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Starting from an analysis of the low-density and large gradient regions which dominate van der
Waals interactions, we propose a modification of the exchange functional introduced by Perdew and
Wang, which significantly enlarges its field of applications. This is obtained without increasing the
number of adjustable parameters and retaining all the asymptotic and scaling properties of the
original model. Coupling the new exchange functional to the correlation functional also proposed by
Perdew and Wang leads to tnedPWPW model, which represents the most accurate generalized
gradient approximation available until now. We next introduce an adiabatic connection method in
which the ratio between exact and density functional exchange is determipedri from purely
theoretical considerations and no further parameters are present. The resutigPW model

allows to obtain remarkable results both for covalent and noncovalent interactions in a quite
satisfactory theoretical framework encompassing the free electron gas limit and most of the known
scaling conditions. The new functionals have been coded with their derivatives in the Gaussian
series of programs, thus allowing fully self-consistent computations of energy and properties
together with analytical evaluation of first and second geometry derivativesl998 American
Institute of Physics.S0021-96068)03002-3

@

. INTRODUCTION 3 ( 3 )1/3
X 2 )

. . . : N 4m
Computational models rooted in the density functional m

(DF) theory are nowadays considered a valuable alternativgq the indexs denotes eithew or S electron spin. Such an

to conventional Hartree—FO((kiF)_and post-HF methods for approach underestimates the exchange energy by about 10%
the study of mc_JIecuIar eleqronlc st_ructure. _The_ap_peal Ofsee for instance Ref.)4Starting from Eq.(1) several cor-
these methods is due to their capadity least in principle  rections for the nonuniformity of atomic and molecular den-
of taking into full account many-body effects with computer gjsies have been propos@th particular, those based on den-
times characteristic of mean-field approximations. Unfortu-gj, gradients have received considerable attention due to
nately, the exact density functional is unknown, and approxiyhejr simplicity. This approach, referred to as generalized
mate functionals must be used. In the Kohn—SHES) ap-  4radient approximatiofGGA), is usually expressed in terms
proach to DFT(density functional theopy the exact kinetic- ¢ 4n enhancement factor over the exchange energy of the

energy operator is used along with density functionals for the,iform electron gas, so that the total exchange energy takes
exchange and correlation energless the magnitude of the ha form

correlation energy is generally less than 10% of the exchange

energy, it is most important that the exchange functional be

accurate. Furthermore, the available correlation functionals Ey o =Ex — > j F[X,]pq(r)*dr, €)
already provide satisfactory numerical results for a wide 7

range of chemical problents. _wherex, is the dimensionless reduced gradient for spin
The simplest DF approach to the exchange energy is the

local spin-density approximatiofLSD), in which the func- IV,
tional for the uniform electron gas of densipgr) is inte- X= (p—)i,g. 4

grated over the whole spate

Semiempirical GGA exchange functionals, which contain
parameters obtained by fitting the exchange atomic energies,
Ex*C=A J po(r)*3dr (1) as well as first-principle GGA functionals, obtained by mod-
7 eling the Fermi hole, have been propo48d'® One of the
most used functionals is that published in 1988 by Bécke

where (hereafter B, whose enhancement factor is

a - R L . bx?
Permanent address: Dipartimento di Chimica, Univerdéha Basilicata, FIX]|= +—————1— (5)
via N. Sauro 85, 1-85100 Potenza, Italy. 1+6bx sinh t x’
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where the value of the parameter(0.0042 was obtained
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ing else but the difference between the exchange energy of

from a best fitting to the HF exchange energies of the nobl¢he system at hand minus the sum of the exchange energies

gas atom$.

of the constituting atoms. Note that, while most of the cur-

At the same time, several efforts have been made toent functionals give very good total exchange energies, the
rationalize the physical conditions that must be satisfied bypehavior of differential energies is much more errafic.

an exact exchange functional. Among others, three cond

i- Perdew and co-workers argued that their exchange func-

tions seem to be of particular importance. The first constraintional is best used in conjunction with the corresponding

is related to the behavior in the smallregion, where the
GGA exchange functional should reduce&p®® in order to
recover the correct uniform gas lintft. The second condition
was defined by Perdew and Levy, who showed that som

correlation counterpat (leading to the PWPW functional
since in this case the errors in exchange and correlation con-
tributions tend to cancel out. However, this is not the case for
edW interactions® Furthermore, several pap&fs* have

scaling equalities can be satisfied if the asymptotic form oshown that the correlation functional of Lee, Yang, and Parr

the functional for largex is x ¢, wherea=1/21" The last
condition is the so-called “Lieb—Oxford bound® which,
in its “global” version,1° states that

Ey= EXC>—1.679f p(r)¥3dr. (6)
Only a few of the available GGA functionals obey the men-
tioned conditions. In particular, the B functional, despite
yielding very useful computational modéfs?® does not
obey neither the Levy condition nor the Lieb—Oxford bound.

In this connection, a significant theoretical improvement is

(LYP),? despite not respecting the free electron gas limit,
provides improved results especially for thermochemical pa-
rameters. Here we will show that replacement of the original
PW exchange functional in PWPW by the modified one
leads to a modelfiPWPW) with significantly improved per-
formances.

From another point of view, it is now well established
that hybrids of HF and GGA models provide a significant
improvement over conventional GGA approaches. The origi-
nal three-parameter method introduced by Bé&tkécan be
expressed as

represented by the exchange functional proposed by Perdew — a,oELSP+ (1—a0)ENF+a  AER+ELSP+a AERY,

and Wang(hereafter PW?° which is based on the B func-
tional, but is builtup to respect all the above mentioned con
straints. The enhancement factor of such a functioffdf'is

bx?—(b— B)x? exp(—cx?) — 10 8¢
10 5x¢
Ax

Fix]= ()

1+6bx sinhi ! x—

where=5(367) %3 b=0.0042,c=1.6455,d=4, andA,
is defined in Eq(2).

®

with a,,=0.80; a,;=0.72; a,=0.81.

