CCSD), experimental values include rovibrational correcti¢escept HCN.

PReference 41, SOLO.

‘Reference 42, IGLO-CASSCF.
YReference 43, GIAO-CCSD.

®Reference 44.
Reference 45, GIAO-MP2.

9Reference 46, GIAO-CCSD.

"Reference 47, GIAO-MP2.
'Reference 48, GIAO-MP3.

horizontal dash represents the new bond formed. The nestate with this basis set. For reference, the final column pre-
three columns are classical reaction barriers determined usents classical barriers determined using high-lageinitio
ing B3LYP, B97-1, and B97-2 with the TZ2P basis set. Bar-methods. For the reactions where more than aheinitio

riers were determined using the corresponding DFT optiresylt is presented, the average value is used in the error
mized structures(details of the structures and electronic analysis.

symmetries can be found in ttad initio references For all Although B3LYP provides a more accurate average de-
but the final reaction, a transition state was verified by the . . i . . .

: . . R scription than B97-1 for the first six reactions, when all six-
presence of a single imaginary harmonic vibrational fre-

quency with all three functionals. For the final reactionn- teen reactions are considered B97-1 is on average the more

strained to D,, symmetry the energy surface for the bending accurgte functional. Bpth BSLYP anq B97-1 consistently un-
motion was found to be very flat with all three functionals. In derestimate the reaction barriers, with mean absolute errors

moving from B3LYP to B97-1 to B97-2, there was an in- of 5.0 and 3.6 kcal/mol, respectively. For the reaction
creased tendency towards a slightly non-linear transitiord+NO, B3LYP fails to predict a barrier; this is remedied
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TABLE IX. Classical reaction barrier§n kcal/mo) using B3LYP, B97-1 and B97-2, with the TZ2P basis set.

Reaction TS B3LYP B97-1 B97-2 Ab initio
H+H, H—H, 4.01 8.77 9.68 9.61
CH,+CHz H;CH—CH; 15.92 13.11 14.47 1786.6
Ho+CHg HH—CH, 9.78 8.04 9.15 11.81
H,+NH, HH—NH, 6.33 5.05 6.28 9.51
H,+OH HH—-OH 1.23 0.67 1.90 5.6%.87
CH,+OH H;CH—-OH 2.58 1.30 2.68 6.6%.11
H+N, H—N, 7.64 11.62 12.76 157249
N+O, N—O, 6.01 5.51 7.92 8.810.2
O+HClI O—Hcl 1.87 0.84 2.98 9.78,0.4
H-+N,O H—N,O 4.94 8.93 10.36 9'6
H-+N,O NNOH 11.84 12.64 16.91 145
H+N,O H—ON, 11.93 16.49 18.75 175
H+NO H—NO 2.46 3.73 4.7
O+H, O—H, 6.81 6.91 8.90 12
H+HF H—FH 32.99 40.27 42.48 42.1°46.17°
H-+HCI H-CIH 12.40 16.40 18.23 20.72
Mean -5.0 —-3.6 —-1.8

Mean abs. 5.0 3.6 2.4

®Reference 53 QMC. iReference 61.

PReference 54 Cl. IReference 62 MR-GIQ.

‘Reference 55 CBS-QCI/APNO-0.15. KReference 63 G2Q.

dReference 56 CCSD). 'Reference 64 CASSCF/CCI.

*Reference 57 QCISO). "Reference 65 CASSCF/CCI.

'Reference 58 CASSCF/CCI. "Reference 66 MR-SDCI.

9Reference 59 CCSD). °Reference 50 CCSD).

"Reference 60 MR-CI.

with B97-1, although the barrier remains well below tie (a) B97-2 atomization energies are comparable to those
initio value. from B97-1, while total energies and ionization potentials are
For every reaction, B97-2 predicts a larger barrier tharslightly less accurate. This reduction in accuracy is unsur-
B97-1; for several of them, B97-2 barriers lie slightly aboveprising, given that the emphasis in the fit has been shifted
the ab initio values. The mean and mean absolute B97-Zrom pure thermochemistry to both thermochemistry and po-
errors of —1.8 and 2.4 kcal/mol, respectively, are a signifi- tentials. B97-2 and B97-1 are a significant improvement over
cant improvement over both B3LYP and B97-1. However,B3LYP in these thermochemical studies;
significant errors remain, most notably for the reactions (b) B97-2, B97-1 and B3LYP exhibit similar overall ac-
H,+OH, CH,+OH, and O+tHCIl. We note that our DFT curacy for molecular structures;
calculations do not include a BSSE counterpoise correction. (c) Relative to BOT), static isotropic polarizabilities im-
Such a correction would further increase the DFT barriersprove from B3LYP to B97-1 to B97-2; the latter functional
although a previous study suggests that the correction igives polarizabilities that are on average below experimental

small for the TZ2P basis sé. values, which is consistent with the neglect of vibrational
corrections;

(d) Shielding constants determined using two different

V. CONCLUSIONS approaches improve from B3LYP to B97-1 to B97-2. The

shieldings determined directly from the DFT densities using

The procedure of Zhao, Morrison, and Pawhich de- ;
termines multiplicative Kohn—Sham potentials from theoret—the MKS. approgch are two to th_r ee times more accurat_e th_an
conventional shieldings, determined as the second derivative

ical electron densities, has been generalized to account for . i
. . o ._._ of the electronic energy; and

fraction of exact orbital exchange. Multiplicative potentials, : ; L .

. . . L (e) Classical reaction barriers improve significantly from
appropriate for adding to 0.21 times the non-multiplicative

. : : B3LYP to B97-1 to B97-2.
orbital exchange term in the Kohn—Sham equations, have . . .
Overall, the results suggest that introducing multiplica-

been examined graphically for Ne, HF, and CO. They ShoV\{ive potentials into semi-empirical functional development is

similar. structural characteristics to the full eXChange'beneﬁcial Further assessment of the performance of B97-2
correlation potential. By fitting to thermochemical data and. ' P

ZMP potentials, a new hybrid exchange-correlation func-> MOV required.

tional, B97-2, has been determing@.he source code for

implementation of this functional is .availa}ble from ACKNOWLEDGMENT

D.J.Tozer@durham.ac.Jk-or the systems investigated, the

performance of B97-2 relative to B97-1 and B3LYP can be  Financial support from the EPSRC is gratefully ac-
summarized as follows: knowledged.
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