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Woodcock et al. J. Phys. Chem. 2002 106, 11923] pointed out that no density functional was able to
obtain the correct sign of the relative energies of the allene and propyne isomesid o0&l that density
functional theory (DFT) predicts that poly-ynes are insufficiently stabilized over cumulenes for higher
homologues. In the present work, we show that the recent MO5 density functional predicts the correct ordering
of allene and propyne and gives a mean unsigned error (MUE) of only 1.8 kcal/mol for the relative energies
of the two isomers of ¢H4, CsH4, and GH4. Two other recent functionals, M05-2X and PWB6K, also give
reasonably low MUEs, 2.7 and 3.0 kcal/mol, respectively, as compared to 6.2 kcal/mol for the popular B3LYP
functional. Another challenging problem for density functionals has been a tendency to overpolarize conjugated
7 systems. We test this here by considering proton affinities of conjugated polyenes and conjugated Schiff
bases. Again M05-2X performs quite well, with MUEs of 2.1 and 3.9 kcal/ mol, respectively, as compared
to 5.8 and 5.9 kcal/mol for B3LYP. Averaged over the three problems, M05-2X has a MUE of 3.0 kcal/mol,
the BMK functional of Boese et al. has an MUE of 3.2 kcal/mol, and M05 has an MUE of 5.1 kcal/mol.
Twenty-two other tested functionals have MUEs of-5&1 kcal/mol averaged over the three test problems.
Both M05 and M05-2X do quite well, compared to other density functionals, for torsion potentials in butadiene
and styrene, and M05 does very well for bond length alternation in conjugated polyenes. Since the M05
functional has broad accuracy for main group and transition metal chemistry and M05-2X has broad accuracy
for main group chemistry, we conclude that significant progress is being made in improving the performance

of DFT across a wide range of problem types.

1. Introduction bined with a correlation potential, give reasonably accurate
torsion potentials for conjugated systems. Champagne et al.
calculated electronic response properties of conjugated poly-
acetylene¥ and pusk-pull z-conjugated systendg,and they
found that DFT overestimates the polarizabilities and hyper-
polarizabilities with too steep dependence on chain length. They
attributed this primarily to the exchange functional causing too

There is increasing concern that Keh8ham density func-
tional theory (DFT) is less accurate farelectrons than foo
electrons. This could perhaps be explained by the lower
HOMO—-LUMO gap ins systems, which means that molecules
with 7 bonds (like ethylene) are less dominated by single

configuration state functions than ardoonded molecules (like much charge transfer, which might result from too small of a

etha}ne). S!nce DFT is grounded in a s.|ngle-conf|gurat|0n HOMO-LUMO gap. Inclusion of HartreeFock (HF) exchange
noninteracting-electron reference state, it might be less accurate

9
for multi-configurational system’s:> However, including near- seems to remedy the probléf® and to make the band gap

degeneracy multi-configurational character in a wave function ;%r;tiigigr?ﬁe dg;;?lstr;?tf?(laﬁflﬁﬁ::tt)ilot’]haalt \;\rllgocrjisoillise?;? ;/tig/ie d
is known as static correlation, and it has been known for a long ) )

time that DFT exchange functionals include some static the energetic errors in DFT calculations of cumulenes (_e.g.,
correlatior®® Therefore it is of interest to make a more PeNta-1,2,3,4-tetraene) and poly-ynes (e.g., penta-1,3-diyne).
systematic examination of the ability of DFT to trea¢lectron DFT was found to disfavor t_he former_too weakly as compared
systems. to the latter, and all exe_lmlned functionals _favor allene over
We begin by summarizing some examples of problematic propyne, whereas experimentally the latter is more stdife.
DFT performance forr electron systems. Choi et Bhowed Jacquemin et &-25found that DFT underestimates bond-length

that several density functionals overestimate the torsion barrieraﬂerﬂat'on (BLA) in pplymeth|ne|m_|ne HCH=N—),| a’Fd n

in butadiene but not 1-butene, suggesting that DFT overestimates(_B_P=)"' and _they_ interpreted tr_ns as another mann_‘estanon

the conjugation energy. Similar problems were studied by of I.DFT Qvgrgstlmatlng the polarlzab[llty of the .conjuggted

Sancho-Garcia and co-workéfs14 who related them to DFT chains. C|0f|n|_et afé found that C(_)rr_ectlng for self-interaction

self-interaction error. Fabiano and Saldound that orbital- errors greatly improves the predictions of BLA.

dependent Se|f-eXChange_free_exchange functionab, when com- Although the self-interaction error of DFT functionals is often
blamed for the inaccuracy of DFT, it has been shown that

*To whom correspondence should be addressed. E-mail: truhlar@ COrTecting this problem may give worse results by disrupting a
umn.edu. delicate cancellation of errdf. Thus it may be necessary to
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TABLE 1: Tested DFT Methods?