When used in fully self-consistent way this approach has
been called simply adiabatic connection methd€CM);?
however, we will use here the acronym B3PW for reasons of
consistency with other functionals. The corresponding model
(B3LYP) obtained replacingAEE"Y by ELP—ELSP has
shown improved performances and can be considered the
most reliable general purpose functional presently

The x* term causes the functional to respect the Levyavailable?*~' Here we will show that use of thePW ex-
scaling inequality and the Lieb—Oxford bound, and thechange and PW correlation functionals leads to an hybrid
Gaussian term causes the functional to reduce to the gradientodel (MPW3PW) with improved performances.

expansion with the correct coefficient at small The PW

More recently Beck& has shown that reduction of the

functional has given good results in many atomic, molecularnumber of optimized parameters to one, does not worsen the

and solid-state calculatio&??

results significantly. From a more fundamental point of view,

Recently, Lacks and Gordon carried out a detailed analyPerdew and co-worketshave suggested that the optimum

sis of several exchange function&?ajnderlining some inter-

value ruling the exact/DF exchange ratio can be determined

esting aspects. In particular, they noted that the arbitrarpy the lowest order of the Gorling—Levy perturbation theory

choice of the coefficient and exponent of tkfeterm in the
PW functional does not affect significantly the total atomic

which provides an accurate description of the energy on the
coupling parametei in the adiabatic connection integral.

exchange energies, but determines the behavior of the eGince fourth-order perturbation theory usually delivers very
change functional in low-density and large-gradient regionsiccurate results for molecular systems, it can be argued that

far from nucleil® This point is of particular physical impor-

a true adiabatic connection modek., not involving param-

tance, since a correct long-range behavior of the exchangeters optimized by fitting experimental datean be ex-
functional is necessary if DF methods are to be applied tgressed as

noncovalent interactions, such as H-bond, van der Waals

(vdW), and charge transfédCT) complexes, where weak at-

tractive interactions play an important role. We decided,

therefore, to modify the exponent of tx@ term and theb

Eyc=0.25EF+0.75 ELSP+ AES®H + ELSP+ AESCA,
9)

In previous work it has been shown that a reliable parameter

constant of the PW functional fitting at the same time thefree ACM (B1LYP) can be obtained only using the LYP
exact exchange energies of isolated atoms and the differegerrelation functionaf, whereas the PW correlation func-

tial exchange energyE®™) of rare gas dimergHe,, Ne,)

tional leads to quite disappointing results, also further opti-

near their van der Waals minima. The latter quantity is nothmizing the ratio between HF and DF excharigéiere we
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will show that use of the modified exchange functional rec- —o—B —o—FPW
tifies all these shortcomings, so that the meRW1PW func- 10- —o— mPW
tional delivers accurate results both for covalent and nonco-

subset of the so-called G2 molecular data*$&tcluding all
neutral molecules with only first-row atoms plus,.Hrlhis
subset has been previously used to validate other
functionals® Next, performances for noncovalent interac-
tions have been tested on rare gas dimers, hydrogen-bonde ™ -0.57 ”\\j

° Led
valent interactions. /
We have used as a benchmark for covalent systems ¢ 0.5 /o
<
A /

0.0 o] g

fractional error

systems, and charge-transfer complexes. Finally, two repre-
sentative organic reaction, a proton trangf&f) process and 10 ' _ _ _ .

a Sy2 mechanism, have been investigated. These processe 10 1.5 2.0 25 3.0 3.5 4.0
have been recently shown to be on the borderline of the d(He-He) A

applicability of DF methods®-3°

FIG. 1. Fractional errors of several DF approaches with respect to the HF
differential exchange energy for the He dimer.

Il. COMPUTATIONAL DETAILS

All the DFT computations are based on the KS approactgXperience show that a polarized valence tripleasis set
to the DFT as implemented in the development version ofgenerally provides nearly converged structural parameters by
the GAUSSIAN packagé? In this particular implementation, DFT methods! Diffuse function on heavy atoms have been
the exchange-correlation energy contribution to the totaRdded for anionic species. An extended basis set, namely the
electronic energy is evaluated using a self-consistent procéi-311+ +G(3df,3pd) one has been next used to evaluate
dure which avoids the computation of the Hessians of théll the energetic parameters and electronic properties at the
electronic density> As a consequence, the cost of the above geometries.
exchange-correlation part of the electronic calculation scales
linearly with the size of the atomic basis set used in théll- SETTING UP OF THE mPW EXCHANGE
expansion of the molecular orbitdf$Of course, the evalua- FUNCTIONAL
tion of the Hessian of electron density cannot be avoided A recent analysi® shows that the B and the PW ex-
when computing analytical gradients, or second derivativeschange functionals share a poor behavior in the low-density
This task is, however, performed only once in each optimi-and large-gradient regions which dominate vdW interactions
zation step. (see also Figs. 1 and.ZThese faults are corrected either by

Equations(1), (3), and(7) contain, as particular cases, properly-designed exchange functionals, calibrated on such
the B, PW, andnPW exchange functionals, which have beenan interactionsee for instance Ref. 10or by introducing a
coded with their derivative¢see Appendix Next we have |arge amount of HF exchange in pure DF approachém-
considered both pure DF approach@&PW, PWPW, and fortunately the former improvement involves a rather com-
mPWPW models and the more sophisticate adiabatic con-plex analytical expression of the exchange functional and the
nection methodsB3PW, mPW3PW, B1PW,mPWI1PW. |atter significantly worsens atomic and molecular
Some comparison has been done also with models using thfoperties*'® A more viable alternative can be obtained, in

LYP correlation functional(BLYP, B1LYP, B3LYP). HF  our opinion, by introducing some modifications in a standard
calculations have been carried out in order to evaluate exact

exchange energies for atoms and helium and neon dimers. In
some cases, starting from HF densities, DFT exchange ener-
gies (without any self-consistent procedureave been also 1.0

evaluated. o
To avoid basis-set convergence problems, two extended / /

—o0—B —o—PW
—o— mPW

sets have been chosen. For He we have used8}32,1 057
primitives of the so-called cc-pV5Z basis §&8 without
any contraction. For Ne we have usedsHhd Y primitives
from the corresponding aug-cc-pV5Z set together with
3d,2 f,1g polarization functions from the cc-pvQz s&t?
Only the first 3 and 3 primitives have been contracted
retaining the coefficients of the original basis set. Note that,
while the primitive set is sufficient to ensure converged re- .10 ——— e . |
sults, the original contraction pattern, optimized for post-HF 1.0 1.5 2.0 25 3.0 35 4.0
computations, is not well suited for DF methods. The d (Ne-Ne) A

6-311G@,p) paSiS set of Pople and CO'Wc_)rkgr#‘aS been' FIG. 2. Fractional errors of several DF approaches with respect to the HF
used to optimize all the molecular geometries, since previousifferential exchange energy for the Ne dimer.

