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This paper develops two new hybrid meta exchange-correlation functionals for thermochemistry, thermo-
chemical kinetics, and nonbonded interactions. The new functionals are called PW6B95 (6-parameter functional
based on PerdewWang-91 exchange and Becke-95 correlation) and PWB6K (6-parameter functional for
kinetics based on PerdewWang-91 exchange and Becke-95 correlation). The resulting methods were
comparatively assessed against the MGAE109/3 main group atomization energy database, against the IP13/3
ionization potential database, against the EA13/3 electron affinity database, against the HTBH38/4 and
NHTBH38/04 hydrogen-transfer and non-hydrogen-transfer barrier height databases, against the HB6/04
hydrogen bonding database, against the CT7/04 charge-transfer complex database, against the DI6/04 dipole
interaction database, against the WI7/05 weak interaction database, and against the new/PR58I@king
interaction database. From the assessment and comparison of methods, we draw the following conclusions,
based on an analysis of mean unsigned errors: (i) The PW6B95, MPW1B95, B98, B97-1, and TPSS1KCIS
methods give the best results for a combination of thermochemistry and nonbonded interactions. (i) PWB6K,
MPWB1K, BB1K, MPW1K, and MPW1B95 give the best results for a combination of thermochemical kinetics
and nonbonded interactions. (iii) PWB6K outperforms the MP2 method for nonbonded interactions. (iv)
PW6B95 gives errors for main group covalent bond energies that are only 0.41 kcal (as measured by mean
unsigned error per bond (MUEPB) for the MGAE109 database), as compared to 0.56 kcal/mol for the second

best method and 0.92 kcal/mol for B3LYP.

1. Introduction belong to the fourth rung of the Jacob’s ladder, and they are
. . called hybrid GGA (a combination of GGA with Hartre€ock
Development of exchange and correlation functionals for exchange, for example, B3LYP, PBEO, and MPW1K) and
density functional theory (DFT) is an active research area in hybrid meta GGA @ combination of meta GGA with Hartree
theoretical chemistry and physi€s® There are two different Fock exchange, for example, MPWB1K, MPW1B95, and

p_h?losloph(ijes for_deve_l(_)pirgTrllew functiona_ls,lnamely, ?]Of‘erp' TPSSh). Both hybrid GGA and hybrid meta GGA are semiem-
pincal anc semiempirical. The nonempirical approach Is 1o pirical, and they have been very successful for chemistry.

construct functionals from first principles and subject to known )
exact constraints. DFT methods constructed this way may be R€cently we systematically tested @ number of DFT methods

called “ab initio” DFT methods. This approach has produced adainst databases of atomization enerfji¢harrier heights? 49
the successful PEE and TPS& 3241 functionals. and binding energies of nonbonded compleké8We found

However, the most popular DFT method in chemistry, that MPW1B95 is one of best general-purpose DFT methods,

B3LYP°has been constructed by the semiempirical approach. and it gives excellent performance for nonbonded interactions.
This involves choosing a flexible functional form depending Ve also found that MPWBIK is the best DFT method for

on one or more parameters, and then fitting these parameter§herm°Chem'Cal kinetics and nonbonded |nt(_eract|ons. Both
to a set of experimental data. B3L\®,B97-230 VSXC,16 MPW1B95 and MPWB1K are examples of hybrid meta GGAs,
MPW1K 2 MPWB1K2 and MPW1B9%* are examples of ~ and both were parametrized within the past yéar.
functionals determined by the semiempirical approach. In the present study, we will further improve the MPW1B95
Both the nonempirical and semiempirical DFT methods can and MPWB1K methods by the semiempirical fitting approach.
be assigned to various rungs of “Jacob’s ladd&/iccording Because one of our goals is to develop a density functional that
to the number and kind of the ingredients in the functional. The is simultaneously accurate for bond energies, barrier heights,
lowest rung is the local spin density approximation (LSDA, in and nonbonded interactions, including nonbonded interactions
which the density functional depends only on density), and the dominated by dispersion, and because DFT is often stated to
second rung is the generalized gradient approximation (GGA, be inappropriate for dispersion interactions, we distinguish two
in which the density functional depends on density and its general approaches to improving DFT for dispersion interac-
reduced gradient). The third rung is meta GGA, in which the tions. In the first, which we will call empirical van der Waals
functional also depends kinetic energy density. The fourth rung correction method®5 one adds explicitr—® terms to DFT
is hyper GGA?8 which employs some percentage of HF (wherer is an interatomic distance). In such methods, one needs
exchange. Unfortunately, there is no nonempirical hyper-GGA to develop different parameters for different atoms and in some
thus far. However, there are two kinds of DFT methods that cases even for different hybridization staté&urthermore, the
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performance of empirical van der Waals correction methods for energies have been removed by methods discussed previ-
covalent interactions and for other types of nonbonded interac- ously#8:56:57The 109 zero-point-exclusive atomization energies
tion such as charge-transfer interaction has not been evaluatedare part of DatabaséBand have been updat€daecently. The

In the second general approach, one attempts to improve theupdates include NO, CCH,£,, and singlet and triplet Ckl
performance of DFT for nonbonded interactions by improving the updated database is called MGAE109/05, and it is a subset
the density functionals in the more traditional way. This, of Database/4.

however, has proved to be difficult. For example, Weidtas 2.4. lonization Potential and Electron Affinity Test Set.
recently shown that two newly developed functionals, X3E¥P  The zero-point-exclusive ionization potential (IP) and electron
and xPBEY are not capable of describing the interactions in affinity (EA) test set is taken from a previous pap&This data
methane dimers, benzene dimers, or nucleobase pair stackingset is also part of Database/3, and it consists of six atoms and
although both functionals were designed partly for nonbonded seven molecules for which the IP and EA are both present in
interactions. Walsh also showed that combining HF exchange the G38 data set. These databases are called IP13/3 and EA13/
with the Wilson-Levy correlation (HR- WL) approachk* can 3, respectively.

give good predictions for van der Waals systems, but it would 25 HTBH38/04 Database.The HTBH38/04 database

be expected that the HF WL approach cannot give satisfactory  consists of 38 transition state barrier heights for hydrogen
results for covalent interactions because of the unbalancedirgnsfer (HT) reactions, and it is taken from previous paffef.
exchange and correlation. Our goal here is to design somejt consists of 38 transition state barrier heights of hydrogen
functionals that can perform equally well for both covalent transfer reactions, and the HTBH38/04 database is listed in the
interactions and for all types of nonbonded interactions. We Supporting Information.

optimize two new functionals, namely, PW6B95 and PWB6K, 5 g NHTBH38/04 Database The HTBH38/04 database
against a database of atomization energies, barrier heights, &nsists of 38 transition state barrier heights for non-hydrogen-
hydrogen bond energy, and the dissociation energy of a nonpolaryansfer (NHT) reactions, and it is taken from a previous p4ber.
van der Waals complex. To test our functionals, we examine This test set consists of 12 barrier heights for heavy-atom
their performance for hydrogen bonding, charge-transfer interac-yransfer reactions, 16 barrier heights for nucleophilic substitution
tions, dipole interactions, weak interactions, anelr stacking  (Ns) reactions, and 10 barrier heights for non-NS unimolecular
interactions. We compare the performance of the newly 5,4 association reactions.