exchange correlation

method year refs p.Vp X T UEG . Vp T ScorF UEG
SPWL° 1992 34, 30 Slater 0 no yes PWO1-L no no yes
B3LYP 1994 31, 32, 35,81 B88 20 no yes LYP no yes no
B1B95 1996 31, 37 B88 28 no yes B95 yes yes yes
PBE 1996 36 PBE 0 no yes PBE no no yes
mPW1PW9t 1998 33,38 mPW 25 no yes PWO1 no no yes
B98 1998 40 B98 21.98 no no B98 no no no
B97-1 1998 39 B97-1 21 no no B97-1 no no no
PBEH! 1999 41 PBE 25 no yes PBE no no yes
MPW1K 2000 42 mPW 42.8 no yes PW91 no no yes
B97-2 2001 39 B97-2 21 no no B97-2 no no no
O3LYP 2002 43 OPTX 11.6 no no LYP no no no
7-HCTHh 2002 45 7-HCTHh 15 yes no 7-HCTHh no yes no
TPSS 2003 46 TPSS 0 yes yes TPSS yes yes yes
TPSSh 2003 47 TPSS 10 yes yes TPSS yes yes yes
X3LYP 2004 32,48 X 21.8 no yes LYP no yes no
BB1K 2004 31, 37,49 B88 42 no yes B95 yes yes yes
OHandHB95 2004 12,31,44 (0] 50 no no B95 yes yes yes
BMK 2004 51 BMK 42 yes no BMK no no no
MPW1B95 2004 37, 38,50 mPW 31 no yes B95 yes yes yes
MPWB1K 2004 37, 38,50 mPW 44 no yes B95 yes yes yes
PW6B95 2005 52 PW6B95 28 no yes PW6B95 yes yes yes
PWB6K 2005 52 PWB6K 46 no yes PWB6K yes yes yes
B97-3 2005 53 B97-2 26.93 no no B97-3 no no no
MO05 2005 28 MO5 28 yes yes MO5 yes yes yes
M05-2X 2005 29 M05-2X 56 yes yes M05-2X yes yes yes

2 Column headings are explained in sectiort Zhe Slater-Perdew-Wang-Local (SPWL) functional is strictly local (depends pnnot p and
Vp) and is sometimes called a local spin density approximation (LSPAlso called mPW0, mPW1PW, and MPW25Also called PBEO or

PBE1PBE.

develop better functional forms for density functionals that are et al?! The best estimates of the proton affinities of the eight
not so sensitive to replacing local exchange approximations, small molecules are zero-point-exclusive equilibrium proton
with their favorable cancellation of error, by nonlocal HF affinities, which were obtained from experimental data and
exchange, which has no self-interaction energy. Recently corrected for zero point energy and thermal vibratienal
progress has been achieved in this direction, resulting in therotational contributions; these data were taken from the Sup-
M0528 and M05-2X° functionals. porting Information of a paper by Parthiban and MaPfin.

In the present article, we will study the performance of these  The best estimates of proton affinities of the conjugated
new functionals and 23 other function&3%-52 for 5 problems polyenes and Schiff bases are obtained as part of the present
involving ot systems: (i) the cumulene vs poly-yne problem; study by estimating the complete basis set (CBS) limit of
(i) proton affinities of conjugated polyenes; (iii) proton affinities  coupled cluster theory with single and double excitations and a
of conjugated Schiff bases; (iv) BLA of butadiene and octa- quasiperturbative treatment of triple excitatih&€CSD(T). We
tetraene; (v) the torsional potentials of butadiene and styrene,estimated the CCSD(T)/CBS limit of proton affinities $A&°

which are prototype conjugated systems. AE[CCSD(T)/CBS]=

Proton affinities of Schiff bases are very impordrt® for
light-dependent biological functions, and the ability to calculate AE[MP2/IB] + (AE[CCSD(T)/SB]— AE[MP2/SB]) (1)

proton affinities of bases is also important for calculating the where SB denotes small basis and IB denotes an infinite-basis-
pK, of their conjugate acid. The emphasis on proton affinities set calculation that involves the separate extrapolation of HF
in the present work though is motivated by the fact that adding and correlation energié$82 The HF energies are extrapolated

a proton to one end of a chain molecule is a very physical way by
to exert an electrostatic field on such a molecule. The proton HE HE . HF.—a
affinity is increased in conjugated systems by charge delocal- Ef(n=E+A"n ()
ization along the conjugated chafh® Any deficiencies of 5,4 the MP2 correlation energies are extrapolated by
theoretical models in describing the polarization of the system

by the added charge are measured in chemical energy units, E(n) = E& + A% (3)
rather than units of polarizability or hyperpolarizability, so we \yhere o and 8 are parameters, an represents the highest
can gauge the results in comparison to previous assesSyngylar momentum in an augmented correlation-consistent basis
mentg®-515%f DFT for thermochemistry. For this purpose the  get-n = 2 for the aug-cc-pVD® basis, andh = 3 for the aug-
present article also reports new tests of the 25 density functionalsec_p\/ 7763 pasis. The value used for is 4.93, and that fop

for the calculations of proton affinities of eight small molecules, s 2 13 as determined in a previous paffawe use the a VDZ
seven of which have only bonds. Comparing the errors for  p5sis set (which employs cc-pVDZ for the H atom and aug-
the small-molecule set to the errors for the conjugated moleculesCC_pVDZ for heavy atoms) for theAECCSP() — AEMP?) term
allows us to ascertain whether and to what extent conjugated i gq 1.