0.0 =

fractional error
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TABLE |. Magnitude of the exact exchange enerdiartrees and differ- TABLE II. Theoretical and experimental geometries of the biatomic mol-
ence between exact exchange energy and various density functionals for tleeules of the G2 data set. Bond distances in angstroms, bond, and dihedral
exchange energy, for neutral atoms. All calculations employ Hartree—Foclangles in degrees. All theoretical values were obtained with the
densities for the computed ground-state configuration and term and the c6-311G({,p) basis set.

pVQZ basis setunless explicitly noted

Molecule  Parameter B1PW mPWI1PW mPW3PW Exp?
Atom HF A(LSD) A(B) APW)  A(MPW)
H, r(HH) 0.744 0.744 0.746 0.742
H —-0.313 +0.045 +0.003 +0.006 +0.004 LiH r(LiH) 1.600 1.591 1.599 1.595
He —1.026 +0.142 +0.001 +0.009 +0.004 BeH r(BeH) 1.349 1.342 1.349 1.343
Li® —1.781 +0.243 +0.006 +0.018 +0.010 CH r(CH) 1.127 1.126 1.129 1.120
Be? —2.666 +0.354 +0.009 +0.001 +0.013 NH r(NH) 1.040 1.043 1.043 1.045
B —-3.770 +0.474 +0.010 +0.015 +0.013 OH r(OH) 0.971 0.973 0.973 0.971
C —-5.077 +0.590 +0.009 +0.027 +0.013 FH r(FH) 0.915 0.919 0.918 0.917
N —6.607 +0.706 +0.011 +0.030 +0.018 Li, r(LiLi) 2.742 2.700 2.731 2.67
O —-8.219 +0.835 —0.005 +0.016 —0.001 LiF r(LiF) 1.565 1.553 1.560 1.564
F —10.045 +0.956 —0.019 +0.002 -0.017 CN r(CN) 1.163 1.163 1.165 1.172
Ne —-12.110 +1.076 -—0.029 +0.006 —0.027 cO r(CO) 1.125 1.125 1.126 1.128
Na? —-14.018 +1.234 -0.010 +0.013 +0.010 N, r(NN) 1.093 1.093 1.095 1.098
Mg? —15.992 +1.383 —0.006 +0.016 —0.007 NO r(NO) 1.142 1.146 1.145 1.151
Al —18.091 +1.541 +0.003 +0.026 0.000 0, r(00) 1.194 1.202 1.198 1.207
Si —20.304 +1.696 +0.012 +0.036 +0.008 F, r(FF) 1.388 1.402 1.395 1.412
P —22642 +1.849 +0.020 +0.046 +0.016 avg. abs.
s —25035 +2.012 +0.024 +0.053 +0.020 error 0.011 0.007 0.009
Cl —27.545 +2.168 +0.029 +0.057 +0.022 max error 0.072(L) 0.030(Li) 0.061(Lb)
Ar —-30.185 +2.322 +0.031 +0.061 +0.024
ab;rfj‘;’er' 1090 0013 0025 0012  From Ref 1L
max error 2.322 0.031 0.061 0.027

of 3.73. Figures 1 and 2 show the accuracy of the modified
functional.

Next we have optimized thb term by computing the
total exchange energies for the atoms of the first and second
exchange functional, possibly preserving the overall compurow of the periodic table. This set is considered as a common
tational performances. For instance, a similar procedure wagst and standard exchange functionals usually give total
adopted by Handy and co-workers, who modified and repatomic exchange energies within 1% of the ex@tf) ex-
arametrized thé exchange functional for thei€am com-  change energi€s:*?' The optimized value of 0.0046 is close
putational modef? and by Lembarki and Chermette who to the value used in both the B and PW functionals (
reoptimized the PW exchange functional to reproduce either 0.0042), but leads to a significant improvemésge Table
kinetic atomic energiés or orbital energie§® I). As a matter of fact, the average absolute error for the

Exchange functionals contain a number of parametersonsidered set of atomic exchange energies is 12 mHartees,
which are tuned to reproduce exact atomic exchange ener€., about one half of the PW err@5 mHartreesand even
gies. For instance, this procedure was adopted by Becke ilower than the B valugl3 mHartre¢ Furthermore the new
determining theb coefficient of his functionalcf. Eq.(6)].2  exchange functional gives the lowest maximum er(a¥
The same parameter is present in the PW functional, whicmHartreeg
differs from the B one through the introduction of two Two last remarks are in order about the calibration of the
supplementary terms, namely tk& and the Gaussian ones exchange functional. The first is that we have numerically
[cf. Eq.(7)]. The choice of the exponent and coefficients ofverified that values of the exponent within the range<3i2
these terms is quite arbitrafyVery recently it has been =4.0 give functionals respecting, together with the Levy
shown that total atomic exchange energies computed by thecaling inequality, also the Lieb—Oxford bound. All the ad-
PW functional are relatively independent to changes in thevantages of the original PW exchange functional are thus
exponent of thex? term, while the interaction energies for retained. The second remark is that all the functionals ob-
rare-gas atom dimers are extremely sensitive to suckained by varying the coefficient of the Gaussian term pro-
changes? So, it is reasonable to presume that a refinemenvide atomic exchange energies with an error lower than 1%.
of this parameter to reproduce the long-range behavior, In summary, our modification of the original PW ex-
should not modify the performances of this functional inchange functional is able, without increasing the number of
regions significant for the conventional covalent interactionsparameters, to give a good representation of total and differ-
To this end, we have fitted the differential exchange energiesntial exchange energies over a wide region of density and
of rare-gas dimers in the region of van der Waals interactiongradient values. Since, however, total energies have not been
to HF values varying the exponent of thtterm in the range  considered in the fitting procedure, it remains to be seen
3.2<d=4.0. Without entering the tedious details of the cali- whether coupling the modified exchange functional to con-
bration work, we simply state that the best agreement beventional correlation counterparts leads to an improvement
tween HF and DF results is obtained with an exponent valuéor structural and energetic parameters. Note that, especially