deve_loped functionals to that of LSD.A’ GGA, meta GGA, and 2.7. HB6/04 DatabaseThe hydrogen bond database consists
hybrid GGA functionals and previous hybrid meta GGA of the equilibrium binding energies of six hydrogen bonding
methods. , dimers, namely, (NBJz, (HF), (H:0), NHa+H,0, (HCONHb),,
Hybrid density functionals are less accurate for systems 54 (HCOOH). This database is taken from a previous p&Per,
requiring a mult|“-conf_|gurat|on zero-order (’:?escrlptlon (S)_/stems and it is listed in the Supporting Information.
W|th_ so-called “multireference character”). The functlon_als 2.8. CT7/04 DatabaseThe charge transfer (CT) database
?;?ﬂf:ozere SIO not or:/ercohme éhgt probl?m_ arlld aref.desgnedconsists of binding energies of seven charge-transfer complexes,
problems where the admixture of single-configuration i, o ticular GHge+Fa, NHg++Fa, CoHze++CIF, HCN-++CIF, NHg:
Hartree_—Fock exchange is n(_)t_lnapproprlate. i +*Clp, H,O---CIF, and NH:---CIF. This database is taken from
_Sectlon 2 presents our training s_ets_and test sets. Section 3, previous pape® and it is also listed in the Supporting
dlscqsses the theory and parametrization of the new methods,tyrmation.
Section 4 presents results and discussion. 2.9. DI6/04 DatabaseThe dipole interaction (DI) database
consists of binding energies of six dipole interaction com-
2. Databases plexes: (HS), (HCl)s, HCl+-H,S, CHCl+-HCI, CHzSH-++
2.1. Binding8. The training set for the PW6B95 model is HCN, and CHSH---HCI. This database is taken from a previous
the Binding8 database, which includes the six atomization paper;® and it is also listed in the Supporting Information.
energies in the AE6 representative database presented previ- 2.10. WI7/05 Database.The weak interaction database
ously?® and the binding energies of {B), dimer and (CH); consists of binding energies of seven weak interaction com-
dimer. The AE6 set of atomization energies consists ofySiH plexes, namely, HeNe, HeAr, NeNeAr, CHs:*-Ne, GHe:**
S,, SIO, GH4 (propyne), GH,O; (glyoxal) and GHg (cyclobu- Ne, and (CH),, all of which are bound by dispersion interac-
tane). We have previously used AE6 as a training set to optimize tions. The four rare gas dimers in the WI7/05 database represent
the MPW1B95% TPSS1KCIS*® and MPW1KCI3? methods. dispersion interactions that are expected to be typical interaction
The Binding8 database is given in the Supporting Information. of hydrogen-first row, first row—first row, hydrogen-second
2.2. Kinetics9.To parametrize the PWB6K model, we also row, and first row— second row elements, respectively. This
used (in addition to Binding8) a database of 3 forward barrier database is a subset of a previous WI9/04 datafeesed it is
heights, 3 reverse barrier heights, and 3 energies of reactionalso listed in the Supporting Information.
for the three reactions in the BFf6édatabase; this 9-com- 2.11. PPS5/05 Databas&he —ax stacking (PPS) database
ponent database is called Kinetics9. We have previously usedconsists of binding energies of five—x stacking complexes,
this training set to optimize the BB1#&, MPWB1K* and namely, (GH2)2, (C2Ha)2, sandwich (GHe)2, T-shaped (€He)2,
MPWKCIS1K* methods. The Kinetics9 database is also given and parallel-displaced ¢Els),. This database is listed in Table
in the Supporting Information 1. The best estimate of the binding energies ofH£, and
2.3. MGAE109 Test Set.The MGAE109 test set consists (CzHa4), are obtained by W2 calculations performed for the
of 109 atomization energies (AEs). This AE test set contains a present article by methods explained in a previous p#pEne
diverse set of molecules including organic and inorganic best estimate of binding energies of sandwickHgJ,, T-shaped
compounds (but no transition metals; the MG in the name of (CsHe)2, and parallel-displaced (). are taken from the paper
this database denotes main group elements, and AE denotef Sinnokrot et af?
atomization energies). All 109 data are pure electronic energies; 2.12. Database Availability.All above-mentioned databases
i.e., zero-point energies and thermal vibratienaltational are also available at the Truhlar group webé&lte.
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TABLE 1: Binding Energies (kcal/mol) in the #—a Stacking [Vp,l
Database (PPS5/05) X = — 4)
complexes best estimate ref (o)
(CoHy)e 134 50 FGCHxo] is the gradient-corrected enhancement factor. The
(S%réaéich (GHo) i'g 28 gradient-corrected enhancement factor for the Pvadd
T-shaped (@4522 574 60 mPW4 exchange functional is
parallel-displaced (§Hs)2 2.78 60 _
average 2.02 FOCHy ] = bx,> — (b — B)x,? exp(—cx,?) — 10 % ° )
ol ™ —6,, d
. o 10 °x
3. Computation Methods, Theory and Parametrization 1+ 6bx(,sinh’1x(, _ 4
3.1. Geometries, Basis Sets, and SpiOrbit Energy . All A

calculations for the AE6, MGAE109, IP13/3, EA13/3, HTBH38/
04 and NHTBH38/04 databases are single-point calculations at
QCISD/MG3 geometries, where QCISD is quadratic configu-
ration interaction with single and double excitati¢Aand MG3
is the modified3%4 G3Largé® basis set. The MG3 basis $ét,
also called G3LargeMP®,is the same as 6-31HG(3d2f, 2df,
2p)586for H—Si, but improve&® for P—Ar. The QCISD/MG3
geometries for molecules and saddle points in the MGAE109,
IP13/3, EA13/3, HTBH38/04 and NHTBH38/04 databases can
be obtained from the Truhlar group database welSsite.
Geometries for all molecules in the nonbonded database
(HB6/04, CT7/04, DI6/04, and WI7/05) are optimized at the
MC-QCISD/3 level, where MC-QCISD is the multi-coefficient EUEGp(pwpﬂ) _ ELSDA(pa,pﬁ) - EI(_:SDA(pr) - EI(_:SDA(O’pﬂ)

wheref = 5(367) %3 andc = 1.6455 in both functionals. In
the PW91 functionalp = 0.0042 andd = 4, whereas in the
mPW functional,b = 0.00426 andl = 3.72. Note that in the
original mPW papet? the value of parametels and d were
incorrectly tabulated as 0.0046 and 3.73.

3.3.2. Correlation Functionalln the present study, we use
Perdew and Wang’s functiorfdiior the correlation part of the
LSDA. Then, following the analysis of Stoll, Pavlidou, and
Preuss?one can decompose the LSDA correlation energy into
opposite-spin (opp) and parallel-spino correlation energy
components for the uniform electron gas (UEG):

QCISD method?¢” which is one of the most cost-efficient Cop ¢

methods of the set of multi-coefficient correlation methods (6)
(MCCMs). The geometries for the benzene dimers in the PPS5/ UEG LSDA

05 database are taken from Sinnokrot and Shéfrilthe Ecoo (P) = Ec™ (p,,0) (7)

geometries for all monomers and complexes in the HB6/04, LSDA ) )

CT7/04, DI6/04, WI7/05, and PPS5/05 databases can beWhereEc™(pw.pp) is the LSDA correlation energy.

obtained from the Truhlar group database webite. Note that eq 7 does not vanish in the one-electron case, and
We tested all DET methods with the MG3S basis sets. The this nonvanishing is a manifestation of self-interaction error.