systems pose a special problem for DFT. Torsion potentials for butadiene and styrene were calculated
. by fixing the torsion angle and optimizing all other degrees of
2. Data Sets and Computational Methods freedom. In addition, full optimizations were carried out to find

The best estimates of the energy separations of the cumuleneghe transition state and the global minimum. The best estimates
and poly-ynes isomers are taken from the paper by Woodcock of the accurate results for these torsion potentials are taken from
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TABLE 2: Energy Separation (kcal/mol) for the Cumulenes
and Poly-ynes Isomer3

methods E)-E(1) E@-E@Q) E@®)-E() MUE
best estimate —-1.40 —8.80 —14.30
MO05 —1.02 —6.98 —10.99 1.84
OHandHB95 0.77 —6.18 —11.30 2.60
HF —0.67 —11.03 —19.35 2.67
MO05-2X 1.01 —5.78 —-10.77 2.99
PWB6K 1.04 —5.57 —10.41 3.19
MPWB1K 1.12 —5.32 —10.01 3.43
MPW1K 1.24 —5.18 —9.83 3.58
BB1K 1.16 —5.15 —-9.71 3.60
BMK 1.35 —4.83 —9.34 3.89
MPW1B95 1.64 —3.79 —7.58 4.93
B1B95 1.72 —3.49 —7.08 5.22
PW6B95 1.78 —3.43 —7.02 5.27
B97-3 1.86 —3.32 —6.90 5.38
mPW1PW91 1.96 —-3.07 —6.48 5.63
PBEh 1.96 —3.05 —6.45 5.65
B97-2 2.01 —2.76 —5.95 5.93
X3LYP 2.18 —2.61 —5.83 6.08
B3LYP 2.22 —2.44 —5.54 6.24
B98 2.30 —2.42 —5.60 6.26
B97-1 2.29 —2.36 —5.48 6.32
MP2 —4.61 —15.48 —23.57 6.39
7-HCTHh 2.51 —1.68 —4.37 6.99
O3LYP 2.51 —1.47 —3.97 7.19
TPSSh 2.53 —1.46 —3.95 7.21
TPSS 2.98 —0.19 —-1.97 8.44
PBE 3.10 0.16 —-1.43 8.78
SPWL 3.44 0.66 -0.73 9.29

aThe numbers in bold face are reference data from Woodcock et

Zhao and Truhlar

All DFT calculations for isomerization energies, proton
affinities, and torsional potentials employ the 6-313-
(2df,2p) basis s&€& whereas the 6-3tG(d,p) basis set is
employed for BLA calculations. (Although we test only one
basis set for each property, we note that the conclusions are
expected to also apply to other reasonable basis sets.) The
density functionals studied in this work are described in Table
1. In particular, Table 1 gives the following information about
each of the functionals: year first published and reference, form
used for the dependence on electron dengia(d its gradient
(Vp) for exchange and correlation, the percentagef HF
exchange, whether kinetic energy density used for exchange
or correlation, whether the exchange and correlation functionals
satisfy the uniform electron gas (UEG) limit, and whether the
correlation functional is self-correlation free (SCorF).

All DFT calculations were carried out using a locally modified
Gaussian0% program. The CCSD(T) calculations are performed
with the MOLPRO prograni’

3. Results and Discussion

3.1. Cumulenes and Poly-ynesTable 2 gives the results
for the cumulenes and poly-ynes, whose structutes, are
shown in Figure 1. In each case, we show the energy of the
alkyne @) or poly-yne @ or 6) minus the energy of the isomeric
cumulene , 3, or 5). All energies are zero-point-exclusive

al2! and are used for the calculation of MUE. All other calculations €l€ctronic energies including nuclear repulsion. The density

employ the 6-31+G(2df,2p) basis set and the MP2/6-8&(d,p)

geometries (even the HF and MP2 calculations are at this smaller-

functionals are listed in order of increasing mean unsigned error
(MUE, also called mean absolute deviation) from the best

basis MP2 geometries obtained with this smaller basis set). See Figureestimate of Woodcock et 8t.(which is taken from experiment

1 for the structures of the compouniis 6.

CCSD(T)//CCD and CCSD(T)//MP2 calculations extrapolated
to an infinite basis by Sancho-Garcia and Perez-Jini€ex
by Karpfen and Parasu®;we denote these reference data as
“CClextrap.”.