#6-311+ + G(3df,3pd) basis set.
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TABLE lll. Theoretical and experimental geometries of the poliatomic molecules belonging to the reduced G2

C. Adamo and V. Barone: Improved exchange functionals

data set. Bond lengths in A, angles in degrees. All theoretical values are obtained with the 6}3) ll3&is
set. Experimental data are taken from Ref. 11.

Molecule Parameter B1PW mPW1PW mPW3PW Exp.
CH, r(CH) 1.079/1.115 1.079/1.113 1.080/1.116 1.075/1.107
(®B)/(*A) a(HCH) 134.3/101.1 134.7/101.2 134.6/100.8 133.9/102.4
CH; r(CH) 1.080 1.079 1.081 1.079
CH, r(CH) 1.090 1.090 1.091 1.086
NH r(NH) 1.028 1.029 1.030 1.024
2 a(HNH) 102.2 102.3 102.1 103.4
NH r(NH) 1.013 1.015 1.015 1.012
3 a(HNH) 106.4 106.5 106.4 106.0
OH r(OH) 0.958 0.961 0.960 0.957
2 a(HOH) 103.9 103.9 103.8 104.5
HCCH r(CC) 1.198 1.197 1.199 1.203
r(CH) 1.063 1.063 1.064 1.062
r(CC) 1.325 1.325 1.326 1.334
H,CCH, r(CH) 1.085 1.084 1.086 1.081
a(HCH) 116.6 116.6 116.6 117.4
r(Cc) 1.511 1.510 1.516 1.526
H;CCH, r(CH) 1.095 1.094 1.094 1.088
a(HCH) 108.2 108.3 108.2 107.4
HCN r(CN) 1.147 1.147 1.149 1.153
r(CH) 1.066 1.066 1.067 1.065
r(CO) 1.174 1.170 1.176 1.175
HCO r(CH) 1.125 1.124 1.126 1.122
a(HCO) 124.5 124.4 124.3 124.6
r(CO) 1.194 1.196 1.198 1.203
H,CO r(CH) 1.107 1.109 1.111 1.099
a(HCH) 115.6 115.6 1155 116.4
r(CO) 1.410 1.409 1.412 1.421
r(CHy) 1.090 1.090 1.092 1.093
r(CHyp) 1.099 1.098 1.099 1.093
H;COH r(OH) 0.956 0.957 0.959 0.963
a(OCH,) 107.1 107.1 107.0 107.0
a(COH) 107.8 107.8 107.7 108.0
a(HoCHo) 108.5 108.5 108.4 108.5
r(NN) 1.420 1.420 1.423 1.447
r(NH) 1.012 1.015 1.012 1.008
H,NNH, a(NNH) 109.5 109.4 109.5 109.2
a(HNH) 1135 113.4 113.6 113.3
d(HNNH) 87.3 87.3 87.6 88.9
r(00) 1.431 1.430 1.438 1.475
HOOH r(OH) 0.961 0.962 0.964 0.950
a(O0H) 100.6 100.6 100.4 94.8
d(HOOH) 117.9 118.0 118.3 120.0
CO, r(CO) 1.156 1.156 1.159 1.160

for noncovalent interactions, this would be the case only ifhoth themPW1PW andmPW3PW approaches give geom-
the correlation functionals already have a correct long-range@tries which are close to those obtained by the B1PW
behavior. method. On the other hand, thePW1PW atomization ener-
gies(Table V) are significantly better than those obtained by
the B1PW model. In particular, the average absolute error is
3.5 kcal/mol for themPW1PW model and 5.4 kcal/mol for
In Tables Il-V are reported the results obtained for the"® B1PW one. Furthermore, theP?W1PW results are more

geometric and thermodynamic parameters of 32 moleculeR'€CISE, the maximum deviation being 6.5 kcal/mol. Even
belonging to the G2 data set. This subset has become a stdpgtter results are obtained at tm@W3PW level, the average
dard for the validation of new density functional absolute error being 2.7 kcal/mol.

approache$® In Tables Il and Il are compared the geom- A full comparison with the most common DF ap-
etries obtained by thePW1PW andnPW3PW models with  proaches is reported in Table VI, which collects an error
the corresponding B1PW results. In this connection, it isstatistics for the most significant molecular properties of the
remarkable that on this set of covalently bonded molecule§&2 data set. Since the data reported in this table are suffi-

IV. VALIDATION OF THE EXCHANGE FUNCTIONAL
A. The G2 data set
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TABLE IV. Theoretical and experimental atomization enerdiesal/mol) TABLE V. Mean absolute deviations obtained by different methods for
of 32 molecules belonging to the reduced the G2 data set. All theoreticakome properties of 32 molecules of the G2 data set. Bond lengths, bond
values were obtained using 6-3t}% G(3df,3pd) basis set with angles, and harmonic frequencies are computed using the 6-811){a-
6-311G(@,p) geometries and including ZPE corrections. sis, while atomization energies and dipole moments are evaluated by the
6-311+ + G(3df,3pd) extended basis set.