MG3S basi® is the same as MG3 except it omits diffuse TO correct this self-interaction error, BeéReised a quantity,

functions on hydrogens. However, the optimization of new Do, which is defined as

parameters in density functionals are carried out with the 5

6-31+G(d,pf® basis set (also called DIDZ). 11V,
In all of the calculations presented in this paper, the -spin o 4

orbit stabilization energy was added to atoms and open-shell

molecules for which it is nonzero, as described previofly. and
3.2. Counterpoise Corrections and SoftwareFor non-

bonded complexes, we perform calculations with and without 2

the counterpoise correctidiig®for basis set superposition error To= 5 Z VWil (8b)

(BSSE). All calculations were performed with a locally modified '

Gaussian03rograni* and use the ultrafine grid for evaluating  \yherer, is the kinetic energy density of electrons with spin

(8a)

10ccup

integrals over density functionals. defined in terms of the occupied KokiSham orbitaldV;,. D,
3.3. Theory. 3.3.1. Exchange Functionallhe LSDA ex- can be also written as
change energy can be written as
D,=2(,—1,") (9a)
ELSDA — AX o (r)4/3 dl’ (1)
X Z‘[ ! where
wherep, is the density of electrons with spin(whereo = a w 1 |Vpa|2
or B, andp, is also called spin density), and the constanin W8, (9b)

eq 1 is defined as

andrgW is the von Weizseker kinetic energy densif{?.In one-

(2) electron caser, = r\(f’, so D, vanishes in any one-electron
system. Becke usdd, as a self-interaction correction factor in
the parallel spin case. Note that the uniform electron gas limit
(Vps — 0) of Dy is

ESCA = ELSDA _ z fFGCE[XO]pa(r)Ms dr ©) DUEG — §(6n2)2/3 5,503 (10)
2 o TETl

sz_g(%)m

The GGA exchange energy can be expressed as

where reduced gradient of the density with spiis Now we can write down the B95 correlation functiolaby
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incorporating the gradient correction factors for the opposite TABLE 2: Parameters in the MPW1B95 and MPWB1K
spin and parallel spin case, and incorporating the self-interaction Methods and in the New Functionals

correction factor for the parallel spin case. exchange correlation
The opposite-spins correlation energy of the B95 functional | \cihod b c d o Con X
can be expressed as
MPW1B95 0.00426 1.645% 3.720@ 0.00310 0.03800 31¢
_ MPWB1K 0.00426 1.645% 3.720@ 0.00310 0.03800 44¢
opp 2 2 1~UEG
EcT =1[1 + CopeX” X5 "Ecopp (11) PWB6K  0.00539 17077 4.0876 0.00353 0.04120 ¢ 46

PW6B95  0.00538 1.7382 3.8901 0.00262 0.03668 28

aSame as mPW (ref 14).Same as PW91 (ref 5).Same as Becke95
D (ref 10).9 Reference 51¢In the PWB6K functional X = 31 at the
E”=[1+c¢ X 2]—2 9_pUEG (12) end of the first stage. Then all other parameters are frozenXand
C (ool

UEG Coo re-optimized for kinetics.
o

and for parallel spins,

number of bonds per molecule in this database. The second term
of eq 16 is the MUE for the equilibrium binding energies of
(H20), and (CH), with a weight of 3, because these numbers
are much smaller than the bond energies in AE6. The functional
optimized in this way is called PW6B95, which denotes (in the
usual way) a 6-parameters functional based on PW91 exchange
and Becke95 correlation.

For the second new functional, the parameters were optimized
in two stages. First we optimized all six parameters against the
c. =0.0031 c =0.038 (14) training functionFs, which is the same aB3, except that the

opp % MUE in the (HO), and (CH), binding energies is weighted
by 6 instead of 3. Then we froze the c, d Copp andcy,
parameters, and we reoptimized against the Kinetics9
database. In particulaX was adjusted to minimize the root-
F=F"+ (X/lOO)FHFE +1- (X/lOO)](FSE~I- FGCE) +FC mean-square-error (RMSE) for the K?netich database._ This
(15) second functional is called PWBG6K, which denotes a functional
based on PW91 exchange and Becke95 correlation, with 6

whereFH is the Hartree operator (i.e., the nonexchange part of parameters optimized to improve nonbonded interactions and
the Hartree-Fock operator)FHFE is the Hartree-Fock exchange  kinetics (K).

The total correlation energy is given by
Ec=EXP+EX + EY (13)

Becke fitted the parametecsp, andc,, in eq 11 and eq 12 to
the correlation energies of the heliuy{,) and the neond,)
atoms. The values of these two parameters in the B95 functional
are

3.3.3. Hybrid Meta FunctionalThe one-parameter hybrid
Fock-Kohn-Sham operator can be written as folloi($®

operator,X is the percentage of Hartre&ock exchangel,:SE All Optimized parameters are listed in Table 2, where they
is the Slater local density functional (also called Dir&later) are compared to the parameters in MPW1B95 and MPWB1K.
for exchangé7® FCGCE s the gradient correction for the For plotting, we define a total GGA enhancement faétef”

exchange functional, anéC is the total correlation functional — as
including both local and gradient-corrected parts and a depen-

dence on kinetic energy density. In the MPW1B95 and FCCAs] = FCCHs) + 1 (17)
MPWB1K models3* we used the mPW exchange functidral ) ) N
(eq 5) forFSCE and the Becked8 functional (egs 1+13) for whereFCCHg] is the factor in eq 3. In addition, we use another
FC. definition of reduced gradient, in particular

3.4. Optimization of the New Hybrid Meta Functionals.
All parameter optimizations were carried out with a genetic s= _ Vol (18)
algorithm. We optimize two new methods using different (24J12)1/3p4/3
training functions. In both new methods, we optimize the, )
andd parameters in PW exchange functional (eq 5), thg Thus, for a closed-shell system with= 2p,, we haves =

andc,, parameters in the Becke95 correlation functional, and (487%)~3,. The total enhancement factors for the B, mPW,
the percentageX, of Hartree-Fock exchange. We minimize ~PW91, and X exchange functionals and for the exchange parts
these parameters in a self-consistent way by solving the Fock-0f the PW6B95and PWB6K methods are plotted in Figure 1.
Kohn—Sham equation using the DIDZ basis set with QCISD/ Interestingly, the shape of the exchange part of PWB6K is close
MG3 geometries for the molecules in the AE6 database, and to that for PW91 exchange, whereas the PW6B95 exchange lies
with MC-QCISD/3 geometries for (#0), and (CH,),. We also between mPW and PW91 wherr 4. This may be surprising
turned on counterpoise correctf8n(cp) to correct basis set  at first, but one should remember that one cannot evaluate
superposition error (BSSE) during the optimization fop@hh exchange functionals separately from the correlation ones, to
and (CHy), dimers. which they are added.

For the first new functional, we optimized the parameters 3.5. Assessment of the New Hybrid Meta FunctionaléVe
against the Binding8 database to minimize the following training fitted our new functionals against a very small data set (8 data

function: in Binding8, 9 data in Kinetics9), but we assess the new
functionals against a much larger data set that includes 109
F; = MUEPB(AE6)+ 3 x MUE(DJ(H,0),], DJ(CH,),]) atomization energies (MGAE109), 13 ionization potentials

(16) (IP13), 13 electron affinities (EA13), 76 barrier heights (HT-
BH38 and NHTBH38), 6 hydrogen dimers (HB6), 7 charge-
where MUEPB is the mean unsigned error (MUE, same as meantransfer complexes (CT7), 6 dipole interaction complexes (DI6),
absolute deviation (MAD)) per bond. In particular, MUEPB is 7 weak interaction complexes (WI7), ands&-x stacking
obtained by dividing the MUE for AE6 database by the average complexes (PPS5). We compare the new methods to a LSDA,
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TABLE 3: Summary of the DFT Methods Tested

