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We derive here the form for the exact exchange energy density for a density that decays with
Gaussian-type behavior at long range. This functional is intermediate between the B88 and the
PW91 exchange functionals. Using this modified functional to match the form expected for
Gaussian densities, we propose the X3LYP extended functional. We find that X3LYP significantly
outperforms Becke three parameter Lee—Yang—HBBLYP) for describing van der Waals and
hydrogen bond interactions, while performing slightly better than B3LYP for predicting heats of
formation, ionization potentials, electron affinities, proton affinities, and total atomic energies as
validated with the extended G2 set of atoms and molecules. Thus X3LYP greatly enlarges the field
of applications for density functional theory. In particular the success of X3LYP in describing the
water dimenwith R, andD within the error bars of the most accurate determinajiomeskes it an
excellent candidate for predicting accurate ligand—protein and ligand—DNA interaction200®
American Institute of Physics[DOI: 10.1063/1.1812257

I. INTRODUCTION (i) the B88 exchange functionéBecké&) which is often
combined with the LYP correlation functional, due to
Density-functional theory (DFT) has become the Lee—Yang—Part*'2 and
method of choice for first principles quantum chemical cal-(ii)  the “nonempirical” exchange-correlation functionals,
culations of the electronic structure and properties of many PW92 and PBE due to Perdew and co-workers.

molecular and solid systems. With the exact exchange-

correlation functional, DFT could take into full account of all These GGAs significantly reduce the overbinding tendency

complex many-body effects at a computational cost characef LDA, but generally remain inadequate for thermochemis-

teristic of mean-field approximatiofisHowever, the exact try of molecules:*~23

exchange-correlation functional is unknown, making it es- A big step toward greater accuracy was the introduction

sential to pursue more and more accurate and reliable af hybrid method®' that include some amount of “exact

proximate functionals. exchange” on the basis of the adiabatic connection
Various approximations to the exchange-correlation enformula®*~2°The most effective hybrid method is B3LYP,

ergy have been developed and tested in recent deéatlés.  which is formulated as:

foundation of most approaches is the local density approxi-

mation(LDA) based on solutions of the uniform electron gas E>E<3°3 = aOE)‘fxaCtJr(l—aO)Ef e aA EEBSJF aCE\C/WN

(UEG).Z* 1t is well documented that LDA yields results of +(1—ac)EEYP, 1)

good or moderate accuracy for such properties as lattice con-

stants, bulk moduli, equilibrium geometries, and vibrationalwherea,=0.20,a,=0.72, anda,=0.19. These parameters

frequencies. However, LDA leads to bond energies and co-were derived by Becke from a linear least-squares fit to 56

hesive energies far too large, making it “not useful for atomization energies, 42 ionization potentials and 8 proton

thermochemistry.® affinities? These hybrid methods fail to account for van der
The generalized gradient approximati@®GA) includes ~ Waals interaction§2°%

the first-order gradient of the densityThe most popular Numerous efforts have been made to extend GGAs to

GGA functionalé~"include include these long-range interactiots® Within the frame-

work of GGA, Adamo and Barone optimized the exponent of

dAuthor to whom correspondence should be addressed. Electronic ma'l[”]eS term and thQB constant of the PW91 functional, flttlng

xinxu@xmu.edu.cn at the same time the exact exchange energies of isolated
PElectronic mail: wag@wag.caltech.edu atoms and the differential exchange energy of noble gas
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dimers (He,Ne,) near their van der Waals mininté.The oo 1+s-a;-sinh i(s- ay) + (ag+a,- e 105%)s2
resulting mPWPW model is superior to the original PWPWF 9=
functional for these interactiortS.Perdew, Burke, and Ern-
zerhof (PBE'9) presented a simplified GGA claimed to im- ®)
prove six shortcomings over PW91. Although PBE is notHere a,= (4872 a,=68-a,, az=—a3/(2"°A,)- B, a,
specifically designed for van der Waals systems, it does show 10/81—-az, as=—a3x10 /(2"?A,), and d=4. Becke
the best performance among conventional GEAS8How-  obtained3=0.0042 from fitting to Hartree—FockHF) ex-
ever, PBE does not pass the test of 93 chemical systenghange energies for the noble gas at8rivate that ifa, and
designed by Handy and co-workers, who concluded that PBBs are set to zero, PW91 exchange has the same form as
“cannot be recommended for chemistr3?” B88.

We present here the X3LYP extended functional, which ~ The PBE exchange functional takes the f&tm
predicts accurate electronic and thermodynamic properties of 140492 532
molecular systems with improved descriptions of the equilib-  £PBEg) — bttt
rium properties of hydrogen bonded and van der Waals sys- 1+0.273 028

tems, thus greatly extending the applicability of density- The FB88(s), FPW9% and FPB&(s) functions are plotted
functional theory. ’ ’

in Fig. 1. These three functions are similar for snwlbut
differ significantly for larges, which is the region believed to
be important for describing van der Waals systéins.

Il. FORMULATION OF THE EXTENDED FUNCTIONAL It has been shown that asapproaches infinityp(r)
approaches exp{ar) so that

1+s-a;-sinh (s-a,)+ag-s

C)

A. Background

We will assume that the exchange-correlation functional  |jm ¢, = — & (Condition 1). (10)
is separable foe 2r
E,.=E+E,.. (2)  FP%(s) assures this correct asymptotic behavior of the ex-

_ _ . _ change energy denstly.
Since the magnitude of the correlation energy is generally | evy and Perdew showed that some scaling properties
less than 10% of the exchange energy, we consider that it igan be satisfied if the asymptotic form of the functional for
most important that the exchange functional be accdfate. large s is s™%, wherea=1/2 (Condition 3.2 Another con-

Thus in the present work we choose the E¥# correlation  gition is the Lieb—Oxford boundCondition 3, which in
functional and focus on developing an improved exchanggs global version states tHat

functional.
The exchange energk, , is expressed as E=E. > _1'679f p(r)¥3dr. (11)
Exzf el p(r),|Vp(r)|,...]dr, (3  The local Lieb—Oxford bound suggests tigts) should be
bound from above at large
where €, is the exchange energy distribution per unit _ B88 violates Conditions 2 and 3. It is tlag- s* term in
volume! FPW8Ys) that leads the PW91 exchange functional to obey
In LDA?Z2 the Levy scaling inequalities and the Lieb—Oxford bound.
LDA s However, PW91 violates Condition 1.
€ (p)=Axp(r)™, 4 Condition 1 and Conditions 2 and 3 cannot be simulta-

neously satisfied by functionals of the GGA form. Thus the
large s behavior cannot be uniquely fixed with these math-
ematical conditions. It has been argued that the Lieb—Oxford
bound is more important than other conditions for a weakly
Vo|)= G'X-DA. F(s), (5) bound systenfi? In fact, PBE sacrifices Condition 2 to avoid

the F(s) turnover of PW91, which is suspected to cause
whereF(s) is anenhancement fact@nds is thedimension-  spurious wiggles in the potential for large®

less gradiendefined a$

where A,= — 2(3/m)*3. Thus e®* depends on the density
only at the point where it is evaluated.
In GGA’

e

P,

[Vpl| B. Gaussian-type density decay

- 6
(247%)3p43 © According to the Fermi—Amaldi modéf!® the ex-

_ _ change energ¥,(p) may be approximated by the classical
The well-established B88 exchange functional takes thes, iomb repulsion)(p) via:

form®
)
FB88(s) 1+s-a;-sinh (s-a,)+as-s? (7 o v -
N :
. . i 71 *
1+s-ay-sinh (s ay) -5 [ IMdrdr/ (13
Another popular exchange functional is PW91 P2 r=r] |
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whereN is the total number of electrons of the system con- 257 -
cerned. F
The exchange potenti¥l, (r) associated with Eq12) is . FOus
X
OE«(p) 1( p(r') V() 2.0 F
Vx(r)—m——ﬁ |r—r’|dr = N (14) ~
F
whereV,(r) is the Coulomb potential an has been kept ~ F(®) owo!
fixed in deriving(14). 1.5+ F
To getE,(p) from V,(r), one may use
1
E(p)=5 | pVanar 15 9 e e
As most DFT calculations on finite molecules use
Gaussian basis functions, we therefore, consider that the

long-range behavior of the electron density may have the ‘ ‘ ‘ , ‘

form of a Gaussian functidh

3/2
e 227, (16)

: B ( z
lim p(r)=2 -

r—oo

Inserting(16) into (14), one finds

_erf \2Zr)
—

Vst = a7

Since lim(erf(y2Zr)) =1, it is clear from Eqs(3), (15), and

r—oo

0.0 1.0 2.0 3.0 4.0 5.0
]

FIG. 1. Enhancement factorE28¥(s), FPW9s), FPBHs), FC3Ys), and
FX(s), for a set of GGA functionalsE®2sSis shown with a dashed line.