The best estimate of the BLA of a polyene (where BLA is
defined more precisely in section 3.7) is

BLA (best est.)= BLA[CCSD(T)/6-31-G(d)]+
BLA[MP2/6-31+G(d,p)] — BLA[MP2/6-31G(d)] (4)

where the two MP2 calcualtions are from the work of Jacquemin
et al.2* and the 6-3%G(d,p) calculation is from the present

study.
C

1: allene (C;Hs)

UV,

3: penta-1,2,3,4-tetraene (CsHy)

:ba-o=o=-o=o=o=w

5: hepta-1,2,3,4,5,6-hexaaene (C7Hy4)
Figure 1. Structures of cumulenes and poly-ynes.

for C3 and from coupled-cluster calculations fog @nd G).

In addition to showing results for the 25 density functionals
of Table 1, Table 2 also shows results for 8End Mgller-
Plesset second-order perturbation th&bgylP2), both with the
6-311+G(2df,2p) basis set. Table 2 shows that HF theory gives
surprisingly accurate results, but this clearly arises from
cancellation of errors since MP2 is much less accurate.
Furthermore HF theory is not generally as accurate as DFT for
thermochemistry when tested on broader sets of data, which is
a consequence of the neglect of electron correlation in HF theory
but not in DFT. Among the density functionals, the three most
accurate are also three of the most recent functionals in Table
1, namely, M05, OHandHB95, and M05-2X. This is encourag-
ing in showing the progress in functional development. Fur-

;b—O—O'&

2: propyne (C3;Ha)

M

«

4: penta-1,3-diyne (CsHa)

W

¢
6: hepta-1,3,5-triyne (C7Hs)
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TABLE 3: Proton Affinities (kcal/mol) for Small Molecules

method NH HO GH> SiH. PHs H2S HCI H MSE MUE
best estimate 211.9 171.8 156.6 156.5 193.1 173.7 137.1 105.9
MP2/avVT2 210.5 170.0 155.5 157.0 193.0 172.8 136.8 105.7 —-0.6 0.8
X3LYP 210.9 170.2 158.0 157.0 192.4 174.0 137.0 1041 04 0.9
MPW1B95 212.2 171.6 160.4 157.0 192.0 174.3 137.7 105.1 0.5 1.0
B3LYP 211.3 170.5 158.4 157.4 193.1 174.8 138.0 104.5 0.2 1.0
BMK 211.8 170.7 158.9 156.4 191.2 172.8 136.6 104.1 -0.5 1.1
MPWB1K 2131 172.4 161.3 156.8 193.1 174.6 137.6 105.2 0.9 11
PW6B95 212.2 171.5 160.2 157.9 192.5 174.7 138.0 105.0 0.7 11
PWBG6K 213.2 172.4 161.2 156.9 193.4 174.5 137.4 104.9 0.9 1.2
PBEH 213.0 172.2 160.7 156.6 192.8 175.0 138.8 106.3 11 12
B1B95 212.6 172.0 160.8 157.7 192.4 174.9 138.3 105.6 0.9 12
MO05-2X 210.8 170.2 157.4 158.5 194.0 173.9 136.6 103.1 —0.3 12
PBE 210.9 170.4 158.9 157.0 190.3 174.3 138.9 106.0 0.0 14
BB1K 213.4 172.7 161.6 157.3 193.5 175.0 138.0 105.6 13 14
B98 213.3 172.4 160.4 158.2 193.6 175.4 138.7 105.9 14 14
B97-1 213.2 172.3 160.6 158.3 193.4 175.5 138.8 106.1 15 15
mPW1PW91 213.6 172.6 161.3 157.7 193.8 175.7 139.1 106.6 17 1.7
7-HCTHh 213.4 172.5 161.1 158.9 193.8 175.8 139.4 106.5 19 1.9
MO05 210.5 169.9 162.2 159.2 192.6 174.7 137.5 109.5 12 2.2
O3LYP 213.6 172.5 162.0 159.7 194.0 176.2 139.8 106.7 2.3 2.3
MPW1K 214.9 173.6 162.5 157.3 195.5 176.1 138.9 106.7 2.4 2.4
B97-3 214.2 172.9 161.3 158.8 195.4 177.0 140.3 107.0 2.5 2.5
TPSS 213.6 172.2 161.2 159.6 195.7 177.0 140.2 108.3 2.7 2.7
TPSSh 214.1 172.7 161.7 159.1 196.1 177.0 140.0 108.0 2.8 2.8
OHandHB95 215.7 174.6 164.6 158.1 195.1 176.2 139.2 106.9 3.0 3.0
B97-2 214.7 173.5 162.7 159.8 195.6 177.1 140.3 107.6 3.1 3.1
SPWL 206.7 167.6 153.4 149.2 183.3 168.5 134.1 102.9 -5.1 5.1

aThe best estimates are zero-point-exclusive equilibrium proton affinities, which are calculated by using the experimental data, therrti@hspntribu
and zero-point energies given in the Supporting Information of the paper by Parthiban and®M@HDET calculations employ the 6-31G(2df,2p)

basis set and the MP2(full)/ 6-31G(2df,p) geometries; the geometries are taken from http://chemistry.anl.gov/compmat/g3tieri Atdenotes
the aug-cc-pVTZ basis set.