Molecule B1PW  mPW1PW mPW3PW Exp2
Bond lengths Do Dip. mom. Harm. freq.
H, 99.0 98.7 100.8 103.3 Methods A) (kcal molt) (D) (cm™
LiH 50.8 51.3 53.2 56.0
BeH 53.5 53.6 54.3 46.9 HF2P 0.022 82.0 0.29 144
CH 78.4 78.9 80.0 79.9 MP 2P 0.014 23.7 0.28 99
CH,(°B,) 181.6 182.8 184.5 179.6 ccsOTpRe 0.005 115 0.10 31
CH,(1A,) 165.1 165.8 168.8 170.6 Lspd 0.017 435 (0.29°¢ (75)°¢
CH, 290.8 289.5 293.1 289.2 BPW 0.014 6.0 0.11 69
CH, 386.5 389.1 393.9 3925 PWPW 0.012 8.6 0.12 66
NH 79.8 80.3 80.8 79.0 BLYP 0.014 9.6 0.10 59
NH, 169.3 170.7 174.1 170.0 mPWPW 0.012 6.7 0.11 65
NH,4 270.3 2727 277.9 276.7 B3LYP 0.004 2.4 0.08 31
OH 99.6 100.3 102.5 101.3 B3PW 0.008 4.8 0.08 45
OH, 211.9 213.6 218.0 219.3 mPW3PW 0.008 2.7 0.08 37
FH 131.8 131.3 133.9 135.2 BILYP 0.005 31 0.08 33
Li, 17.3 18.8 19.5 24.0 B1PW 0.010 5.4 0.10 48
LiF 130.2 131.1 134.3 137.6 mPW1PW 0.010 35 0.10 39
HCCH 381.9 385.5 388.7 388.9
H,CCH, 5255 530.0 535.7 531.9 ®Basis set of triplez quality+double polarization func.
H,CCH, 654.8 660.6 668.0 666.3 EREf- 35. ‘
CN 1715 1735 177.7 176.6 d6-3lG(d,p) basis set.
HCN 296.2 299.0 303.4 301.8 Ref. 23.
co 249.1 250.5 255.2 256.2
HCO 268.7 271.4 276.6 2703 from mPW?23 Furthermore, mPW1PW behaves even better
H,CO 3517 3551 356.6 357.2 than mPW3PW when other, and more stringent, tests are
H,COH 472.0 477.3 484.7 480.8 . . . i
N, 216.9 219.2 22338 205 1 consideredsee below. So, due to its particularly appealing
H,NNH, 397.1 402.8 411.4 405.4 theoretical foundation, we prefer in the following to discuss
NO 146.5 148.7 153.4 150.1 only the results obtained by tePW1PW method. The re-
H(())(Z)H 5713 52—98 1225‘;2 12152(; sults obtained by thenPW3PW approach are, anyway, re-
F, 226 313 354 36.9 ported in all the considered tests for the sake of complete-
Co, 369.1 382.7 389.1 381.9 ness.
mean aver. dev. 54 35 2.7 . .
max dev. 11.5 6.5 6.6 B. Noncovalent interactions
*From Ref. 35, We turn next to noncovalent interactions in van der

Waals, H-bonded or CT complexes, where the spread of re-
sults obtained by different functionals is particularly signifi-
ciently self-explanatory, we add only a few comments. First,
from these results it is quite apparent that th®W1PW  TABLE VI. Bond lengths and interaction energies for Hend Ne. All
protocol performs better than all the other functional contain-~alues are computed using the modified cc-pV5Z basis set and are corrected
ing either the original PW exchange or the PW correlation® BSSE effectisee text for details

functionals. A more significant comparison is that with the d

D.
results obtained by the B1LYP approach, our parameter free Dimer Method A) (e'\r}t)
ACM protocol performing as well as the popular B3LYP

. . ) . BPW, BLYP,
method over a wide class of chemical systems, including the BILYP, B3LYP Unbound
G2 data sef. A detailed comparison with these reference
data show that thenPW1PW model gives results close to e, n?x:\\:v 32'175 (?'(?0130
those prowde_d by the BILYP n_10de|, Whe_reas W 3PW MPW3PW 297 0.002
protocol provides thermochemical data with an accuracy ap- mPW1PW 311 0.002
proaching the B3LYP method. It is also interesting to note exact 2.97 0.001
the different behavior of the two considered correlation func- BPW, BLYP,
tionals. From the one hand, the performances of the LYP BILYP, B3LYP Unbound
functional are very close in a three-parameter schéng, PWPW 2.94 0.014
B3LYP) and in a parameter-free protoo@.g., BILYB ir- Ne, mPWPW 3.25 0.004
respective of the exchange functional used. On the other mPW3PW 3.16 0.003
hand, the PW correlation functional gives results for the G2 mz\ﬁglcsw 33'0293 00600043

set which are significantly better in the former scheme than

in the second one when using exchange functionals differerikeference 47.
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©-@-- mPW -4 BPW d(0...0) (A)
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0.00 1 . L | /
LS S S I e PRy « RN @ R ¢ DAEY * S - 2ER Vg g
Y. e-a _v/g v mPWPW % o
A Sv--v vV vy /
-0.01 1 gy : : ;
PWPW o
T T T T 1 X / % N
2.5 3.0 3.5 4.0 BPW 4 o
d(He-He) A - ; T . 1
4 6 8 10
FIG. 3. Potential-energy curves for the interaction of the two He atoms. The AD, (kcal/mol)
curve labelled “exact” has been computed using the analytical expression
of Ref. 47. FIG. 5. Intramolecular ©-O distance and binding energy of the water

dimer obtained by different methods. The geometrical parameters are com-
puted using the 6-311@(p) basis set, while binding energies are evaluated

. on these geometries with the 6-38% G(3df,3pd) basis set.
cant. We have chosen a few prototypical systems, namely the g ( pd)

He, Ne, and water dimers, and the CT complex formed by

Clo with CoH,. t with th t valuegd=2.97A and
Van der Waals complexes, such as the dimers of rare_ga%gre_emen V\Qg : € exact va uegd=2. _ alg\\

atoms, are very difficult to handle in the framework of DF in=0.001 eY™ is obtained at thenPW1PW(d=3.11A,

methodst®®84€ |n particular, standard methods, including D;r=0.002 &} andmPW3PW(d=2.97 A, D;=0.002 eV}
L . - ~ levels. Analogous trends are obtained for the Blgstem. In