Here we choose to obey the LDA limit &s-0, as usually
done in the framework of GGA. It is not necessary to restrict
the FX to be a linear combination of B88 and PW91; how-
ever, we found that this form allows sufficient flexibility, and

(17) that Condition 1 is fulfilled for a Gaussian-type density. we considered that using these well known functions would

Combining Eqs(3)—(5) with Eqg. (15) gives

Vil(r)
F(ry=———. (18
2Ap™ (1)
Thus we arrive at
2m°)Y8erf(\2Zr
poasgyy = (27) Zw—) e
34/3e72Zr 13 Zr
by inserting Egs(16) and(17) into Eq. (18).
Using Eq.(16), we can rewrite Eq(6) as
2 1/6
5
O
s(r)= e-2zr’i3 (20

Equations(19) and (20) determine theF®2S¢s) for a
Gaussian-type asymptotic density, which 1.5 (Fig. 1)
lies betweerFB8(s) and FPW9s), but closer toF58(s).

Note that ass—0, FC¥{s)— (257/3%)13=1.074 66, in-

make it easier to incorporate X3LYP into existing DFT
codes.

Following the form of the B3LYP functional, we formu-
late X3LYP, as

EESLYP: aXOE)e(xact+ (1 _ axo) Eflateq_ axA Eixtended
VWN LYP
+acEs " t(l—a)E; . (22

The parametersa,g,a,,a.} in EqQ.(22) and{a,;,a,,} in Eq.

(21) are determined through least-square fitting of the chemi-
cal properties for a small set of atoms and molecules listed in
Table I

(i) Group(1) in Table | contains total energies of the first
10 atomgH to Ne), including 8 cations, and 5 anions.
This includes the first ionization potential®s) and
electron affinities(EAs). The exact total energies of
these atoms and ions are taken from Refs. 45 and 46;

stead of 1.0 as required to obey the limit within the local TABLE I. Sets of atoms and molecules used to determine the parameters in

density approximatiofLDA). This may not be necessary for
a finite system. Thus Handst al. recently developed a local
exchange functional, OPTX, by fitting to the unrestricted HF

X3LYP.

(1) Total energies:
(a) Atoms: H, He, Li, Be, B, C, N, O F, Ne

energies of the first- and the second-row atoms and found the (b) Cations: Li", Be", B*, C*, N*, O*, F*, Ne*

LDA term to be 1.05151 rather than 1:6%°

IIl. X3LYP FUNCTIONAL

Based on thé& ©2S{s) behavior fors=1.5, as shown in

Fig. 1, we propose the extended exchange functional
FX(s)=1+a(FB%s)—1)+a,(F™Ws)—1). (21

(o Anions:H, B, C, O, F
(2) lonization potentials
Na, Mg, Al, Si, P, S, CI, Ar
(3) Electron affinities
Al, Si, P, S, Cl
(4) Atomization energies
H,, He,, Li,, Be,, C;, Ny, O,, F», N&, N&, Mg,, Si, P,
S,, Cl,, CN, CO, CS, NO, SO, CIO, SiO, CIF, PF, AlF, SiF, CCl,
SiCl, NaCl, CH, NH, OH, HF, CQ, O;, SG;,0CS, C$
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(i)  group (2) contains 8 IPs of the second-row atdths saturated(aromati¢ rings. Thus the heats of formation of

and these molecules provide a good test of the functionals for the
(i) group(3) contains 5 EAs of the second-row atofiis; thermochemistry of the covalent systems.
(iv) group (4) contains 33 diatomic and 5 triatomic mol- We also include 10 total atomic energies of the first row
ecules from the first and second rows, selected to inatoms?>46
clude a variety of bonding situations including open- In addition, we included He Ne,, and Al to assess the

and closed-shell molecules; molecules with single,accuracy of the van der Waals systems. Here we also de-
double, and triple bonds; ionic systems, and systemsnanded that exclusion of the LYP correlation function would
which require multiple configurations. In particular, lead to a repulsive potential curve, similar to HF. This is to
we include Hg and Ne to represent van der Waals eliminate cancellation of errors between the correlation func-
systems. tional and the exchange functional.

We did not include (HO), in the training set for X3LYP

The atomization energies are computed at the experimentgut we use it to validate the accuracy of X3LYP for hydrogen
geometried’ The experimental atomization energies areponded interactions.

taken from Refs. 22 and 47-50. For the validation against the G2 set, we use the same
The parameters are optimized by minimizing second-order Moller—Pless@iP2) molecular geometries as
5 in G2 theory?>?**and we use the same scaled HF vibra-
V=2 E_ W 23) tional frequencies for zero-point energies and finite-
=1 Eiref P temperature corrections. Here we employ the 6-311

+G(3df,2p) basis setd??348Thjs choice of geometries and
self-consistently by solving the Kohn—Sham orbital equa-basis sets allows our results to be compared directly with
tions. HereE; is the calculated energy arEJef is the corre- previously published data obtained with other
sponding reference enerdy®~*in subsetg1)—(4). All en-  functionals?*>3

ergies are in a.u. The relative weights are adjusted to give For He, and Ne, we used the aug-cc-pVTZ basis sets.
a reasonable balance of different contributions. For atomié&or (H,0), we used the aug-cc-pVTZ) basis sets. These
energies, we use unit weight, except that of H, for which webonding energies are BSSE-corrected.

use a value of X10°. For IPs and EAs, we set;=10. For All calculations were performed withaGUAR 4.0°* but
covalent bindings, the weights are around 50. For weak bindwe did not use the pseudospectral method, making it easier
ings of Be, Mg,, He,, and Ne, large weights of 7 to compare with literature data. The ultrafine DFT grids of
X107, 1x10%, 2x10°, and 3x 10’, respectively, are used. Jaguar were used in all calculations.

All fitting calculge}tjsgns were performed using the aug-cc-
pVTZ basis sets:>“The final results for the parameters of
X3LYP are IV. RESULTS AND DISCUSSION

A. Heats of formation
a.0,3,,a.5=10.218, 0.709, 0.1 . . .
{80,8x8ck =1 %9 (24) Table Il lists the experimental heats of formati@98 K)

[a,,a,,)={0.764 457, 0.235 543 for the extended G2 set of 148 molecufé4® The mean-
absolute-deviation€MADs) from experimen{theory-exptl)
Since codes for DFT calculations on solids often usefor B3LYP?? PBE1PBE(PBEQ®® and X3LYP are presented.
plane wave basis sets that make it expensive to include exathe performance of other functionals like PWPW, PWLYP,
exchange, we also optimized the parameters for the XLYPPW3PW, PW1PW(PWO0, and PW3LYP, which have not
functional in which the exact exchange term, as well as thgreviously been fully tested over the G2 set, is given in the

VWN term, is deleted. Thus supplemental materidlTable S). A detailed assessment for
the newly developed OLY# and O3LYB’ functionals will
Exe T =E3 a g AES®+a,AER Y+ EL'P,  (25)  pe published elsewhere.