TABLE 4: Proton Affinities (kcal/mol) for the Conjugated TABLE 5: Proton Affinities (kcal/mol) for the Conjugated
Polyenesd Schiff Base$

method P-2 P-4 P-6 P-8 P-10 MSE MUE method SB-2 SB-4 SB-6 SB-8 SB-10 MSE MUE
best estimate 167.8 193.4 209.7 219.7 2259 best estimate 2145 226.2 233.4 238.2 2410
CCSD(T)/avVDZ 167.8 194.1 210.2 220.0 226.8 0.3 0.3 MP2/avVTzZ 213.2 2248 2326 2379 241807 0.8
MP2/aVTZ 166.9 191.7 208.4 2189 226.21.0 1.0 CCSD(T)/aVDZ 213.6 2249 2319 236.4 239.6-1.4 1.4
MO05-2X 168.1 195.2 211.9 2225 2299 21 21 SPWL 209.3 223.4 233.4 240.4 245803 29
SPWL 161.9 187.8 205.4 216.8 225.64.1 4.1 MO05-2X 215.7 228.8 237.5 2434 2477 39 3.9
PBE 167.9 196.4 214.3 225.7 2340 42 42 PBE 213.7 228.2 238.3 2453 250.7 45 48
BMK 168.7 197.2 214.4 2253 233.0 43 43 BMK 216.5 229.8 238.7 2448 2493 51 51
MPW1B95 169.9 197.3 214.8 2259 2339 49 49 X3LYP 2153 229.6 239.3 246.0 2511 55 55
X3LYP 167.8 198.0 215.7 227.0 2351 53 53 MO5 215.3 2299 239.4 2459 2508 55 55
B1B95 170.3 197.8 2154 226.5 2345 55 55 MPW1B95 216.1 230.2 239.6 246.1 250.9 58 5.8
PW6B95 169.8 198.0 215.6 226.8 2348 5.6 5.6 B3LYP 215.6 230.0 239.7 246.5 2515 59 59
MPWB1K 171.2 198.2 2155 226.5 2342 57 57 PW6B95 216.2 230.4 2399 246.5 2514 6.1 6.1
PBEH 170.4 198.2 215.7 226.8 2348 5.7 57 B1B9 216.3 230.5 239.9 246.5 2514 6.2 6.2
B3LYP 168.2 198.5 216.3 2276 2357 58 58 PBEH 216.7 230.8 240.3 246.8 251.8 6.5 6.5
PWB6K 171.1 198.6 216.0 2269 2346 6.0 6.0 MPWB1K 217.5 231.4 240.5 246.8 2514 6.8 6.8
BB1K 1715 198.6 216.0 227.0 2347 6.1 6.1 PWB6K 217.8 231.7 240.8 247.0 251.6 70 7.0
mPW1PW91 171.0 199.3 216.8 228.0 2359 6.8 6.8 B97-1 217.0 231.2 240.8 2475 2525 71 7.1
B97-1 170.4 199.9 2175 228.7 236.7 7.2 7.2 BB1K 217.7 231.6 240.8 247.1 251.8 71 7.1
B98 170.2 200.0 217.6 2289 2368 7.3 7.3 B98 217.2 2315 241.0 247.7 252.7 73 7.3
7-HCTHh 170.7 200.1 217.8 229.1 2371 75 75 TPSS 216.6 231.1 2411 248.1 2535 74 7.4
B97-3 171.2 200.3 217.9 229.1 2371 7.7 7.7 mPWI1PW9l 2175 231.6 2412 2478 2527 74 7.4
MPW1K 172.7 200.6 217.8 228.8 2365 7.8 7.8 t-HCTHh 217.1 2315 241.2 2480 2531 74 7.4
MO05 172.2 201.2 218.1 2288 2364 7.9 79 TPSSh 2174 231.8 2415 2484 2536 7.8 7.8
OHandHB95 1745 2005 217.7 228.6 236.2 8.1 81 B97-3 218.1 2323 241.7 2483 2532 80 8.0
O3LYP 171.3 200.5 218.4 229.8 2380 8.2 82 O3LYP 217.3 232.0 2419 2488 2541 81 81
TPSS 171.1 200.7 218.7 230.3 2386 84 84 MPWI1K 219.4 233.3 2425 248.7 2534 8.7 87
TPSSh 171.8 200.9 218.8 230.2 2384 8.6 8.6 B97-2 218.6 2329 2425 249.2 2542 87 87
B97-2 172.4 201.2 218.8 230.0 238.1 8.7 87 OHandHB95 220.1 234.0 243.0 249.1 2536 9.2 9.2
HF/avVTZ 175.8 207.5 224.0 234.1 2410 13.0 13. HF/avVTZ 223.0 236.6 245.0 250.3 254.0 11.0 11.0