ACM approaches, significantly underestimate the InteraCtIoghis connection, it is noteworthy that our PWPW results are

strength in such complexes. The numerical values for th ssentially identical to those obtained by Pateral 5

energy minima of He and Ne dimers obtained by severaf > K . .
functionals and corrected for basis set superposition erropod @ different extended basis set. The trends are well evi

(BSSH effectd” are collected in Table VI, while the overall de,?cri? I'_n rgh? grafhfﬁ of fFIrgtT{ 3HandH4, V\rllglcﬁ reﬁre?n(?[n: th_e
trends of different functionals are shown in Figs. 3 and 4 PO€nta-energy profies for In€ He—rie a e—INe Interac
tions, computed with several DF methods. All the curves fall

Two limiting situations are eviden h . Fr ) :
° ting situations are evidenced by these data OrTl)etween the BPW repulsive curve and the strongly attractive

t_he one ha_nd, all the_ p_rotoc_:ols using the B exchange funCc':urve obtained at the PWPW level. In the middle, and close
tional predict a vanishing interaction between He atoms

while, from the other hand, a strong interaction is found atto the exact profile, we find both thePWPW and the

the PWPW level. This last functional predicts a short equi—mPWlPW plots. In this connection, it must be remembered
librium distance §=2.78 A) and a high interaction energy that also the standard ACM approaghes, such as thg popular
(Dix=0.010 eV). Between these two extremes, theBSLYP model, are not gst?zltg o .Ioc.:ahze an energy minimum
mPWPW conventional DF approach gives much improveo{or such vdW complexe¥.™ A similar behavior is obtained

_ o or the Ne dimer, where a variety of situations is predicted by
results(d=3.14 A andD=0.003 €Y and an even better standard pure DF approaches, while a good agreement with

the “exact” dat4® is obtained by all the models which in-

o mPW A BPW cludemPW exchange and by the very recent functional pro-

015 v PWPW 0 mPWAPW posed by Perdewt all®
4 exact Let us consider now the water dimer. We do not want to
9 make a complete review of the huge amount of results avail-
01090 » able for this system, but we refer, instead, to more detailed
. discussions and references included in previous woks.
> 0.05- Even if this system has been studied in dethdpme prob-
g lems still remain, expecially concerning the experimental de-
termination of the binding energy. The currently accepted
0.00+ value is 5.44 0.7 kcal/mol®! even if refined post-HF com-
putations suggest that the interaction energy is close to 4.7
-0.05 . , : _ : . . kcal/mol(see discussion in Ref. hSimilarly, the main geo-

25 3.0 35 4.0 metrical parameter, i.e., the O-0 distance, is influenced by
d(Ne-Ne) A strong effects of anharmonicity, which obscure the precise
experimental estimate of the equilibrium geometry. The cur-

FIG. 4. Potential-energy curves for the interaction of the two Ne atoms. The . . . .
curve labeled “exact” has been computed using the analytical expression di€Nt experimental value, taking into account anharmonicity

Ref. 47. effects in a model fashion, is 2.952 %A whereas a shorter
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TABLE VII. Some relevant geometrical parametei&), harmonic stretching CI-Cl frequencies (ch and complexation energie&J/mo)) for the
C,H,---Cl, complex. The energies are computed at the 643115(3df,3pd) level, using 6-311G{,p) geometries and are corrected for BSSE and ZPE
effects.

MP2 BPW PWPW mPWPW mPW1PW B3PW B1LYP mPW3PW Exg
d(ClI---plane) 3.003 2.650 2.599 2.627 2.834 2.811 2.890 2.792 3.128
d(CICl) 2.044 2.147 2.151 2.149 2.062 2.070 2.093 2.079
v(CI-ClI) 506 380 390 379 467 420 450 450 527
AEcomp —6.7 —15.9 —23.2 —13.3 —5.9 —-8.5 —-5.0 —11.7 —-7.1/-11.3

aReference 60.
PReferences 62—64.

intermolecular distancg2.910 A is predicted by refined mon DF methods, including some ACM approaches, predict
post-HF methods® too short intermolecular distances and too high interaction
In Fig. 5 are reported the computed-@ intermolecu-  energie€® Among the well characterized CT systems, we
lar distances and the corresponding binding energies. Thesgve focused our attention on the simple ethylene—chlorine
latter have been corrected both for zero-point end&BE)  complex. Furthermore, even if several different molecular
and BSSEY As already described in the literatuf®}**%he  arrangements are possible, the axial-perpendicular structure
equilibrium geometry of the water dimer is quite accuratelyjs the most stable orfd.So we have limited our attention
reproduced by standard DF methods, all the predicted®  only to this arrangement, whose main molecular parameters
distances falling between 2.87 and 2.92 A, i.e., close 10 thgre reported in Table VII. The most striking features in the
MP2 estimate. In particular, the results predicted by all the;acyjations by the different methods are the chlorine—
methods which incorporate trePW exchange are close 10 gy jene distances, which are directly related to the interac-

,57 H
2.87 A As expected)®” a large basis sefthe 6-31% ;o strengths. In this connection, GGA methods provide
*+G(3df,3pd) one] increases the intermolecular dIStance'very short intermolecular distances, even if thBWPW re-

further improving the agreement with the post-HF d&#0 . S .
sult (2.63 A can be considered a significant improvement
vs 2.91 A for themPW1PW and MP2 approaches, reSPEC-over the original PWPW valu¢2.45 A). The inclusion of

tlvely)'. . . . . some HF exchange increases the distance up to 2.83 A for
Binding energies are more sensitive to the choice of tht?he mPWI1PW model. This last value is very close to the
exchange functional. In particular the PWPW functional pre-BSLYP estimate(2.84 .A) 80 byt it is not accurate enough to
dicts a very strong interactiai®.3 kcal/moj, while the BPW . ) ' ' .
y J o ) describe this parameter properly, the experimental value be-

functional gives a value about 2 kcal/mol lowg.1 kcal/ | i
mol). In the middle, there are the results obtained by thdng 3.13 A. In contrast, it must be noted that all the methods