As done elsewher¥ we use the notation PBE to signify
the PBE exchange functional combined with the PBE corre-
o ; Genrs lation functional, and we use PBE1PBE to denote the one-
see that it is quite close tof**ts) for largers. _ parameter hybrid scheni®>3As the hybrid coefficient was

To validate the accuracy of X3LYP for thermochemistry, gequced from the perturbation theory arguments, PBE1PBE
we use the extended G2 set of molecules for which there arg considered a parameter-free hybrid model, and often la-

quite accurate experimental data availaBlel*® This set  pqjeq as PBE@® Similarly, we use the notations PW1PW

where{a,q a5} ={0.722, 0.347.
The FX(s) from Eq.(24) is plotted in Fig. 1, where we

contains: (PWO'® or mPW1PW(mPWO.2

(i) the heats of formation of 148 molecules; The best result is for X3LYP with MAB-2.8 kcal/mol.
(i) 42 ionization potentials; Next best is B3LYP with MADB=3.1 kcal/mol, while PBEO
(iii) 25 electron affinities; (PBE1PBH leads to MAD=4.8 kcal/mol. In contrast, LDA
(iv) 8 proton affinities. overbinds strongly, leading to MAB90.9 kcal/mol!

In PBE, hydrogen atoms have a self-correlation energy
These 148 molecules include inorganic compounds and o(3.6 kcal/mol per Hl, which leads to a spurious lowering of
ganic compounds; radicals, saturated hydrocarbons, and uthe energy of H2 Thus the heat of formation of Hn PBE
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TABLE II. Experimental heats of formatiotkcal/mol at 298 K for the G2 test sef148 moleculesand the
deviations(theory-exptl) obtained from B3LYP, PBEO, and X3LYP.

No Molecule Exp? B3LYP PBEO X3LYP
1 H, .00 -1.0 6 —-0.431
2 LiH 33.30 -0.4 6 -0.178
3 BeH 81.70 -8.2 -8 —7.936
4 CH 142.50 -1.7 1 —1.497
5 CH, (°By) 93.70 -2.1 -5 —1.954
6 CH, (*A;) 102.75 -0.2 -2 —0.005
7 CH, 35.00 -3.3 -2 —-3.222
8 CH, —17.90 -1.6 2 —-1.515
9 NH 85.20 —-4.6 -3 —4.380