a See Figure 2 for the structures of the polyenes. MSE denotes mean 2 See Figure 3 for the structures of the conjugated Schiff bases. MSE
signed error® The best estimate are estimated CCSD(T)/CBS results denotes mean signed erréiThe best estimate are estimated CCSD(T)/
obtained by eq 1¢aVDZ is a basis set which employs cc-pVDZ for  CBS results obtained by eq 4aVDZ is a basis set which employs
the H atom and employs aug-cc-pVDZ for other heavier atoms. aVTZ cc-pVDZ for H atom and employs aug-cc-pVDZ for other heavier
denotes the aug-cc-pVTZ basis set. atoms. aVTZ denotes the aug-cc-pVTZ basis set.

thermore the MO5 functional, which does the best of any B88 exchange function#land the LYP correlation functioril
functional in the table, and which is the only functional to predict require 53% HF exchange to get the sign correct and 77% HF
the correct sign for €Hs, has only 28% HF exchange, whereas exchange to geAE = —1.0 kcal/mol. It is encouraging that
Woodcock et af! showed that hybrid functionals based on the MO5 is the best functional since this functional was specifically
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TABLE 6: Overall Performance of DFT Methods for Systematically Tested Energetic Quantities (kcal/mol)

mIE3? PA-P® PA-SB% SMPAg! MGAE10% P13
method MUE MUE MUE MUE MUEPB MUE MUE#9 MUE-allh

MO05-2X 2.99 2.07 3.90 1.23 0.48 3.54 2.98 2.37
BMK 3.89 4.29 5.08 1.07 0.47 4.21 4.42 3.17

MPW1B95 4.93 4.93 5.85 1.00 0.62 2.14 5.23 3.24
MPWB1K 3.43 5.67 6.79 111 0.98 2.05 5.30 3.34
B1B95 5.22 5.45 6.19 1.20 0.55 2.18 5.62 3.46
MO05 1.84 7.92 5.54 2.16 0.53 2.87 5.10 3.48
PWB6K 3.19 6.00 7.04 1.16 1.43 2.28 541 3.52
BB1K 3.60 6.10 7.08 1.39 1.34 2.09 5.59 3.60

PW6B95 5.27 5.58 6.14 1.13 0.40 3.24 5.66 3.63
PBEh 5.65 5.73 6.53 1.19 0.91 3.23 5.97 3.87
X3LYP 6.08 5.28 5.50 0.95 1.42 4.73 5.62 3.99

B3LYP 6.24 5.79 5.90 1.02 0.91 4.72 5.98 4.10

B97-1 6.32 7.21 7.06 1.48 0.75 2.84 6.86 4.28
PBE 8.78 4.21 4.81 1.35 3.03 3.58 5.93 4.29
B98 6.26 7.25 7.29 1.44 0.64 3.21 6.93 4.35
mPW1PW91l 5.63 6.77 7.42 1.74 0.88 3.72 6.61 4.36
OHandHB95 2.60 8.08 9.20 2.99 1.73 3.04 6.63 4.61
B97-3 5.38 7.67 8.00 2.54 0.59 3.51 7.02 4.62
MPW1K 3.58 7.82 8.73 2.37 2.34 3.53 6.71 4.73

7-HCTHh 6.99 7.50 7.44 1.87 0.75 4.03 7.31 4.76
O3LYP 7.19 8.18 8.08 2.26 0.76 2.54 7.82 4.84
B97-2 5.93 8.67 8.75 3.10 0.65 2.21 7.78 4.88
TPSSh 7.21 8.57 7.82 2.78 0.98 3.17 7.87 5.09
TPSS 8.44 8.44 7.36 2.67 1.03 3.11 8.08 5.17
SPWL! 9.29 4.06 2.94 5.11 16.89 5.18 5.43 7.25

a71E3 denotes the three isomeric energy differences in Table2PA-CP5 denotes the database of the proton affinities of the five conjugated
polyenes in Table 4 PA-SB5 denotes the database of the proton affinities of the five conjugated Schiff bases in Ta®BMPAS denotes the
database of the proton affinities of the eight small molecules in TabiM&BAEL09 denotes a database of 109 atomization energies for main
group compound&:771In this case the error is expressed on a per bond (PB) BdBit3 denotes a database of 13 ionization poterifdfs’3
9 MUE-x is the average of MUEs of the ES3, PA-P5, and PA-SB5 coluthRBJE-x is the average of MUEs of all previous columh3his is
the SPWL version of the LSDA.