mPW1PW functional, which predicts a binding enef@Eg) provide geometries fgr the free moleculénpt reportgd in
of 7.0 kcal/mol. Once again, extension of the basis set playdaPle é/2||L4Wh'Ch are in good agreement with experimental
a not negligible role, the BE being 4.5 kcal/mol at the results:™
mPW1PW/6-31% +G(3df,3pd) level. This last result is The trend in the geometrical parameters is reflected in
close to the best theoretical estinfdtend in the range of the the harmonic frequencies and, in particular, in the stretching
experimental determinations. of the CI-Cl bond. In this complex, the intermolecular dis-
Judging from both the energy and the geometry resultsiance is directly related to the—m electron donation from
the mPW1PW scheme seems to give, among the functionalghlorine to ethylene, which weakens the CI-Cl bond. As a
considered, a slightly better description of the water dimer.consequence an overestimation of this interaction induces a
An even more stringent test is represented by CT comvery low CI-Cl stretching frequency. This is the case for the
plexes, and in particular those arising fromrao type in-  conventional DF approaches, which predict harmonic wave
teraction, such as that of ethylene with a halogen moleculenumbers significantly lower than the experimental estimate.
These systems are very difficult to describe either at thé better agreement is found at thmPW1PW level,
post-HPE%® or DFP760 |evels. In particular, the most com- whose value is close to the MP2 predictidd67 vs

TABLE VIIIl. Main H-bond geometrical parametefd) and relative energiegJ/mo) for the minimum(M) and saddle pointSP of malonaldehyde. The
relative energies are computed at the 6-811G(3df,3pd) level, using the 6-311Gl,p) geometries.

MP2 BPW mPWPW mPW1PW B3PW mPW3PW
M SP M SP M SP M SP M SP M SP
d(0---0) 2.581 2.355 2.526 2.389 2.518 2.387 2.539 2.353 2.541 2.360 2.534 2.359
d(H---O) 1.678 1.197 1571 1.218 1.561 1.217 1.632 1.200 1.629 1.204 1.620 1.203
d(OH) 0.991 1.197 1.031 1.218 1.034 1.217 1.001 1.200 1.005 1.204 1.006 1.203
AE 0.0 11.7 0.0 4.0 0.0 3.8 0.0 12.0 0.0 8.5 0.0 8.2
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TABLE IX. Main geometrical parameters of the ion-complex ECH,Cl and the corresponding saddle point
for the Walden inversion. All values are computed at the 6-3®1d,p) level.

Parameter MP2 BPW mPWPW mPW1PW B3PW mPW3PW
ion-complex
d(C---Cl) 3.270 3.133 3.108 3.157 3.167 3.160
d(CcCl) 1.810 1.870 1.870 1.828 1.836 1.835
d(CH) 1.085 1.090 1.089 1.083 1.084 1.084
a(CICH) 108.8 107.9 107.9 108.5 108.4 108.4
SP
d(CcCl) 2.317 2.366 2.362 2.328 2.339 2.336
d(CH) 1.073 1.079 1.079 1.072 1.073 1.073

506 cmi L, respectively, which is, in turn, slightly lower BPW andmPWPW method, respectively. A significant im-
than the experimental value of 527 ch? provement is obtained at tePW1PW level(12.0 kJ/ma),

In the same table are reported the interaction energieshis effect being strictly related to the computed--© dis-
corrected for both ZPE and BSSE effe¢@bout 4 and 1 tance(see Table VIIJ. For instance, thenPWPW method
kJ/mol, respectively, for all DF methodsAs expected, these predicts a distance of 2.518 A, significantly shorter than the
energies are related to the intermolecular distances predictédP2 value(2.581 A), while themPW1PW model performs
by the different methods. Thus, the BPW model predicts aslightly better(2.539 A), but without reaching the post-HF
strong CI-GH, interaction (15.9 kd/mol), which is re- values. In contrast, the other geometrical parameters ob-
duced to— 5.9 kJ/mol at thenPW1PW level. This last value tained by MP2 anadnPW1PW models are very close to each
is only slightly lower than the MP2 estimate-6.7 kJ/mol)  other. The short H-bridge distance found in the minimum
or the experimental findings(between —7.1 and energy structure is due to an excessive degree of conjugation,
—11.3 kJ/mo).%* which, in turn, significantly destabilizes the minum energy
structure with respect to the saddle point, leading to a low
energy barrier. ACM methods, through the introduction of

HF exchange, significantly reduce this fault, reaching at least
Several authors have explored the applicability of DFthe accuracy of MP2 calculatiofis.

methods in the study of proton transf@&T) reactions show-

ing that standard DF approaches provide very low activation _ )

energieg0-36:54556566The situation is even more involved D- The Walden inversion

when the motion of the proton is coupled with a rearrange-  As a last significant test, we have chose®@ reaction,
ment of ther electronic system, as happens in malonaldewhose importance in organic chemistry is well evidenced by
hyde. In this case, the underestimation of the PT activatiomhe accumulation of a large body of experimental and theo-
energy by DF methods is augmented by the overestimatioretical dat®>®’-**From a theoretical point of view, several

of correlation energy which produces an excessive degree gftudies have shown these reactions to be extremely sensitive
conjugation in the molecular backboffeln order to cor-  to the theoretical model us&&°° Already the thermodynam-
rectly reproduce these effects, large basis sets must be usigd of the simple Walden inversion

in the framework of DF approaches. The results obtained by Cl+CH.Cl~CICH,+CI-  (scheme )

the mPW functional are reported in Table VIIl. Pure DF 3 3 '
approaches, i.e., BPW amdPWPW, give a poor description is difficult to describe by quantum-mechanical methods. This
of the PT reaction, providing very low energy barriers. It isis particularly true at the DF level, where most of the avail-
interesting that different exchange functionals provide simi-able approaches, including the B3LYP protocol, fail in pre-
lar results, the barrier being 4.9 and 4.6 kJ/mol for the for thedicting some thermodynamic quantiti€sA good agreement

C. Proton transfer in malonaldehyde

TABLE X. Complexation energies of the ion—molecule compleE(,,,), activation energy KE* and
overall activation energy relative to reactantsH,,) for the Walden inversion, computed at various compu-
tational levels. All values are in kJ/mol and include BSSE and ZPE corrections.