10 NH, 45.10 -6.5 -2 —6.188

11 NH, -10.97 -35 2 -3.117

12 OH 9.40 -1.8 1 —1.683

13 H,0 —57.80 1.3 6 1.648

14 HF —65.14 1.6 5 1.837

15 SiH, (*A;) 65.20 -2.1 7 —-1.976

16 SiH, (°B,) 86.20 -2.3 -1 —2.097

17 SiH; 47.90 -3.2 3 —2.949

18 SiH, 8.20 -1.9 8 —-1.720

19 PH 33.10 —-6.0 0 —-5.812

20 PH, 1.30 -33 3 —3.055

21 H,S —4.90 0.3 2 0.486

22 HCl —22.06 1.0 2 1.005

23 Li, 51.60 35 7 3.007

24 LiF —80.10 0.5 7 0.472

25 GH, 54.19 2.5 0 2.524

26 H,C=CH, 12.54 -0.6 -2 —-0.828

27 H,C-CH, —20.08 —-0.6 -1 —1.069

28 CN 104.90 2.2 0 2.972

29 HCN 31.50 0.0 2 0.622

30 co —26.42 3.9 6 4.168

31 HCO 10.00 -2.2 -2 —1.944

32 H,C=0 —25.96 -0.4 3 —-0.177

33 CH,—OH —48.00 -0.1 3 —-0.279

34 N, .00 1.4 4 2.502

35 H,N-NH, 22.79 -6.3 -1 —5.850

36 NO 21.58 -3.0 -1 —2.013

37 (oY .00 -2.0 -4 —2.753

38 HO-OH —32.53 1.8 6 2.257

39 F .00 2.6 5 3.138

40 co —94.05 0.2 -1 0.633

41 Na, 33.96 -0.2 3 —0.857

42 Sh, 139.87 5.4 3 5.384

43 P, 34.31 1.4 5 1.622

44 S 30.74 -1.2 -8 —-1.302

45 Ch .00 2.9 -2 2.760

46 NacCl —43.56 4.6 5 4.301

47 Sio —24.64 5.5 9 5.772

48 Cs 66.90 4.9 4 5.175

49 e} 1.20 -0.7 -3 —-0.304

50 clo 24.19 -1.6 -4 —-1.383

51 CIF -13.24 1.1 2 1.099

52 H;Si-SiH, 19.10 -0.2 10 —0.345

53 CH,CI —19.56 0.8 -1 0.478

54 H,C—SH —5.50 1.2 0 0.956

55 HoCl —17.80 15 2 1.619

56 e} —70.95 10.0 4 10.515

57 BR —271.41 3.9 3 2.824

58 BCk —96.30 6.3 -7 5.120

59 AlF, —289.03 11.9 14 11.253

60 AlCl, —139.72 10.2 2 9.137

61 CF, —223.04 4.5 0 2.845

62 cCl, —22.94 14.0 -6 12.291

63 0=C=S —33.08 -0.5 -3 —-0.181

64 CcsS 27.95 0.2 -5 0.512

65 COFR, —152.70 9.1 -2 8.520

66 SiF —385.98 20.1 15 18.536
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TABLE II. (Continued).
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No. Molecule Exg B3LYP PBEO X3LYP
67 SiCl, —158.40 18.8 3 17.034
68 N,O 19.61 -29 -3 -1.162
69 CINO 12.36 —-2.0 0 —0.737
70 NF; —31.57 -4.0 -2 —4.049
71 PR —229.07 7.1 5 6.175
72 O; 34.10 8.6 7 7.350
73 F,O 5.86 0.4 4 1.074
74 ClIF; —37.97 -1.9 -3 —1.907
75 GF, —157.40 -3.2 -8 —4.567
76 C,Cl, —2.97 11.3 —12 9.618
77 CRCN —118.40 3.7 -2 2.735
78 G;H, (propyne 44.20 1.9 -5 1.448
79 GH, (allene 45.50 -1.9 -8 —2.408
80 G;H, (cyclopropeng 66.20 3.2 -10 2.793
81 C;Hg (propylene 4.78 0.6 -5 —0.160
82 G;Hg (cyclopropang 12.70 2.2 -9 1.340
83 G;Hg (propang —25.00 1.5 -3 0.335
84 CHg (butadieng 26.30 1.5 -9 0.454
85 CyHg (2-butyne 34.80 2.4 -9 1.527
86 CHg (methylene cyclopropane 47.90 0.0 -14 -1.105
87 CH¢ (bicyclobutang 51.90 7.1 —-16 5.849
88 CyHg (cyclobuteng 37.40 6.1 -12 4.711
89 CHg (cyclobutang 6.80 5.2 -10 3.559
90 C,Hg (isobuteng —-4.00 3.1 -7 1.593
91 CH4 (trans butane —30.00 3.7 -5 1.895
92 G,Hy, (isobutang -32.07 4.8 —4 2.984
93 G;Hg (spiropentang 44.30 5.4 -19 3.748
94 GHe (benzeng 19.74 4.5 —24 2.175
95 H,CF, —107.71 0.0 1 —0.622
96 HCR —166.60 2.2 1 1.117
97 H,CCl, -22.83 4.6 -4 3.868
98 HCCL —24.66 9.0 -6 7.786
99 H;C—NH, (methylaming —5.50 -3.2 0 —3.260
100 CH;,—CN (methyl cyanidg 18.00 -0.6 -2 —0.426
101 CH—NO, (nitromethang —17.80 —2.4 -2 —1.800
102 CH;—O—N=0 (methyl nitrite —15.90 -1.3 0 —0.805
103 CH,—SiH; (methyl silang —7.00 1.0 6 0.637
104 HCOOH(formic acid —90.50 0.9 1 0.741
105 HCOOCH (methyl formate —85.00 0.2 0 —-0.441
106 CH,CONH, (acetamidg —57.00 -1.6 -6 -2.320
107 CH—NH-CH, (aziridine 30.20 -1.0 -8 —1.395
108 NCCN((cyanogen 73.30 0.4 -3 1.344
109 (CH),NH (dimethylaming —4.40 -2.0 -2 —-2.699
110 CH—CH,—NH, (trans ethylaming —11.30 -2.2 -3 —2.947
111 H,C=C=0 (ketene —-11.35 —-24 -6 —2.456
112 CH—-0-CH, (oxirane —-12.57 1.4 —4 0.969
113 CHCHO (acetaldehyde —39.70 0.3 -1 —-0.136
114 O=CH-CH=0 (glyoxal —-50.70 1.6 0 1.332
115 CH,CH,OH (ethano) —56.21 1.9 0 1.068
116 CH;—O-CH; (dimethylethey —44.00 0.0 1 -0.739
117 CH—S-CH (thiooxirang 19.60 3.1 -7 2.574
118 CH;CH3SO (dimethyl sulfoxide —36.20 6.5 -2 5.540
119 CH,—CH,— SH (ethanethiol —11.10 3.6 -2 2.793
120 CH—S—-CH (dimethyl sulphide —-8.90 2.8 -2 1.868
121 HC=CHF —33.20 =15 -3 —2.048
122 CH,—CH,—CI (ethyl chloride —26.80 2.7 -3 1.859
123 H,C=CHCI (vinyl chloride) 8.90 —-1.6 -5 —2.224
124 H,C=CHCN (acrylonitrile) 43.20 2.0 -6 1.883
125 CH;—CO-CH (acetong -51.93 2.0 -4 0.947
126 CH,COOH (acetic acidl —103.40 2.6 -2 1.790
127 CH,COF (acetyl fluoride —105.70 1.5 -3 0.822
128 CHCOCI (acetyl chloride —58.00 2.5 -5 1.805
129 CH,CH,CH,CI (propy! chloridg —31.52 4.6 -5 3.136
130 (CH;),CH—OH (isopropanol -65.20 4.5 -1 2.990
131 GHs—O—CH; (methyl ethyl ether ~51.70 15 -1 0.153
132 (CHy)3N (trimethylamine —5.70 -0.2 -3 —~1.675
133 G,H,4O (furan) —-8.30 4.2 —-15 2.653
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TABLE II. (Continued).

No. Molecule Exg B3LYP PBEO X3LYP
134 GH,S (thiopheng 27.50 7.9 -17 6.162
135 GH4NH (pyrrole) 25.90 0.8 -19 -0.737
136 GH;sN (pyridine) 33.60 0.2 -22 —1.580
137 SH 34.18 -1.4 0 —-1.253
138 CCH 135.10 3.4 -4 3.510
139 GHs (PA") 71.60 -3.3 -7 —3.400
140 CH,CO (?A") —2.40 -21 -6 —2.376
141 H,COH (?A) —4.08 -2.4 -3 —2.495
142 CHO (?A") 4.10 -3.7 -3 —3.811
143 CH,CH,O (2A") —3.70 -1.4 -5 0.486
144 CHS (A") 29.80 -1.7 -3 —1.989
145 GHs (?A") 28.90 -2.8 -6 —3.239
146 (CH),CH (?A") 21.50 -1.8 -9 —2.773
147 (CH)5C 12.30 1.1 -12 —0.575
148 NG, 7.91 -5.2 -5 —3.492
MAD" 3.1 4.8 2.804

#Experimental data taken from Refs. 22 and 48.

PMean-absolute-deviation.

‘Data taken from Ref. 22 obtained with Gaussian. Jaguar leads to 8AD} kcal/mol.
YData taken from Ref. 53 obtained with Gaussian. Jaguar leads to=MA@B kcal/mol.
®Data obtained with Jaguar.

is under estimated by 6 kcal/mol, while,lis overbound in  MAD (3.93 for PBEO is larger with the maximum error of
B3LYP and X3LYP by 1.0 and 0.4 kcal/mol, respectively. 12 kcal/mol at (CH);C.
Concerning the importance of hydrogen in chemistry, it is  Although X3LYP and B3LYP are generally more accu-
unfortunate that PBEO has a deviation of 6 kcal/mol for therate than PBEO, there are cases where PBEO is better. For
heat of formation of HO, while B3LYP and X3LYP lead to example, X3LYP and B3LYP are poor for $@~10 kcal/
errors of 1.3 and 1.6 kcal/mol, respectively. mol error for both, AICI;[10.2(B3LYP); 9.1 (X3LYP)], and

For the subset of inorganic hydrides {,,, X=H, Li, SiCl, [18.8 (B3LYP); 17.0 (X3LYP)]. Errors for PBEO of
N, O, F, Si, P, S, CIn=1, 2, m=1-6), MADs are 1.84 these systems are significantly smaller, being 4 )SQ@
(B3LYP), 4.42 (PBEO, and 1.78 kcal/mol(X3LYP). The (AICl3), and 3 kcal/mol (SiG).

maximum errors occur at M, for B3LYP (6.3%? and Table Il presents a statistical evaluation of 18 different
X3LYP (5.9); while the maximum error is 10 kcal/mol flavors of GGAs for the calculations of the heats of forma-
(Si,Hg) for PBEO>® tion of the extended G2 set. From Table Il it is clear that the

The performance of PBEO for larger hydrocarbdNss. MAD =90.9 kcal/mol for LDA(SVWN) is too high to be
78-94 in Table Il is also less satisfactory. The MAD of this useful for thermochemistry.
subset is 9.9 kcal/mol, with the maximum error of 24 kcal/l  GGAs greatly reduce the errors. OLYP leads to the
mol for benzene. B3LYP performs much better. The MAD of smallest MAD (4.66 kcal/mo], being the best GGA up-to-
this subset is 3.2 kcal/mol. The maximum er(@rl kcal/  date. The BLYP and BPW91 functionals give MALF.09
mol) occurs at bicyclobutane. For benzene, B3LYP deviatesand 7.85, respectively. PWPWAD =17.8 and PWLYP
from experiment by 4.5 kcal/mol. X3LYP is the best for this (12.9 are less satisfactory, showing a larger tendency of
subset. The MAD of this subset is 2.2 kcal/mol, with maxi- overbinding. Thus for thermochemistry the PW91 exchange
mum error of 5.8 kcal/mol at bicyclobutane. For benzenefunctional is poorer than B88 exchange functional and the
X3LYP leads to deviation of 2.2 kcal/mol from the experi- PW91 correlation functional is poorer than the LYP correla-
mental result. tion functional. The performance of PBIMAD =17.1)* is

For a subset of substituted hydrocarbdesy., Nos. 95— very similar to PW91, unacceptable for thermochemistry.
136 in Table 1), the performance of B3LYP, PBEO, and XLYP leads to MAD=7.56, similar to that of BLYP.
X3LYP are comparable except for the molecules from No.  Table Ill shows that for thermochemistry the hybrid
133 to 136. PBEQO is particularly poor for furan, thiophene,methods give an overall improvement compared to pure
pyrrole, and pyridine. The MADs of the substituted hydro- GGAs. Thus the performance of PBE is significantly im-
carbon subset are 2.1B3LYP??, 4.11 (PBE®), and 1.85 proved going from pure PBBMAD =17.1) to one-parameter
(X3LYP). The maximum deviations are 9.2 and 7.9 at me-hybrid PBE0(4.8).>% Keeping in mind that PBE and PBEO
thylamine for B3LYP? and X3LYP, respectively, and 22 at are parameter-free, their overall performances are impres-
pyridine for PBEQ>® sive. It is interesting to notice that the three-parameter hybrid

For a subset of radicalg.g., Nos. 138—148 in Table))l PW3PW(MAD =10.3 is actually much worse than the one-
results from X3LYP and B3LYP are close, leading to MAD parameter hybrid PW1PWPWO0) (MAD =5.2), lending sup-
=3.00 and 2.89 with the maximum error beingB.2 and  port to the Perdew theoretical hybrid scheffie?
—7.9 kcal/mol at BeH for B3LYP and X3LYP, respectively. KMLYP was specially designed for activation barriers
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TABLE IIl. Mean absolute deviation$MAD, theory-exptl) for heats of formation at 298 K, in kcal/mol,
obtained from various flavors of DFT methods against the extended G24&molecules?