TABLE 7: Torsional Energetics (kcal/mol) of Various
Conformation of 1,3-Butadiene Relative to the Global s-trans

Minimum

method basis ref s-cis gauche TS MUE
CCSD(T) extrap. 64 3.47 290 6.10 0.00
MO05 6-31H-G(2df,2p) thiswork 3.76 3.26 6.53 0.36
MO05-2X 6-31HG(2df,2p) thiswork 3.88 3.04 6.65 0.37
BB1K 6-311++G(2df,2p) 13 392 3.03 6.82 043
OHandHB95 cc-pVTZ 12 4.04 334 6.70 0.54
MPW1K 6-31H+G(2df,2p) 13 406 3.38 6.81 0.59
TPSSHH cc-pvTZ 14 4.06 339 6.89 0.62
BHandHLYP cc-pVTZ 12 410 3.65 6.84 0.71
B97-1 cc-pvVTZ 12 3.94 349 7.17 071
B98 cc-pVTZ 12 396 351 7.15 0.72
B97-2 cc-pvVTZ 12 402 355 7.12 0.74
B3LYP 6-31H-G(2df,2p) thiswork 4.05 3.61 7.16 0.78
PBEh cc-pvVTZ 12 402 348 7.48 0.84
TPSSh cc-pvTZ 14 400 362 7.50 0.88
PBE cc-pvVTZ 12 404 366 7.61 0.95
TPSS cc-pvTZ 14 401 370 7.72 0.99

wrong sign forAE for CsH, but still has an error of only 2.4
kcal/mol for GH4 and an MUE of 3.0 kcal/mol for £-C.
This is relatively very good because we note that the Woodcock
et al. challenge to DFT was published in 2002, but only one
functional, namely, MPW1K, published prior to 2004 has an
MUE below 5.2 kcal/mol. In fact, eight of the nine best
performing functionals in Table 1 were published in 2004 or
later, again illustrating excellent progress in functional develop-
ment.

3.2. Proton Affinities of Small Molecules.Before consider-
ing proton affinities of conjugated systems, it is useful to
examine proton affinities for a set of small molecules to develop
a baseline for judging the quality of proton affinities. Such a
study is presented in Table 3, which contains acetylene and
seveno-bonded small molecules. The mean MUE for all 25
density functionals in Table is 1.8 kcal/mol, and if we delete
acetylene, this drops to 1.5 kcal/mol. Thus, if the studies of
conjugatedr systems show typical errors larger than this, it

developed&®2°to perform well for multireference systems such  will confirm the troublesome nature of systems for DFT. It
as transition-metal compounds. The M05-2X functional has the is interesting to notice, though, that the MUE of all 25

TABLE 8: Torsional Energetics (kcal/mol) of the Planar (AE® and Perpendicular (AE®®) Conformation of Styrene with
Respect to the Global Minimum; Torsional Angle for the Global Minimum (®n,) Is Also Reported

method basis ref Dpin (°) AE° AE®® MUE?2 MMUEP AMUE®

cCsD(T) extrap. 10 13 0.01 3.00 0.00 0.00 d

MO05 6-31HG(2df,2p) this work 0.00 0.00 3.58 0.30 0.33 3.90
M05-2X 6-31H-G(2df,2p) this work 9.89 0.01 3.65 0.33 0.35 2.33
OHandHB95 cc-pvTZ 12 0.00 0.00 3.71 0.36 0.45 5.08
BB1K 6-311++G(2df,2p) 13 0.00 0.00 4.01 0.51 0.47 431
MPW1K 6-31H+G(2df,2p) 13 0.00 0.00 3.82 0.42 0.50 5.16
BHandHLYP cc-pvVTZ 12 0.00 0.00 3.85 0.43 0.57 n.c.
TPSSHH cc-pvTZ 14 0.00 0.00 3.93 0.47 0.55 n.c.
B3LYP 6-31H-G(2df,2p) this work 0.00 0.00 4.08 0.55 0.66 4.65
PBEh cc-pVvVTZ 12 0.00 0.00 4.10 0.56 0.70 4.65
TPSSh cc-pVvTZ 14 0.00 0.00 4.43 0.72 0.80 6.10
PBE cc-pvVTzZ 12 0.00 0.00 4.47 0.74 0.84 4.66
TPSS cc-pvTZ 14 0.00 0.00 4.59 0.80 0.89 6.28

2 MUE of previous columns? Mean of MUE in Table 7 and MUE in this tablé Average of MUE in Tables 2, 4, and 5 and MMUE in this

table.? Not calculated.
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Figure 2. Structures of conjugated polyenes and protonated polyenes.
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Figure 3. Structures of conjugated Schiff bases and protonated conjugated Schiff bases.

functionals for acetylene is 4.0 kcal/mol. The reader may find percentage of HF exchange is not the key to success. The
it interesting to compare this to the MUE for conjugated inclusion of HF exchange in M05-2X and BMK must help in
systems. a more subtle way. We conclude that a high percentage of HF