Zhao and Truhlar

ex functionalt
method xa year type corr functionat ref
SPWL 0 1992 LSDA Slater’s local ex 6, 76
Perdew-Wang local
B3LYP 20 1994 hybrid GGA Becke88 3,4,9
Lee—Yang—Parr
B1B95 25 1996 hybrid meta GGA Becke88 3,10
Becke95
PBE 0 1996 hybrid GGA PBE ex 11
PBE corr
PBE1PBHE 25 1996 hybrid GGA PBE ex 11
PBE corr
mPW1PW9% 25 1998 hybrid GGA modified PW91 5,14
Perdew-Wang91
B97-1 21 1998 hybrid GGA B97-1 ex 17
B97-1 corr
B98 21.98 1998 hybrid GGA B98 ex 15
B98 corr
MPW1K 42.8 2000 hybrid GGA modified PW91 14,24
Perdew-Wang91
B97-2 21 2001 hybrid GGA B97-2 ex 17
B97-2 corr
TPSS 0 2003 meta GGA TPSS ex 38, 39
TPSS corr
TPSSh 10 2003 hybrid meta GGA TPSS ex 38, 39
TPSS corr
X3LYP 21.8 2004 hybrid GGA Becke8&W91 3,4,5,40
Lee—Yang—Parr
MPW3LYP 21 2004 hybrid GGA modified PW91 4,14,51
Lee—Yang—Parr
TPSSKCIS 0 2004 hybrid meta GGA TPSS ex 20, 21, 34, 38, 39
KCIS corr
BB1K 42 2004 hybrid meta GGA Becke88 3,10, 43
Becke95
MPW1B95 31 2004 hybrid meta GGA modified PW91 10, 14,51
Becke95
MPWB1K 44 2004 hybrid meta GGA modified PW91 10, 14,51
Becke95
TPSS1KCIS 13 2004 hybrid meta GGA TPSS ex 20, 21, 34, 38, 39, 43
KCIS corr
MPW1KCIS 15 2004 hybrid meta GGA modified PW91 10, 20,21,34,49
KCIS corr
MPWKCIS1K 41 2004 hybrid meta GGA modified PW91 10, 20,21,34,49
KCIS corr
PBE1KCIS 22 2005 hybrid meta GGA PBE ex 11, 20, 21, 34, 50
KCIS corr
PW6B95 28 2005 hybrid meta GGA PW6B95 ex this work
PW6B95 corr
PWB6K 46 2005 hybrid meta GGA PWBG6K ex this work
PWBG6K corr

a X denotes the percentage of HF exchange in the functiétupper entry.° Lower entry.4 Also called PBEO¢ Also called mPW1PW, mPWO,

and MPW?25.

namely, Slater exchanffglus PerdewWangd local correlation

(SPWL), and to a GGA: namely, PBEWe also compare the

new methods to two meta-GGA methods (TP%8 and 3
TPSSKCIS02134383) and to eight hybrid GGA methods:
B3LYP/489 B97-117 B97-23° mPW1PW91*4 MPW1K 325
MPW3LYPA1451PBE1PBEL! and X3LYP% We also compare 2.5
the new functionals to nine hybrid meta GGA methods,
B1B95/9BB1K, ¥ MPW1B95° MPWB1K 5! MPW1KCIS#® O
MPWKCIS1K2* PBE1KCIS?0 TPSS1KCIS20.21.34,38,39.45nd -
TPSSK83%and to an ab initio wave function method, MP?2.

All DFT methods in the present paper are listed in the Table 3 1.5
in the chronological order of their invention.

4. Results and Discussion

In this section we will gauge the quality of the results by
mean unsigned errors (MUES), which are the averages of the
absolute deviations of calculated values from database values
and by mean signed errors (MSE), which are used to detect

systematic deviations. However, for atomization energies we Figure 1. GGA enhancement factors for the Becke88, mPW, PW91,

use MUE per bond (MUEPB) and MSE per bond (MSEPB) PW6B95, PWB6K, and X exchange functionals.
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TABLE 4: Mean Errors 2 (kcal/mol for lonization Potentials
(IP) and Electron Affinities (EA) and kcal/mol per Bond for
Atomization Energies (AE)y

J. Phys. Chem. A, Vol. 109, No. 25, 2008661

with more diverse data than on small differences between the
higher-quality methods in Table 4, and one of the goals of the
rest of this paper is to present such an assessment.

MGAE109 P13 EA13 Before moving on though, it is important to emphasize that
method MSEPB MUEPB MSE MUE MSE MUE TMUE PW6B95 is parametrized only against the Binding8 data set.
PW6B95 —0.02 0.40 224 3.24 0.72 1.78 0.81 Even though the new functional is parametrized on this small
B1B95 -0.23 055 —-0.13 2.18 3.02 3.16 0.96 data set, it shows good performance for the much larger
MPW1B95 031 062 036 214 272 291 0.98 MGAE109/3 database and for the IP and EA databases.
B98 —050 064 199 321 030184 1.00 Both new methods, and in fact most of the DFT methods
B97-2 —0.20 065 046221 241 289 1.02 :
TPSSIKCIS —0.05 067 091 263 184 2.81 107 tested, outperform MP2 in terms of TMUE. _
B97-1 —-0.39 075 099 2.84 1.092.02 1.07 If we compare the nonempirical functionals on the first three
MPW3LYP ~ —0.19  0.63 272 432 -0.70 2.14 1.3 rungs of Perdew’'s nonempirical Jacob’'s lad8@é%3° for
PBE1PBE 0.11 091 244 323 150 276131 organizing DFT approximations, Table 3 shows that, as we
mPW1PW91 -0.73  0.88 3.17 3.72 1.09 262 1.32 : o : .
PSS 063 103 180 311 051 231 136 Cclimbthe nonempirical ladder, the TMUE calculations improve
MPWI1KCIS —0.24  0.68 5.04 546-259 276 1.34 significantly from LSDA (i.e., SPWL) to PBE (TMUE reduces
PBEIKCIS  —-0.05 079 477 508-184 239 136 from 14.7 to 3.0 kcal/mol) and also improve by more than a
TPSSh —012 098 196 317 140 281 137  factor of 2 from PBE to TPSS (TMUE reduces from 3.0 to 1.4
MPWB1K -0.84 098 051205 399 411 1.38 keal/mol
TPSSKCIS 091 113 072 278 06221 1.40 cal/mol). _ o
B3LYP —0.69 091 358 472-151 229 141 4.2. Thermochemical Kinetics: HTBH38/04 and NHT-
BB1K -132 134 013209 428 436 170 BH38/04 Results. Table 5 gives the mean errors for the
;\?’,Y_%%K :1-‘2‘613 i-ig ;g; i-gg T 2-1233 gfg L égz HTBH38/04 and NHTBH38/04 databases with the MG3S basis
BLYP 047 149 —041 487 011 263 193 set. We al_so tabulat(_ed a value of mean MUE (called MMUE)
MP2 ~1.11 204 —357 3.57 292 299 228 that is defined ad/, times the MUE for heavy-atom transfer
MPW1K -2.33 234 341 353 279 371 259  barrier heights plud/, times the MUE for {2 barrier heights
ygl\ENKQSlK *22-%% 23-%73 Eéaﬁ 533;% 1(2)-(?523-261 . 3-192 plusY/4 times the MUE for unimolecular and association barrier
. . . oo0—1. . . H 1 H H
SPWL 1689 1689 434 518577 580 14.70 heights plust/, times the MUE for hydrogen transfer barrier

aMUEPB denotes mean unsigned error (MUE) per bond. MSE
denotes mean signed error. TMUE denotes total MUE and it is defined

as: TMUE= [ MUEPB x 109+ MUE(IP) x 13+ MUE(AE) x 13]/

135.° QCISD/MG3 geometries and the MG3S basis set are used for
calculations in this table.

heights.