Max +° Max —° MAD
HF +344.3 (GHsN, pyridine —0.6 (BeH) 149.2
MP2 (full)d +96.0 (GHsN, pyridine —8.3 (BR) 354
LDA (SVWN)® +0.4 (Liy) —228.7 (GHg, benzeng 90.9
BLYP® +24.8 (SICh) —-28.4 (NQ) 7.09
BPWOF +15.7 (SiR) -32.2 (NQ) 7.85
BP8& +6.3 (SiR) —49.7 (GH;gN, pyridine 20.2
PBE (PBEPBH' +11.0 (SiHg) —52.0 (GHsN, pyridine 17.1
PWPW (GGA II) +6.4 (SkHg) —-52.8 (GF,) 17.8
mPWPW +8.5 (ShHg) —47.3 (GF,) 15.1
PWLYP +12.7 (SiC}) —-39.0 (NR) 12.9
OLYP +26.1 (SiR) —-22.0 (NQ) 4.66
XLYPY +28.1 (SiC}) —-25.5 (NG,) 7.56
B3LYP® +20.1 (SiR) —8.2 (BeH) 3.1
B3PWOF +21.8 (SiR) —~12.0 (GF,) 3.51
B3P86& +7.8 (Sik) —49.2 (GHg, spiropentane 18.0
PBEO(PBE1PBH' +15.0 (SiR) —24.0 (GHg, benzeng 48
PW3PW +10.1 (SiR) —33.9 (GHsN, pyriding 10.3
PW1PW(PWO) +17.9 (SiR) —20.5 (GHs, benzeng 5.24
mPW1PW(mPWO! +20.7 (SiR) —14.8 (GHg, benzeng 3.88
PW3LYP* +10.4 (SiC}) —21.8 (GHsN, pyriding 7.86
KMLYP' +43.6 (G;, ozone —64.1 (GHg, spiropentane 20.4
O3LYP" +25.9 (SiR) -9.4 (NGy) 4.13
X3LYP" +18.5 (SiR) ~7.9 (BeH) 2.80

#The basis sets used in all calculations are 6-3613df,2p). All geometries are optimized at
MP2(Full)/6-31G° (Refs. 22, 23, 48, 57 Scaled HF/6-31G{) frequencies are used for zero-point energies
and thermo-correction@Refs. 22, 23, 48, and 57The present calculations are performed with JagRaf.
54). Other data are taken from the corresponding literature.

PMaximum positive deviations.

‘Maximum negative deviations.

dData taken from Refs. 56 and 57. Basis set used is 6:31G

°Data taken from Ref. 22.

'Data taken from Ref. 53. PBEQalso called PBE1PBEis according to the formula: 0.75(HF)
+0.75E,(Slater)}+ 0.75AE,(PBE)+ 1.0E.(PW91,local}- 1.0 AE.(PBE,nonlocal).
91.0E,(Slatery+0.722AE,(B88)+0.347AE,(PW91)+ 1.0E(LYP).

"0.20E,(HF)+ 0.80E,(Slater)+ 0.72AE,(PW91)+ 1.0 E.(PW91,local)+ 0.81A E(PW91,nonlocal).
10.25E,(HF)+ 0.75E,(Slater}+ 0.75A E,(PW91)+ 1.0 E.(PW91,local)+ 1.0 AE(PW91,nonlocal).
10.25E,(HF)+ 0.75E,(Slater)+ 0.75AE,(mPW)+ 1.0 E(PW91,local)+ 1.0 AE,(PW91,nonlocal).
k0.20E,(HF)+ 0.80E,(Slater)+ 0.72AE,(PW91)+ 0.19E,(VWN) + 0.81E(LYP).

'0.557E,(HF) + 0.443E,(Slatery 0.552E ;(VWN) + 0.448E(LYP).

™0.1161E,(HF)+ 0.9262E,(Slater)+ 0.8133AE,(OPTX)+0.19E.(VWN5) + 0.81E.(LYP).

"0.218E,(HF)+ 0.782E,(Slater)+ 0.542A E,(B88)+ 0.16 7AE,(PW91)+ 0.129E .(VWN) + 0.871E(LYP).

(kineticy by omitting the GGA contribution to the exchange Electron correlation is treated by Moller—PlesgetP) per-
energy and emphasizing the role of exact exchatigemix-  turbation theory and by quadratic configuration interaction

ing coef;iSCient forE,(HF) is 0.557 in KMLYP vs. 0.20 in - [QCISD(T)]. However we must emphasize that G2 theory is
B3LYP].>> KMLYP is reported to achieve activation barriers not ab initio. It includes an empirical “high-level correc-
that are more accurate than B3LYP. We find that the MADxjons” for each covalent bond, assuming additivity. Remov-

(20.4) of KMLYP is quite high for thermochemistry, how- jhg these empirical corrections leads to much poorer thermo-
ever, these errors can be greatly reduced using “high-levelpemisiry Thus based on the data in Refs. 56 and 57, we
corrections |nﬁ5wh|ch energy corrections are included fordeduce that for the heats of formation of the first 56 mol-
each bond pait: . .
ecules in Table Il the MP4/6-31%& calculations lead to
OSLYP uses much less exact exchar@ell6d than .\ o1 o'y coymol while QCISDN/6-311G™* leads to

most hybrid functions, leading to similar MADs for O3LYP MAD —16.8 keal/mol. Thi b d o th |
(4.1) and OLYP(4.7). =16.8 kcal/mol. This can be compared to the results

Overall, X3LYP (MAD =2.8), B3LYP (3.1%%), B3PW91 from DFT on the same systems with the same basis set

PBEO (4.8%%) show the best performance for thermochemis-4-9 X3LYP. Thus the current generation of DFT functionals
try. lead to results significantly better than the standardnitio

G2 theory leads to a MAD of only 1.58 methods, if empirical corrections are excluded from éfe
kcal/mol?%234856.57G2 theory is a composite, based on theinitio. Since the empirical corrections in G2 theory are point-
6-311G™ basis set but with several basis set extensionswise, there is no information on the forces corresponding to
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TABLE IV. Mean absolute deviation@MAD, theory-exptl) for ionization Kohn—Sham orbital energies upwards, often leading to an
Zogggf'tieate‘g t‘;'s tms(ai\Z/ 30212';‘;;’ from various flavors of DFT methods ,nstaple(positive) highest occupied orbital energy of an an-
9 Y ion. On the other hand, use of finite basis sets with functions