G2+(MP2? BPW91 mPWPW mPW1PW BILYP B3PW mPW3PW Exp?

AEcomp 44.3 39.2 43.8 42.0 40.8 39.2 39.8 5184
AE? 10.3 26.6 26.2 43.7 37.6 40.4 40.4 5584
AEq, 54.6 —12.6 —-17.6 1.7 —-3.2 1.2 0.6 4.Z24.2

2Reference 39.
PReferences 71 and 72.
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with the experimental results has been obtained only by usent PW functional. Even if this modification has been espe-
ing the half and half ACM methoff This reaction is char- cially tuned on vdW interactions, we have found that this
acterized, in the gas-phase, by a double-well energy profilédmproved formulation makes the modified exchange func-
with two minima corresponding to the formation of a pre-tional competitive with the parent B functional also for co-
and post-reaction ion—molecule complex {(@CH;Cl) and valent interactions. Furthermore, when coupled with the cor-
with a saddle poin(SP of D3, symmetry (CICH3CI). The responding correlation counterpdltading to themPWPW
most significant thermodynamic quantities are the complexeomplete functional it gives numerical results of a very
ation energy of the ion—molecule addudt&.,,y, the acti-  good quality. Finally, even better results are obtained by in-
vation energy, i.e., the relative energy of tby, saddle cluding such a functional in a particular ACM scheme,
point with respect to the ion—molecule complexE*) and  which does not contain optimized parameters for the mixing
the overall barrier 4 E,,), defined as the difference between of HF exchangethe mMPW1PW protocdl? In the field of
these two energie®:’* The geometrical parameters of the ACM approaches, the touchstone is the so-called B3LYP
ion—molecule complex and the SP are collected in Table IXmodel, whose strengths and limits have been well evidenced
while the corresponding energetic quantities are plotted ifin a series of paperS:>6:394460.63n this connection we have
Fig. 5. The key parameter in rationalizing the behavior of thefound that thenPW1PW protocol generally provides results
different functionals is the distance between the chloride anwhich are close or even better than those obtained by the
ion and the carbon atom of the methyl chloride. Once againB3LYP method. The most striking example is the Walden
the MP2 results can be considered as the reference data, tiversion, where the B3LYP model fails to capture not only
distance being 3.270 and 2.317 A for the ionic-complex andhe numerical value but also the right trend of the overall
for the SP, respectively. The BPW model leads to a too shorctivation energy. In contrast, tmePW1PW protocol gives
distance for the ion—molecule compléx133 A and a too  an estimate of this energy which falls in the experimental
long bond length(2.366 A for the CI-Cl bond in the SP. range. The situation is more involved for CT complexes,
Similar values are obtained at thePWPW level, whereas a whose binding characteristics are described quite poorly by
longer CI-Cl bond(2.328 A is found with themPW1PW all of the considered DF methods, thus suggesting that fur-
protocol for a similar value of GI-C (3.157 A). These geo- ther developments are needed.

metrical trends are reflected in the computed energetical pa- Finally, the test over the G2 molecular data set assures
rameters(see Table X In particular, an increasing of the that all the improvements are not merely due to a fortuitous
CI-C distance induces a significant stabilization of the SRcompensation of errors and are uniform over a wide class of
structure with respect to the minimum. The effect may be sanolecular properties, including geometrical, one-electron,
relevant to induce a negative value foE,,. This is true for and thermochemical data. This is not a less important point,
all the pure DF methods considered in the present paper, ance some ACM’s, and the half and half method in particu-
well as all other standard function&f. Table X and Ref. lar, provide good results for “difficult cases,” such as CT
68). In particular, the B3LYP method predicts an overall interactions and PT activation energies, but performs quite
barrier of —7.7 kJ/mol®’ In contrast, themPW1PW ap- poorly for the G2 sef.

proach predicts a positive, albeit small, value &, re- On the basis of the tests reported in the present paper, we
storing the right trend. As concerns all the other energeticatan conclude that thePWPW functional should be consid-
guantities, we found that complexation energies are relaered among the best-performing pure DF approaches. Fur-
tively well reproduced by all the DF methods, as alreadythermore, the corresponding ACM schemes provide results
found for the water dimer. A larger sensitivity to the model of a quality comparable to that of the B3LYP protocol.

used in the computations is found faE*, whose value

ranges between 26.2nPWPW) and 43. 1mPW1PW kJ/

mol. Once again the MPW1PW result is within the range of

the experimental value.

APPENDIX

V. CONCLUDING REMARKS All the exchange functionals considered in the present

Among the most common exchange functionals, thé®@Per (B,PWnPW) have the form given in Eq7) with
original PW model is the only one showing the correct be-different values of the parametens c, andd. The relevant
havior for a number of asymptotic limits. This functional has first derivatives are
been developed starting from the B formulation and improv-
ing the theorgtical representatiqn. Unfortunately, this im- Ezfplﬁﬂz(x)_x':’(x)], (A1)
proved behavior has been obtained at the expense of the dp, 3 7
chemical accuracy, the overall performances of the B ex-
change functional being better than those obtained by the dF 1
PW one*®’ The simple modification which we propose in p, 2
the present paper significantly improves the long-range be-
havior, retaining all the asymptotic characteristics of the parand

Ap, YF(x), (A2)
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(b—pB)x? —10 %axd~1! 6bx ,
2_ - =7 —6,,d —1
, (2bx exp D) 10" °x A, +(1+X2)1,2+6b sinh™* x
F'(x)=- 10-5x@
1+6bx sinhit x— ————
Ax
2(b— B)x 2c(b—B)x®
2bx— 2b-A)x /33 —10 8dxd-1+ 2e(b= A7 /32)
exp(cx?) exp(cx?) A3
" 10 6x9 (A3)

. 71 _
1+6bx sinh * x A,

wherex, defined in Eq(4), can refer either tax or B spin.
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