Table 5 shows that the BB1K, PWB6K, MPWBI1K, and
MPW1K methods give the best results for heavy-atom-transfer
barrier height calculations. MP2, B1B95, PWB6K, and
MPWKCIS1K have the best performance for nucleophilic
substitution barrier height calculations. B1B95, MPW1B95,

because this allo#$**more transferable comparison between Pw6B95, and BB1K give the best performance for non-NS
databases with different average sizes of molecules. To makeunimolecular and association barrier height calculations. The
the trends more clear, in every table we will list the methods in BB1K, PWB6K, MPWB1K, and MPW1K methods give the
increasing order of the values in the key (overall) error column, hest performance for hydrogen transfer barrier height calcula-
which is always the last column of a given table. The five tions, and they also give the lowest values of MMUE, which
smallest average errors for each of the individual databases andneans they give the best performance for overall barrier height
the 10 smallest average errors overall (for each table) are incalculation.
bold. _ Another quantity, average MUE or AMUE, is defined as
4.1. Thermochemistry: AE, IP, and EA Results Table 4
summarizes the errors in AES, IPs, and EAs for all tested
methods. Table 4 shows that the PW6B95, B1B95, MPW1B95,

MPW3LYP methods give the best results for AE calculations. | e MUEQE, 38) is the mean unsigned error for the energy

PWEBOS is the only method which has MUEPB less than 0.5 4t e actions for the 38 reactions in the HTBH38 and NHTBH38
kcal/mol. Note that the second best method for atomization j,iabase. If we use AMUE as a criterion to justify the
energy has an error much larger, in fact 37% larger, than nertormance of a DFT method for thermochemical kinetics,
PW6B95, and the most popular method B3LYP has an eror 1,6 5 shows that BB1K, PWB6K, and MPWBIK are the best,

12&%\/'\‘/"‘&91? tganEW&E\?\fiBgs 4 BLESS have the besp 1O0Wed by B1B95, MPWIK, and MPW1B5.
’ ’ » an ave the best 4.3. Nonbonded Interactions.The mean errors for non-

performance for IP calcqlations, whereas PW6B95, B97-1, bonded interaction are listed in Table 6 and Table 7. In both
I;fj;%:s’ qrnhde l(D)Et'Estagr:\é?ng:hSer?grsr;a%iréoror?ass\%égrs I?Q tables, we use “no_-cp” to denote calculations without the
L . counterpoise correction for the BSSE, and we use “cp” to denote
ele_ct_ron affinities is partlpularly noteworthy b_ecause no electron calculations that do include the counterpoise correction for the
affinity data were used in the parametrization. BSSE. Table 6 summarizes MUEs, and Table 7 presents MSEs.

To compare their performance for thermochemistry, we . .
defined the TMUE (total MUE) as follows: MLnETabIe 6, we only listed MUEs. We also defined a mean

AMUE = [MUEPB(AE,38) + MMUE(BH76)]/2 (20)

TMUE = [MUEPB(AE) x 109+ MUE(IP) x

13+ MUE(EA) x 13)/135 (19) MMUE = [MUE(no-cp)+ MUE(cp))/2

(21)

If we use TMUE as a criterion for thermochemistry, Table 4 Although the cp correction has many advocates, it is often
shows that PW6B95 is the best functional, followed by B1B95, impractical to include this correction (for example, it is
MPW1B95, and B98. A final choice of method for many impractical for condensed-phase simulations and it is ambiguous
applications should probably be based on a broader assessmerfor process involving bond making as well as nonbonded
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TABLE 5: Mean Errors for HTBH38 and NHTBH38 Database 2b.¢

heavy atom transfer (12) N$16) unimol and ass6¢10) hydrogen transfer (38)

methods MSE MUE MSE  MUE MSE MUE MSE MUE MMUE  AMUE
BB1K —0.69 1.58 1.23 1.30 0.53 1.44 —0.57 1.16 1.37 1.50
PWB6K —0.24 1.61 094 1.10 0.65 1.53 —0.50 1.28 1.38 1.59
MPWB1K -0.77 1.69 1.08 1.19 0.52 1.61 —0.85 1.29 1.45 1.60
B1B95 —-4.73 4.73 —-0.95 1.08 —0.58 121 —2.80 2.80 245 1.78
MPW1K -0.83 1.89 112 128 0.96 2.42 —0.60 1.32 1.73 1.82
MPW1B95 —4.62 4.62 -0.81 1.21 —0.52 1.31 —3.02 3.02 2.54 1.92
MPWKCIS1K -0.77 1.97 0.92 1.17 0.91 2.05 0.14 1.71 1.73 1.94
B97-2 -3.13 3.52 —-1.43 147 0.62 191 —3.09 3.24 2.54 1.96
PW6B95 —5.36 5.36 —-2.05 2.05 —0.76 143 -3.14 3.14 2.99 2.04
B98 —5.18 5.18 —296 2.96 -0.31 1.97 —4.16 4.16 3.57 241
mPW1PW91 —5.99 5.99 —-181 194 —0.38 2.00 —3.54 3.55 3.37 244
PBE1KCIS —7.07 7.07 —-241 241 —0.78 191 —3.68 3.72 3.78 2.62
B97-1 —5.18 5.18 -3.21 321 —0.23 1.83 —4.40 4.40 3.65 2.63
PBE1PBE —6.62 6.62 —-1.87 2.05 —0.58 2.16 —4.22 4.22 3.76 2.75
B3LYP —8.49 8.49 —-3.25 3.25 —1.42 2.02 —4.13 4.23 4.50 3.08
MPW1KCIS —8.64 8.64 —-355 355 -1.21 1.96 —4.39 4.41 4.64 3.16
X3LYP —8.48 8.48 —-2.89 290 —1.43 2.06 —3.98 4.09 4.38 3.29
MPW3LYP —9.29 9.29 —-429 4.29 -1.61 2.21 —4.66 4.71 5.13 3.38
TPSS1KCIS —9.26 9.26 —488  4.88 -1.39 212 —4.69 4.69 5.24 3.52
MP2 11.76 11.76 0.74 0.74 471 5.44 3.69 4.14 5.52 3.99
TPSSh —11.51 11.51 —5.78 5.78 —2.94 3.23 —5.97 5.97 6.62 4.54
TPSSKCIS —13.37 13.37 —7.64 7.64 —2.56 2.98 —7.01 7.01 7.75 5.00
BLYP —14.66 14.66 —8.40 8.40 —3.38 3.51 —7.52 7.52 8.52 5.53
TPSS —14.65 14.65 —7.75 7.75 —3.84 4.04 —-7.71 7.71 8.54 5.68
PBE —14.93 14.93 —-6.97 6.97 —2.94 3.35 —9.32 9.32 8.64 5.89
SPWL —23.48 23.48 —8.50 8.50 —-5.17 5.90 —-17.72 17.72 13.90 10.17

@ MUE denotes mean unsigned error (kcal/mol). MSE denotes mean signed error (kcal/mol). MMUE in this table is calculated by averaging the
numbers in column 2, 4, 6, and BAMUE is defined in as: AMUE= [MUE(AE,38) + MMUE]/2, where MUEQAE,38) is the mean unsigned
error for the energy of reactions for the 38 reactions involved in this table. AMUE is a measure of the quality of a method for kiFtetics.
QCISD/MG3 geometries and MG3S basis set are used for calculations in this‘thledenote nucleophilic substitution reactioh$his denote
unimolecular and association reactions.