Max +2 Max —P MAD localized at the anion provide an artificial stabilization. In
SYWIE 1131 (NeoNe') T010 (HoH) 0,666 any case thg numeric;al results demonstrate that DFT calcu-
BLYP® 1051 (0-0) _0.44(Ch-Clf) 0183  lations predict EAs with an accuracy comparable to conven-
BPWOT 4044 (0;) ~038(Be-Be’) 0163 tionalab initio calculations’®>%>8
BP8E +1.07 (O-0") NA 0.593 Table V and Table S3 summarize the experimental EAs
PBE’ +0.46 (%0*2 —0-34(CEHC|21 ) 0.160 and the theoretical deviations from experiment for 7 atoms
m’\’;\/\g’w 18-22 8:83; :g-ggégtjg:gg 8-12‘3‘ and 18 molecule&*®Over these 25 systems the best perfor-
PWLYP 1057 (mo% _0.39(%%02) 0.170 mance is for X3LYP(MAD =0.087 eV}, but B3LYP (0.11
oLYP +0.91 (GH,—C,H) —0.44(Ch—cli) o185  €V)and PBEQ0.13 eV) are comparable.
XLYP +0.52 (0-0%) —-0.43(Chb—Cly)  0.179 As expected, LDASVWN) overbinds(by MAD=0.75
B3LYP® +0.80 (3—0;) —-0.20(Be~Be")  0.163 eV) the extra electrorirelative to the neutral systenand
B3PWOF  +0.74 (0—~0;) ~0.32(Be~Be’) 0163  most GGAS(except BP8Bremove most of this error, leading
Sg’;?f Ié:ég 8183; —O.SRg%Be*) g:igg to MAD from 0.11 to 0.14_1 ev. Although HF exchange is
PW3PW  +0.77 (Q—0}) —0.23(BesBe’)  0.166 self-interaction error free, mclgsm_n of exact exchange_ leads
PW1PW +0.70 (—03) ~0.30(Be~Be*)  0.162 to errors of 0.08—-0.14 eV, indicating no improvement in the
mPW1PW  +0.77 (3—0;) —0.32(Be~Be")  0.163 performance over the corresponding pure DFT metleds,
PW3LYP  +0.84 (3—0;) —0.12(Be~Be’)  0.180 0.107(BLYP) versus 0.108 e\B3LYP); 0.111(PBE) versus
KMLYP +1.47 (Q—>O§) —0.04(Be~Be*)  0.376 0.126 eV(PBEO].
O3LYP +0.58 (SiH,— SiH;) -0.30 (—0;) 0.139

For atomic systems, the MADs for B3LYP, PBEO, and

X3LYP +0.78 (— 05 -0.25 (B—P; 0.154 .

(@) (P2 X3LYP are 0.106, 0.090, and 0.080 eV, respectively, but
ZMaxi_mum positive deviations. PBEO performs significantly better for the second low atoms.
Maximum negative deviations. For the molecular systems, B3LYP, PBEO, and X3LYP lead

‘Data taken from Ref. 23.

dData taken from Ref. 53. to MADs of 0.111, 0.146, 0.096 eV, respectively. The EA of

Cl, is problematic for both B3LYP and X3LYP.

this correction and hence one cannot include the corrections o
in the potential surfacévarrier heights, elc D. Proton affinities  (PAs)

Protonation makes the molecules more inhomogeneous.
B. lonization potentials  (IPs) Thus it is anticipated that PAs may be systematically under-

Table IV and Table S2 list experimental IPs and theoret—efgcri?gtigg (l))]}/PI:ADt? ) Igt:?SY/{NSQ;) Y;lswtgeg Ii]:zl /I\r:'g::) wfi?r: ;he
ical deviations from experiment for the 18 atoms up to Arp y '

and the 24 molecules in the G2 data 28 The MADs for ~ maximum negative deviation of 10.1 kcal/mol. GGAs re-

duce the LDA errors effectively, although PA are still under-
the total 42 systems are 0.163 ¢B3LYP), 0.162(PBEO, : )
and 0.154(X3LYP). The only case better than X3LYP is estimated in PWLYP and PW3LYP as shown by the lack of

. positive deviations with these methods. B3PW91 and B3P86
O3LYP with error of 0'139 ev. show the best performance, with MADs being 0.73 and 0.71
Very accurate experimental IPs for atoms are known tQ(caI/moI respectively
provide a good test of the functionals for describing posi- Over these 8 systems the MADs are 1BBLYP) 23 1.7

tively charged systems. For atomic systems, MADs for 53 I
B3LYPZ PBEC® and X3LYP are 0.204, 0.151, and 0.178 <oL'F)» and 2.4 kcal/molPBEQ.™ These eror statistics
are impressive, but the sample spd8edata may be too

eV, respectively. For molecular systems, MADs for B3LYP, small to draw a definitive conclusion

PBEO, and X3LYP are 0.132, 0.172, 0.136 eV, respectively. '
The IP of Q is a problem for all three functionalsrrors

of 0.80, 0.69, and 0.78 eV, respectivelpossibly because g Total energies

the MP2 geometry for Qis very bad Roo=1.246 A rather ) : . .
than 1.207 A Total energies for the first 10 atoms are summarized in

cations are more inhomogeneous than th&able VIl. Comparing to the experimental valfés®we see
neutral system. Thus it is not surprising that GGlascept  that LDA (SVWN) makes huge error@MAD, 0.245 a.u.

BP86 dramatically improve the predictions of IPs over LDA =6:67 €V=153.7 kcallmol. GGAs remove a large part of
(SVWN) (MAD =0.67 eV, Table IV. However inclusion of this error. For the pure DFT methods, BLYP and BPW91
exact exchange has Iittlé benefit. perform best(MAD 0.007 and 0.006 a.u., respectivigly

while BP86 and PBE behave wor@AD 0.112 and 0.046
a.u., respectively Inclusion of some exact exchange does
not make hybrid DFT methods superior to the corresponding

There has been some debate in the literature concerninmure DFT methods. The MADs are 0.0043LYP), 0.013
whether DFT methods are suitable for calculating(B3LYP), 0.010 (B3PW9J, 0.040 (PBEO, and 0.002 a.u.
EAs5358-60The “self-interaction error” artificially shifts the (O3LYP).

Generally,

C. Electron affinities (EAs)
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TABLE V. Mean absolute deviationdVAD, theory-exptl) for electron affinities at 0 K, in eV, obtained from
various flavors of DFT methods against the G2 test(8Btsystemps

Max +2 Max —P MAD
SVWN® +1.20 (F—F) NA 0.754
BLYP® +0.37 (Cb—Cly) —0.16 (Si—Si",S,—S,) 0.107
BPWOT +0.31 (G-C") -0.11 ($<S,) 0.102
BP86 +0.84 (G-C,Cl,«Cly) NA 0.659
PBEY +0.29 (G-C") -0.12 (S<S,) 0.111
PWPW +0.37 (G-C") —-0.05 ($<S,) 0.141
mPWPW +0.36 (G-C") -0.07 (5<S,) 0.130
PWLYP +0.39 (Cb—Cly) —0.13 (Si-Si") 0.134
OLYP +0.12 (Cb—Cly) -0.33 (G—03) 0.133
XLYP +0.37 (Cb—Cly) —0.13 (Si-Si") 0.112
B3LYP® +0.45 (Cb—Cl5) —0.06 (OH—OH") 0.108
B3PWOT +0.29 (Ch—Cly) —0.17 (OH—OH") 0.101
B3P8E +0.84 (Cb—Cly) NA 0.601
PBEC +0.22 (PG-PO") —0.28 (OH—OH") 0.126
PW3PW +0.31 (Cb—Cly) —0.10 (OH—OH") 0.108
PW1PW +0.25 (Ch—Cl5) —0.24 (OH—OH") 0.117
mPW1PW +0.25 (Cb—Cl5) —0.26 (OH—OH") 0.120
PW3LYP +0.47 (Ch—Cly) NA 0.137
KMLYP +0.52 (CN—CN") —0.04 (NH—NH,) 0.221
O3LYP +0.20 (ChCly) —-0.25 (G—05) 0.107
X3LYP +0.40 (Cb—Cly) —0.12 (OH—OH") 0.087

Maximum positive deviations.
PMaximum negative deviations.
‘Data taken from Ref. 23.
dData taken from Ref. 53.

F. Bonding properties of noble-gas dimers [The GGGA methofl does lead to—1/r but this has not

For a neutral atom the effective potential seen by arP€en tested thoroughlyWith the wrong long-range poten-
electron far from atom should have the foral/r, but none  tial, we cannot expect to have the correct long range density
of the conventional density functionals have this fotht>  and hence we would expect problems getting the correct

TABLE VI. Mean absolute deviation@1AD, theory-exptl) for proton affinities at 0 K, in kcal/mol, obtained

from various flavors of DFT methods against the G2 tes{&elystemgs

Max +2 Max —° MAD
SVWN® NA —10.1 (PH«—PH;) 6.32
BLYP® 0.55(GH,—C,Hy) —3.9 (H,0—H;0") 1.90
BPWIT 1.89(GH,+C,H3) —1.59 (PH«—PH}) 1.03
BP8E 0.95(GH,«—C,H3) —2.28 (PH—PH;) 0.84
PBE 3 (CHy—CyH3) —5 (PH;—PH}) 2.7
PWPW 0.02 (HCH,CI") —3.77 (PH—PH;) 1.43
mPWPW 0.46 (HGH,CI™) —3.20 (PH—PH;) 1.20
PWLYP NA —5.31 (H,O—H,0%) 3.49
OLYP 3.42(GH,—C,H3) —0.74 (PH—PH;) 1.38
XLYP 0.12(GH,—C,H3) —4.19 (HO—H,0") 2.17
B3LYP® 1.28(GH,—C,Hy) —2.80 (H—H3) 1.63
B3PWOTF 2.12(GH,—C,H3) —0.45 (Hy—H3) 0.73
B3P86& 1.48(GH,+—C,H3) —0.74 (H—HJ) 0.71
PBEC 5 (CHp—CyH2) —3 (PHy—PH;) 2.4
PW3PW 0.75(GH,—C,H3) —1.82 (PH—PH;) 1.08
PW1PW 1.12 (NHy—NH;) —1.37 (SiH«—SiH:) 0.98
mPWPW 1.70(GH,—C,H3) —1.02 (SiH,—SiHZ) 0.86
PW3LYP NA —3.80 (H—H3) 2.29
KMLYP 0.88 (NHy;«—NH;) —3.05 (H—H3) 1.93
O3LYP 3.25(GH,—C,Hy) —0.59 (H—H3) 1.13
X3LYP 0.81(GH,—C,H3) —3.20 (H—H3) 1.71

Maximum positive deviations.
PMaximum negative deviations.
‘Data taken from Ref. 23.
dData taken from Ref. 53.
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TABLE VII. Total energies(Hartreg and deviationgtheory-exptl) for 10 atoms.

System Exp. LDA(SVWN) BLYP BPW91 BP86 PBE PWPW
1 H —0.500 0.004 0.002 —0.004 —0.018 0.000 —0.001
2 He —2.904 0.034 —0.001 —0.002 —0.038 0.013 0.006
3 Li —7.478 0.081 —0.002 —0.006 —0.057 0.018 0.006
4 Be —14.667 0.149 0.008 0.009 —0.064 0.040 0.022
5 B —24.654 0.209 0.005 0.007 —0.089 0.047 0.022
6 C —37.845 0.269 0.001 0.002 -0.115 0.052 0.019
7 N —54.589 0.328 0.003 —-0.001 —0.140 0.060 0.018
8 O —75.067 0.394 —-0.011 —0.008 —0.173 0.065 0.012
9 F —99.734 0.459 —0.017 —0.012 —0.202 0.075 0.010
10 Ne —128.938 0.525 —0.014 —0.009 —0.224 0.092 0.013
MAD 0.000 0.245 0.007 0.006 0.112 0.046 0.013
System X3LYP KMLYP B3LYP B3PW91 B3P86 PBEO O3LYP
1 H 0.000 —0.002 —0.002 —0.001 —0.019 -0.001 —0.000
2 He —0.002 0.004 —0.009 0.006  —0.040 0.011 0.006
3 Li —0.004 0.016 —0.013 0.006  —0.058 0.012 0.009
4 Be 0.008 0.045 —0.004 0.022  —0.063 0.032 0.000
5 B 0.006 0.066 —0.007 0.022  —0.083 0.039 0.001
6 C 0.005 0.086 —0.011 0.019 —0.106 0.043 0.000
7 N 0.009 0.106 —0.012 0.018 —0.127 0.049 0.001
8 O 0.000 0.132 —0.021 0.012 —-0.153 0.057 0.002
9 F 0.000 0.160 —0.026 0.010 -—0.176 0.069 0.000
10 Ne 0.008 0.189 —0.023 0.013 —0.194 0.086 0.003
MAD 0.004 0.081 0.013 0.010 0.102 0.040 0.002

*Experimental data taken from Refs. 45 and 46.

long-range dispersion interactiongarticularly near the tional gives a good description of noble-gas dimers. For
minimum for the noble-gas dimersWe find below that He,, PBEO yieldsr,=2.818 A andD.=0.042 kcal/mol, al-
X3LYP and mPWPW lead to fairly good descriptions for though, critically** PBEO still overestimate®, by 91%.
He, and Neg; however, this does not mean that the underly-  The van der Waals attraction between noble-gas atoms is
ing problem of DFT has been solved. Indeed these methodsntirely due to electron correlation, originating from the in-
do not do well at describing larger noble-gas dimers such ateractions between instantaneous fluctuating dipoles as
Xe,, and even Ag. On the other hand, for the biological and shown by London. Thus when the correlation functional is
other organic materials in which we are interested, the noneliminated to obtain the exchange-only potential, the noble
bonded contacts are dominated by H, C, N, and O, whiclyas dimers should lead to totally repulsive interactions for all
have dispersion interactions similar to He and Ne. Thus weénteratomic distances, similar to the HF potential. However,
focused on these two cases to ensure a good description tife PW91, mPW, PBE, and corresponding hybrid models,
biological systems. without correlation all lead to a bound state, indicating that
Noble-gas dimers are the least ambiguous test moleculesome electron correlation is implicitly included in the
for determining how well the van der Waals attractitton-  exchange-only potentials.

don dispersion is described. Table VIII summarizes the In this context, we conclude that X3LYP outperforms all
bonding properties of He Ne,, and A, calculated by dif- the other functionals listed in Table VIII. For KHieg X3LYP
ferent flavors of DFT functionals. yields r,=2.726 A and D,=0.021 kcal/mol; while the

Although the B88 exchange functional has been veryexchange-onlyX3) potential is repulsive.
successful in describing the thermochemistry of covalent Further improvement on the correlation functional is
systems, it fails completely to describe van der Waals interneeded to describe correctly the van der Waals attraction.
actions. As shown in Table VIII, every DFT methods using
80 s Zxchange lunctional, pure. or Mybrid, GVES UM g onging properties of water dimer

On the other hand, Table VIII shows that the PW91 ex-  Hydrogen bonding plays a critical role in a wide range of
change functional severely overbinds noble-gas dimerschemical and biological phenomena. Consequently water
Adamo and Barone modified PW¥1by fitting the differen-  dimer, a prototypical hydrogen bonded system, has received
tial exchange energies of noble-gas dimers to HF valuesnuch experimental and theoretical attentfér®® The equi-
removing most of the overbinding tendency of PW91. Thislibrium geometry and dissociation energy of{®), are now
mPWPW  model vyields rq(He-He)}=3.14A and known quite accuratelyr (O---0)=2.912+0.005A and
D.(He—He)=0.069 kcal/mol*®* as compared the PWPW D.=5.02+0.10 kcal/mol®® These results come from a high-
values of ry(He—He)=2.645A and D.(He—He)=0.231 level ab initio theory[coupled cluster including single and
kcal/mof® and the experimental values af,(He—He) double excitations plus triple€CCSDT)) (full)] using basis
=2.970A, D4(He—He)=0.022 kcal/moF® The PBE func- sets that are extrapolated to infinffyAccurate experimental
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TABLE VIIl. Bonding properties of Hg, Ne,, and Ap.? Bond lengths are in A and bond energies are in

kcal/mol.