TABLE 6: Mean Errors for Nonbonded Databases (kcal/moly-b-

HB6/04 CT7/04 DI6/04 WI7/05 PPS5/05
MUE MUE MUE MUE MUE

method no-cp cp MMUE no-cp cp MMUE no-cp cp MMUE no-cp cp MMUE no-cp cp MMUE MMMUE
PWB6K 044 034 039 025 016 021 024 032 028 0.15 0.07 0.11 0.79 1.00 0.90 0.38
MP2 0.26 093 060 0.73 026049 045 025 035 0.07 0.18 0.13 1.26 0.50 0.88 0.49
MPWB1K 041 0.70 056 024 045034 050 065 057 008 0.16 012 132 157 1.45 0.61
PW6B95 053 078 065 069 047 058 040 049 045 011 0.@10 121 144 132 0.62
MPW1B95 050 0.86 068 047 031039 050 063 056 0.10 0.16 0.13 1.46 1.70 1.58 0.67
B97-1 045 045 045 1.17 0.89 103 028 0.300.29 0.10 0.11 010 157 178 1.68 0.71
PBE1PBE 0.40 0.28 0.34 1.04 075 090 035 038 037 012 0.18 0.15 184 209 1960.74
PBE1KCIS 049 059 054 089 063 076 032 03®%35 012 014 013 192 213 202 0.76
B98 045 066 055 091 066 079 034 040 037 012 0.16 014 191 213 2.0D.78
MPW1K 0.33 0.61 047 044 066 055 052 067 060 020 029 025 225 253 239 0.85
MPW3LYP 051 041 046 139 106 122 031 036 034 019 0.16 0.18 211 234 222 0.88
X3LYP 0.45 048 047 09 068 082 045 059 052 016 022 019 249 271 260 0.92

mPW1PW91 039 079 059 065 051 058 053 063 058 058 030 044 243 271 257 0.95
TPSS1KCIS 049 086 067 122 095 108 046 055 050 017 021 019 239 262 250 0.99
MPWKCIS1IK 059 100 080 052 085 069 075 090 083 018 025 022 256 280 268 1.04

TPSSh 0.41 0.80 0.60 144 116 130 049 058 054 018 026 022 246 272 259 1.05
MPWI1KCIS 0.87 128 107 085 068 077 066 082 074 020 027 024 265 288 276 1.12
B3LYP 060 093 076 071 054 063 078 094 086 031 039 035 295 317 3.06 1.13
BB1K 099 137 118 068 1.00 084 102 116 109 034 044 039 203 227 215 1.13
PBE 045 032 039 29 263 279 046 040 043 013 015 014 186 2.09 1.97 1.14

TPSSKCIS 055 089 072 217 184 201 049 052 050 0.18 022 020 248 270 259 1.20
TPSS 045 082 063 220 18 203 052 056 054 019 026 0.22 253 278 2.66 1.22
B97-2 122 164 143 056 067 061 087 1.02 094 025 035 030 273 296 284 1.23
B1B95 131 169 150 053 0.72 0.62 111 126 119 042 051 047 234 258 246 1.25
BLYP 118 156 1.37 167 142 154 100 118 109 045 053 049 358 3.79 3.69 1.63
SPWL 464 420 442 6.78 641 659 293 273 283 030 020 025 035 043 0.39 2.90

@ MUE denotes mean unsigned error (MUE). MMBEMUE(cp) + MUE(no-cp)]/2, and MMMUE= [MMUE(HB) + MMUE(CT) + MMUE(DI)
+ MMUE(WI)+ MMUE(PPS)]/5. HB: hydrogen bonding. CT: charge transfer. DI: dipole interaction. WI: weak interactionzPRSstacking.
bWe use “no-cp” to denote the calculation without the counterpoise correction for the BSSE, and use “cp” to denote the calculation with the
counterpoise correction for the BSSBEMC-QCISD/3 geometries and the MG3S basis set are used for calculations in this table.

interactions). Furthermore, it is known to sometimes overcorrect. we simply use the average in eq 21 without arguing one way
Because this is a paper about practical DFT and not about cp,or another about the merits of cp corrections. Those who prefer
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TABLE 7: Mean Signed Errors for the Nonbonded Databasé

HB6/04 CT7/04 DI6/04 WI7/05 PPS5/05
method no-cp cp no-cp cp no-cp cp no-cp cp no-cp cp
PWB6K 0.17 —0.23 0.23 —0.09 —0.12 —0.26 0.15 0.07 —-0.77 —0.78
MP2 0.24 —0.93 0.73 -0.21 0.45 —0.08 0.04 —0.18 1.26 1.22
MPWB1K —0.31 —0.70 -0.12 —0.45 —0.50 —0.65 —0.06 —0.16 —1.32 —1.33
PW6B95 —0.39 —0.78 0.65 0.29 —-0.34 —0.49 0.06 —0.03 —-1.21 —1.22
MPW1B95 —0.46 —0.86 0.36 0.04 —0.48 —0.63 —0.06 —0.16 —1.46 —1.47
B97-1 —0.04 —0.43 1.17 0.86 0.09 —0.06 —0.01 —0.09 —1.57 —1.58
PBE1PBE 0.19 —0.23 1.04 0.71 0.03 —0.13 —0.09 —0.18 —1.84 —1.85
PBE1KCIS —0.20 —0.59 0.87 0.56 —0.17 —0.32 —0.04 —0.12 —1.92 —1.92
B98 —0.26 —0.66 0.87 0.55 —-0.17 —-0.32 —0.07 —-0.16 —-1.91 —-1.92
MPW1K -0.17 —0.61 —0.21 —0.56 —0.51 —0.67 —0.19 —0.29 —2.25 —2.26
MPW3LYP 0.26 -0.14 1.39 1.06 —-0.14 —0.30 0.05 —0.03 —-2.11 —2.12
X3LYP —0.05 —0.44 0.96 0.65 —0.43 —0.59 —-0.14 —0.22 —2.49 —2.50
mPW1PW91 —0.36 —0.79 0.53 0.18 —0.46 —0.63 0.18 —0.30 —2.43 —2.44
TPSS1KCIS —0.43 —0.86 1.18 0.85 —0.37 —0.53 —0.11 —0.21 —2.39 —2.40
MPWKCIS1K —0.59 —1.00 —0.52 —0.85 —0.75 —0.90 —0.15 —0.25 —2.56 —2.57
TPSSh —0.36 —0.80 1.43 1.09 —0.38 —0.54 —0.16 —0.26 —2.46 —2.47
MPW1KCIS -0.87 —1.28 0.70 0.37 —0.66 —0.82 —-0.17 —0.26 —2.65 —2.65
B3LYP —0.55 —0.93 0.61 0.30 —0.78 —0.94 —0.31 —0.39 —2.95 —2.96
BB1K —0.99 —1.37 —0.68 —1.00 —1.02 —1.16 —0.34 —0.44 —2.03 —2.04
PBE 0.22 —0.19 2.95 2.63 0.38 0.20 —0.04 —0.12 —1.86 —1.86
TPSSKCIS —0.46 —0.89 2.17 1.84 —0.26 —0.43 —0.10 —0.20 —2.48 —2.49
TPSS —0.37 —0.82 2.20 1.86 —0.29 —0.46 —0.15 —0.25 —2.53 —2.54
B97-2 —1.22 —1.64 —0.10 —0.43 —0.87 —1.02 —0.25 —0.35 —2.73 —2.73
B1B95 —-1.31 —1.69 —0.27 —0.59 —-1.11 —1.26 —0.42 —0.51 —2.34 —2.35
BLYP —1.18 —1.56 1.63 1.32 —1.00 —1.18 —0.45 —0.53 —3.58 —3.59
SPWL 3.13 2.67 5.61 5.23 2.16 1.95 0.30 0.20 0.23 0.22

aMC-QCISD/3 geometries and the MG3S basis set are used for calculations in this’ fEideorder of the methods in this table is the same
as that in Table 65 MSE denotes mean signed error (MSE)Ve use “no-cp” to denote the calculation without the counterpoise correction for the
BSSE, and use “cp” to denote the calculation with the counterpoise correction for the BSSE.

a different approach can find the separate cp and no-cp valuesherefore has broader applicability in biological and recognition
in our tables. systems where nonbonded interactions are important. Of course,
Table 6 shows that PBE1PBE, PBE, PWB6K, and B97-1 give just as empirical parameters may be used to improve the
the best performance for calculating the binding energies for performance of DFT for nonbonded interactions such as
the hydrogen bonding dimers in the HB6/04 database. dispersion interactions, empirical procedures may also be able
In 1996, Ruiz, Salahub, and Vétaeported that some GGA  to improve wave function methods such as MP2, configuration
methods seriously overestimate the binding energies andinteraction theory, and coupled-cluster theory for dispersion and
geometries of some charge-transfer complexes. From Table 6other interaction8®-85 but discussion of such methods is beyond
and Table 7, we can also see that the LSDA (SPWL), GGAs the scope of the present article.
(BLYP, PBE), meta GGAs (TPSS, TPSSKCIS) give much It is well-known that MP2 has the correct asymptoc®
larger MMUE and MSE than hybrid GGAs and hybrid meta binding behavior (wher& is the internuclear distance for rare
GGAs. The wrong asymptotic behavior of the exchange and gas dimers), but DFT with the functional studied here does not
correlation functionals in DFT leads to a small energy gap have this property. In Figure 2, we compare the calculated
between electron donor's HOMO and the acceptor's LUMO. potential energy curve of the Adimer by PWB6K and MP2
The small gap leads to too much charge transfer and is the causeavith the 6-311%G(2df,2p)basis set, and we also present the
of the overestimation of the strength of the charge-transfer curve for —Cs x R, whereCs is the accurate value taken
interaction. Inclusion of HF exchange in the DFT calculation from literature8®87 The first observation from Figure 2 is that
can increase the HOMELUMO gap; hence hybrid functionals  the counterpoise correction has a stronger effect for MP2 than
can give better performanégas shown here by the low MMUE  for PWB6K. The MP2-nocp curve deviates from the MP2-cp
obtained by some hybrid and hybrid meta GGA methods such curve much more than the PWB6K method does. TDheoy
as PWB6K, MPWB1K, MPW1B95, and MPW1K. These MP2-cp is 0.11 kcal/mol which is 50% less than that by MP2-
methods give the best performance for calculating the binding nocp, whereas thB. by PWB6K-cp is 0.25 kcal/mol which is
energies of the charge transfer complexes, with the first threeonly 8% less than that by PWB6K-nocp. Note that the
methods outperforming MP2. PW6B95 is only slightly worse experimentalDe is 0.28 kcal/mol, so the Artest case is
than MPW1K. consistent with the conclusion we drew from Table 6 and Table
Table 6 also shows that PWB6K, B97-1, MPW3LYP, and 7 that PWB6K outperforms MP2 for the dispersion interactions.
MP2 give the best performance for calculating the binding Figure 2 and Table S8 in the Supporting Information also show
energies for the dipole interaction complexes in the DI6/04 that near the bottom of the van der Waals well, neither PWB6K
database. nor MP2 gives a curve parallel to thB=6 curve. When
PWB6K, MP2, PW6B95, and B97-1 give the best perfor- intermolecular distanc® increases to 6 A, MP2 begins to
mance for calculating the binding energies for the weak approach the corre& 6 asymptotic form, whereas the PWB6K
interaction complexes in the WI7/05 database. Note that PWB6K method does not have this asymptotic behavior. However, at 6
outperforms the MP2 method for all of the above four types of A the interaction energy for Aris only 2 x 102 kcal/mol, so
nonbonded interactions; this is encouraging because PWB6Kthe fact that DFT has the wrong asymptotic behavior is not
is computationally much less expensive than MP2, and it significant for many problems. (However, it would be significant
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TABLE 8: Predicted Binding Energies (kcal/mol) for Eight of the Cases in the Nonbonded Interactions Databases As

Calculated with MG3S Basis Set at MC-QCISD/3 Geometries

method HeNe HeAr NeAr (CHZ (HC')Z (H20)2 (CzH4)'"F2 (CeHe)-PD
Without Counterpoise Corrections
PW6B95 0.15 0.14 0.22 0.32 161 5.12 1.64 0.81
B97-1 0.09 0.11 0.22 0.19 1.97 5.33 1.86 —0.01
PWB6K 0.16 0.19 0.28 0.56 1.80 5.51 1.31 1.35
MPW1B95 0.09 0.07 0.11 0.12 1.46 4.99 1.30 0.50
B98 0.07 0.08 0.18 0.02 1.76 5.16 1.63 —0.48
B3LYP —0.03 —0.07 0.01 —0.51 1.32 4.96 1.50 —-1.97
MP2 0.05 0.05 0.20 0.40 2.23 5.46 1.59 5.31
accurate 0.04 0.06 0.13 0.52 2.01 4.97 1.07 2.78
With Counterpoise Corrections
PW6B95 0.12 0.13 0.14 0.30 1.47 4.69 1.35 0.39
B97-1 0.07 0.09 0.13 0.18 1.82 491 1.57 —-0.41
PWB6K 0.14 0.17 0.20 0.55 1.68 5.09 1.01 0.91
MPW1B95 0.06 0.06 0.03 0.10 1.32 4.56 0.99 0.05
B98 0.05 0.06 0.09 0.01 1.60 4.72 1.33 —0.91
MP2 —0.01 0.02 0.00 0.29 1.80 4.53 0.92 3.77
accurate 0.04 0.06 0.13 0.52 2.01 4.97 1.07 2.78

aThis is the parallel displaced benzene dintekccurate values from the database.

1.5

—cCs5
—— PWBBK-nocp

—— MP2-nocp

PWB6K-cp

V (kcal/mol)

5
R (angstrom)

Figure 2. Potential energy curves for the Adimer. The curve labeled
“C6” is —CsR® with the Cs coefficient for Ak taken from literaurd®87

The curves labeled “no-cp” denote calculations without the counterpoise
correction for the BSSE, and the curves labeled “cp” denote calculations

Table 8 compares the prediction of six density functional
methods to MP2 for the binding energies of HeNe, HeAr, NeAr,
and (CH,), and four of the stronger nonbonded interactions.
Table 8 is presented to illustrate the overall trends in the
predictions by considering some specific examples.

w—a stacking interactions play a dominant role in stabilizing
various biopolymers, for example, the double helix structure
of DNA, and such interaction are also important for supramo-
lecular design. Tables 6 and 7 show that the quality of PWB6K
for describingr— stacking interactions is comparable to MP2,
although PWB6K and MP2 have different systematic errors. In
particular, PWB6K and most DFT methods underestimate the
strength ofz—s stacking interactions, whereas MP2 overesti-
mates the binding energies. Surprisingly and interestingly, the
LSDA (SPWL) gives the best performance fot-7 stacking,
but this is apparently due largely to error cancellation because
LSDA seriously overestimates covalent interactions and other
types of weak interactions.

We also define the mean MMUE as

MMMUE = [MMUE(HB) + MMUE(CT) +
MMUE(DI) + MMUE(WI) + MMUE(PPS)]/5 (22)

If we use MMMUE as a criterion to evaluate the overall
performance of DFT methods and MP2 for nonbonded interac-
tions, we can see from Table 6 that the performance of PWB6K,
MP2, MPWB1K, and PW6B95 are the best, followed by
MPW1B95, PBE1PBE, B97-1, and MPW1K.

4.4. Overall Results.Table 9 is a summary of the perfor-
mance of the tested methods for all quantities studied in this
paper. The TCAE (thermochemical average error) is defined

as
TCAE = (TMUE x 2 + MMMUE)/3 (23)

where TMUE is from Table 4 and MMMUE is from Table 6,

that include the counterpoise correction. The basis set used for all calcu-and this is the final measure that we use for the quality of a

lations in this figure is 6-31:+G(2df,2p). The equilibrium dissociation
energiedD, corresponding to the various curves (in kcal/mol) are 0.19
(MP2-nocp), 0.11 (MP2-cp), 0.27 (PWB6K-nocp), and 0.25 (PWB6K-
cp); these values may be compared to 0.28 from experifierite
equilibrium bond length&. (in A) corresponding to the various curves
are 3.96 (MP2-nocp), 4.07 (MP2-cp), 3.88 (PWB6K-nocp and PWB6K-
cp); these values may be compared to 3.76 from experifient.

for low-energy, small-angle differential cross sectfi¥8 for
elastic scattering.)

method for thermochemistry. The factor of 2 is included because
in this average we want to emphasize the performance for the
thermochemistry database. The TKAE (thermochemical kinetics
average error) in Table 9 is defined as