He, Ne, Ar,

Re AE Re AE Re AE

HF unbounded unbounded unbounded
SVWN 2.377 0.251 2.595 0.533 3.379 0.787
BLYP unbounded unbounded unbounded
BPW91 unbounded unbounded unbounded
mPWPW 3.14 0.069 3.25 0.092 4.45 0.115
PBE 2.752 0.073 3.097 0.111 4.000 0.126
PWPW 2.645 0.231 3.016 0.316 3.954 0.295
PWLYP 2.400 0.510 2.753 0.751 3.728 0.560
OLYP 2.887 0.079 3.283 0.123 4.836 0.050
X (Ex-only) unbounded unbounded unbounded
XLYP 2.805 0.023 3.126 0.069 4.384 0.020
B3LYP unbounded unbounded unbounded
B3PW91 unbounded unbounded unbounded
mPWO (Ex-only) 3.105 0.039  3.467 0.051 4.724 0.029
mPWOmMPW1PW 3.052 0.045 3.254 0.053 4.435 0.036
mPW@ 3.11 0.046 3.23 0.069 4.42 0.069
PBEO (Ex-only) 3.016 0.032 3.161 0.030 4.338 0.035
PBEQPBE1PBE 2.818 0.042 3.118 0.061 4.040 0.081
PW3PW 2.660 0.164 3.003 0.221  3.943 0.225
PW3LYP 2.420 0.379 2.750 0.566 3.722 0.449
KMLYP 2.448 0.140 2.671 0.303 3.584 0.332
O3LYP 2.860 0.072 3.225 0.109 4.473 0.032
X3 (Ex-only) unbounded unbounded unbounded
X3LYP 2.726 0.021 2.904 0.063 4.234 0.007
exptl® 2.970 0.022 3.091 0.084 3.757 0.285

2All calculations are performed with aug-cc-pVTZ. Bond energies are corrected for basis set superposition error
(BSSH effects.

PReference 38. Basis sets are modified cc-pV5X.

‘Reference 50.

determination ofr, and D, have proven to be an elusive provesR, to within 0.001 A, but over-corrects the overbind-
goal. Microwave measurements lead to a vibrationally avering, leading to a bond too weak by 0.54 kcal/mol.
aged O--O distanceR,=2.976 A, from which it was esti- Although OLYP is very promising for thermochemistry,
mated thaR,=2.946 A8 The widely accepted experimental it is not good for hydrogen bonding, leading Ry(O: --O)
D.=5.4+0.7 kcal/mof® was based on measurements of thetoo long by 0.263 A and, too weak by 2.26 kcal/mol,
thermal conductivity of the water vapor and involved com-indicating that hydrogen bonds are significantly underesti-
plex interpretations. We conclude that gieinitio values are  mated by this functional. O3LYP improves slightly from
the most reliable. OLYP, butRy(O- --O) too long by 0.183 A, with Rtoo weak
Table IX lists the calculated bonding properties of by 1.82 kcal/mol.
(H,0), using a variety of DFT methods. The most accurate
overall description is from X3LYP, which leads to a bond
distance just 0.004 A from the exact val(end within the V. CONCLUDING REMARKS
error bar$ and a bond energy within 0.05 kcal/mol of the Development of improved approximations to the
exact value(and within the error bajs predicting bonding exchange-correlation functional has been critical to the suc-
properties of (HO), with better quality than the other func- cess of Kohn—Sham density functional theory, with several
tionals listed in Table IX. exchange-correlation functionals that do quite well for par-
Other DFT methods with eithé®, or D within experi-  ticular properties. This success has been achieved either by
mental error of the exact result are PBEO fog and mP-  construction of functional forms to satisfy physical con-
WPW for R,. straints or by fitting a few scale parameters to experimental
BLYP givesr,=2.952 A, which is 0.04 A too long, and data. We have combined these two approaches to obtain the
D, too weak by 0.84 kcal/mdall6%), indicating too weak a X3LYP exchange-correlation functional whose form matches
hydrogen bond. B3LYP leads to some improvement but stilwell the behavior of a Gaussian-type decaying density. To
underestimates hydrogen bonds, leading ddoo long by  aid those that would like to test X3LYP, we express Eie
0.014 A andD,, too weak by 0.45 kcal/mal9%). GGA as a linear combination d¥288 and F?V°% The four
In contrast PWPW overestimates hydrogen bonds, leadmixing coefficients in X3LYP were determined by fitting to
ing to re too short by 0.026 A and, too strong by 0.41 the atomization energies of a set of 33 diatomic and 5 tri-
kcal/mol. The modified PW91 functiondimnPWPW im-  atomic molecules involving single, double, and triple bonds.
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TABLE IX. Bonding properties of water dimé&Bond lengths are in A and (X) H,O dimer bond energy: error of 0.005 kcal/mol or

bond energies are in keal/mol. 0.1% (2nd best of all DFT, best is PBEO with 0.004
R(O --0) D, . erron; . .

(xi) H,O dimer bond distance: error of 0.004 A or 0.1%
BLYP 2952 4.18 (2nd best of all DFT, best is mMPWPW with 0.001 A
PWPW 2.886 5.43
mPWPW 2.911 4.48 erron.
PBE 2.899 5.11 ) i
OLYP 3.175 276 Thus X3LYP is the most accurate DFT for most properties
XLYP 2.953 4.43 and is competitive with the best DFT for most other proper-
B3LYP 2.926 4.57 ties, making it the most consistent overall. In particular the
PWO (PW1PW 2.884 5.23 accuracy for van der Waals and hydrogen bond interactions
mPWO (MPW1PW 2.898 4.60 hould ke X3LYP ful f licati id
PBEO (PBELPBE 2896 498 should make useful for applications over a wide
O3LYP 3.095 3.20 range of important chemical and biological systems.
X3LYP 2.908 4.97 Supplementary material availablRef. 70:
Bestab initio® 2.912+0.005 5.02:0.10 Table S1 Deviationgtheory-exptl) from experiment for
exptl. 2.948 5.44+0.7

the heats of formatioitkcal/mol at 298 K for the extended
20ur calculatedD, are BSSE-corrected. In bold face are the results within G2 Set (148 moleculeg calculated by PWPW, PWLYP,
the uncertainty of the most accurate val{ias initio CCSD(T) full calcu- PW3PW, PW1PW, and PW3LYP in Jaguar.

lations with the basis set extrapolated to infinity Table S2 lonization potentia(si;n eV) at 0 K of 42 sys-

PReference 65. CCSI)(FULL)/I0275—% (10275 interaction optimized L .
basis set with 275 basis functions fos® dimer. O: B5p5d3f2g1h; Hy: tems of G2 set and the deviatiofiheory-exptl) obtained

2s4pld, H: 2s3p, BF: 3s3p2dif). from B3LYP, PBEO, and X3LYP.
‘Geometric parameters are taken from Ref. 67. Table S3 Electron affinitie6n eV) at 0 K of 25systems
YExperimentaD,, was estimated by adding the zero-point energy calculatedgf G2 set and the deviationgheory-exptl) obtained from

Table S4 Proton affinitie@n kcal/mol) at 0 K of 8 sys-
tems of G2 set and the deviatiofiheory-exptl) obtained
from B3LYP, PBEO, and X3LYP.

In addition we included He Ne,, and Ar, to test accuracy
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