TKAE = (AMUE x 2 + MMMUE)/3 (24)
where the AMUE is from Table 5, and again MMMUE is from
Table 6. TKAE is the final measure that we use for the quality
of a method for thermochemical kinetics. Clearly the exact
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TABLE 9: Overall Results®? polarizing d functions for P, S, and Cl. We also did some
nonbonded calculations with the 6-3tG(d,p) basis set, and the conclusions
thermochemistry kinetics  interaction based on the calculations with this polarized and augmented
method TMUE AMUE MMMUE TCAE® TKAE® doubleg basis set are similar to the above conclusions. Finally
PWB6K 1.72 1.59 0.38 127 118 we explored the performance of the B3LYP, MPW1B95, and
'\B"gl’:’(BlK is’g i-gg f-lﬁ?’l 11%321 ig; PW6B95 methods for the calculation of atomization energies,
MPW1K 559 182 0.85 201 149 hydrogen transfer reaction barrier heights, ionization potentials
MPW1B95 0.98 1.92 067 088 1.50 and electron affinities with a third basis set, namely, the
PW6B95 0.81 204 062 0.74 157 6-311+G(3df,3pd) basis s&t5¢(we denote this basis as triply
B1B9S 0.96 178 125 1.05 1.60 polarized triple¢ (TPTZ) in Table 10), and the results are
'\B"g;’ilgc'sm 5'822 115;4 11'2034 126299 1'?‘21 summarized in Table 10. Table 10 shows that PW6B95 is the
B98 1.00 241 0.78 093 187 best for all three basis sets, although it was optimized by using
mPW1PW91 1.32 2.44 0.95 1.20 194 the 6-3HG(d,p) basis set. Note that MPW1B95 works better
E?E_lch:ls 11%2 %’23 (())-77%3 0-?516 1-92900 with the MG3S basis set than with the 6-31-£G(3df,3pd) basis
PBELPBE 131 > e 0.7 112 208 set, Whereas B3LYP yvorks better Wlth_the 6-31G(3df,-
B3LYP 141 3.08 113 132 243 3pd) basis set than with the MG3S basis set.
MPW1KCIS 1.34 3.16 1.12 1.27 248 4.5. Concluding Remarks.This paper developed two new
X3LYP 1.89 3.29 0.92 157 250 hybrid meta exchange-correlation functionals for thermochem-
MPW3LYP 113 3.38 0.88 105 255 istry, thermochemical kinetics, and nonbonded interactions in
TPSSI1KCIS 1.07 3.52 0.99 1.04 268 ’ ;
MP2 228 399 049 168 282 main group atoms and molecules. The resulting methods were
TPSSh 1.37 4.54 1.05 1.26 3.38 comparatively assessed against the MGAE109/3 main group
TPSSKCIS 1.40 5.00 1.20 133 3.73 atomization energy database, against the IP13/3 ionization
EE\?S 119336 55;5%8 116232 119331 44-2139 potential database, against the EA13/3 electron affinity database,
PBE 301 5 89 114 239 431 against tht_a HTBH38/4 and NHTBH38/04 _barrler height datq-
SPWL 14.70 10.17 2.90 10.76  7.75 base, against the HB6/04 hydrogen bonding database, against

aTMUE for thermochemistry is from Table 4, AMUE for kinetics '.[he CT7./04 charge-transfer.database, against the DI.6/O4 dlpole
is from Table 5, and the MMMUE for nonbonded interaction is from Interaction databgse, against the W|7/_05 weak interaction
Table 6.° TCAE = (TMUE x 2 + MMMUE)/3. ¢ TKAE = (AMUE database and against the PPS5/65r stacking database. From
x 2 + MMMUE)/3. the above assessment and comparison, we draw the following
o ) _ conclusions, based on an analysis of mean unsigned errors:
position in Table 8 is not as meaningful as the general trends, (1) The PW6B95, MPW1B95, B98, B97-1 and TPSS1KCIS

but the table prowdes a way to organize the discussion. As in 4,hcfignals give the best results for a combination of thermo-
other tables, the five smallest average errors for each of thechemistry and nonbonded interactions

individual quantities are in bold, except for the final column, (2) The PWBBK, MPWB1K, BB1K, MPW1K, and MPW1B95

where the 10 best methods are bold, functionals give the best results for a combination of thermo-
Using thermochemical average error (TCAE) in Table 9 as - 9IVe . .
chemical kinetics and nonbonded interactions.

the overall, summarizing measure of quality of the tested ) ) i )
methods for thermochemistry, we can see that PW6B95 is the (3) The new PWB6K functional is the first functional to
best method, followed by MPW1B95, B98, B97-1, and outperform the MP2 method for nonbonded interactions.
TPSS1KCIS. (4) PW6B95 gives errors for main group covalent bond

Using thermochemical kinetics average error (TKAE) in energies that are only 0.41 kcal (as measured by MUEPB for
Table 9 as the overall, summarizing measure of quality of tested the MGAE109 database), as compared to 0.56 kcal/mol for the
methods for thermochemical kinetics, we can see that PWB6K, second best method and 0.92 kcal/mol for B3LYP.

MPWBI1K, BB1K, MPW1K, and MPW1B95 are the best of From the present study, we recommend PW6B95, MPW1B95,
all the tested methods for thermochemical kinetics. B98, B97-1, and TPSS1KCIS for general purpose applications
Note that all the conclusions in Table 9 were drawn on the in thermochemistry and we recommend PWB6K, MPWB1K,

basis of calculations with the MG3S basis, which is a multiply BB1K, MPW1K, and MPW1B95 for kinetics. It is very
polarized, augmented valence-triglebasis including core- encouraging that we succeeded in developing density functionals

TABLE 10: Comparison of the Effect of Basis Set for the Performance of the PW6B95, MPW1B95, and B3LYP Methods for
Calculating Atomization Energies, Hydrogen Transfer Reaction Barrier Heights, lonization Potentials, and Electron Affinities

PW6B95 MPW1B95 B3LYP
item DIDzc MG3S TPTZ DIDzZz® MG3S TPTZ DIDZ® MG3S TPTZ
MUE atomization energies (109) 4.62 1.88 2.19 4.74 2.91 3.55 8.04 4.28 3.70
HCO compounds (54) 231 1.68 1.92 4.07 3.01 3.46 4.70 3.19 2.64
containing second row atom (34) 8.49 2.26 2.37 6.86 2.53 3.27 13.60 6.45 5.84
other (21) 4.30 1.79 2.60 3.05 3.26 4.24 7.65 3.55 2.97
MUEPB®  error per bond (109) 0.98 0.40 0.47 1.01 0.62 0.75 1.71 0.91 0.79
HCO compounds (54) 0.37 0.27 0.31 0.65 0.48 0.55 0.75 0.51 0.42
containing second row atom (34) 3.04 0.81 0.85 2.46 0.91 1.17 4.88 231 2.09
other (21) 111 0.46 0.67 0.79 0.85 1.10 1.98 0.92 0.77
MUE HT reaction barrier heights (38) 3.51 3.14 3.33 3.68 3.02 3.22 4.69 4.23 4.41
MUE ionization potentials (13) 3.48 3.24 3.24 2.40 2.14 212 491 4.72 4.69
MUE electron affinities (13) 2.03 1.78 1.78 2.99 291 2.97 3.24 2.29 2.27

2 QCISD/MG3 geometries are used for calculations in this tall@UEPB denotes mean unsigned error (MUE) per béritPTZ denotes the
6-311++G(3df,3pd) basis set, and DIDZ denotes the 6-&(d,p) basis.
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with very broad applicability. They should be especially useful

for kinetics and for condensed-phase systems and molecula
recognition problems (including supramolecular chemistry and
protein assemblies) where nonbonded interactions are very

important.
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