3.3. Proton Affinities of Conjugated Polyenes.Table 4 exchange is useful only when it is combined with a density
shows that the typical errors in proton affinities for conjugated functional that is optimized consistently with high HF exchange.
polyene are much larger than those in Table 3. In fact the 3.5. Combined Assessment for Isomerization and Proton
average MUE for the 25 density functionals in Table 4 is 2.8 Affinities of & Systems.Table 6 is an attempt to provide a
kcal/mol for ethylene and 7.7 kcal/mol for the-€C;o polyenes. more global assessment of energetic quantities. The first three
These values are considerably larger than average MUE of 1.5columns are for the three-system databases considered above,
kcal/mol for the sevew-bonded molecules. However M05-2X  and the MUEx column is the unweighted average of these three
has an MUE in Table 4 of only 2.1 kcal/mol, which is columns. M05-2X is a clear winner (with an MU value of
comparable to the typical performance (1.8 kcal/mol) of 3.0 kcal/mol, as compared to an average Midkalue of 6.1
functionals in Table 3 and is only 1.75 times larger than the kcal/mol for all 25 functionals); it is encouraging that eight of
MUE of M05-2X for proton affinities of small molecules. In  the nine best performing functionals for MUEwere published
fact M05-2X outperforms all other density functionals by a large in 2004 or later.

margin in Table 4. Because of its good performance on metal bonding problems
3.4. Proton Affinities of Conjugated Schiff Bases.The with large near-degeneracy correlation effects, one might have
proton affinities of conjugated Schiff bases are—48 kcal/ expected MO5 to perform better here than M05-2X, and indeed

mol larger than those for conjugated hydrocarbons with the sameit does for the cumulene vs poly-yne problem. M05 also
chain length, and they show a milder dependence on chainperforms very well in an overall capacity. Its MUEvalue of
length. M05-2X is again quite accurate followed by>ar= 0 5.10 kcal/mol is the third best in Table 6, trailing only M05-
functional, PBE, and a higi-functional BMK. Since the HF 2X and BMK. We note that ther systems studied here have
result is itself very bad; it seems that merely including a high modest, not large, near-degeneracy correlation effects. Further-
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8 TABLE 9: BLA (A) for Butadiene and Octatetraene
method basis set ref N=2 N=4 MUE
71 CCSD(T) best estimate thiswork 0.1126 0.0916 0.0000
MP4 6-31G(d) 24 0.1146 0.0906 0.0015
o CCSD(T) 6-31G(d) 24 0.1154 0.0941 0.0027
6 / N\ MP2 6-31G(d) 24 0.1138 0.0864 0.0032
/ \ MO5 6-3H-G(d,p) thiswork 0.1140 0.0859 0.0035
g 5 MP2 6-3H-G(d,p) thiswork 0.1110 0.0839 0.0046
=E' 3 PBEh 6-31G(d) 24 0.1157 0.0852 0.0048
] mPW1PW91 6-31G(d) 24 0.1164 0.0859 0.0048
<, A B3LYP 6-31+G(d,p) thiswork 0.1151 0.0843 0.0049
B / X3LYP 6-31G(d) 24 0.1173 0.0861 0.0051
g N / B97-2 6-31G(d) 24 0.1158 0.0843 0.0053
Sa| L & B3LYP B98 6-31G(d) 24 0.1182 0.0867 0.0053
- B97-1 6-31G(d) 24 0.1174 0.0856 0.0054
—M05 TPSSh 6-31G(d) 24 0.1130 0.0789 0.0066
2] O3LYP 6-31G(d) 24 0.1089 0.0753 0.0100
- M05-2X MO05-2X 6-31+G(d,p) thiswork 0.1247 0.1008 0.0107
cCcsD 6-31-G(d,p) thiswork 0.1213 0.1045 0.0108
| — CClextrap. TPSS 6-31G(d) 24 0.1090 0.0718 0.0117
1 p
CCSD 6-31G(d) 24 0.1233 0.1061 0.0126
PBE 6-31G(d) 24 0.1052 0.0678 0.0156
0 ‘ ‘ ‘ aN is the half of the number of carbon atoms; No= 2 denotes
0 %0 100 150 butadiene, andN = 4 denotes octatetraene. This is the notation used
Torsional angle (deg) by Jacquemin et & ® See eq 4 for the definition of the best estimate
Figure 4. Torsional potential of 1,3-butadiene by B3LYP, M05, and of BLA.

MO05-2X. . . . .
calculations from the literature in Tables 7 and 8 and Figures 4

45 and 5. The M05 and M05-2X functionals both perform quite
well, with errors only about half as large as those for B3LYP

4 and most previously tested functionals. The M05-2X functional
35 | 5\ is the only one that correctly predicts that the global minimum
s A\ geometry of styrene is twisted.

3 . 3.7. BLA in Polyenes.Table 9 gives results for the alternation
) ' \\ \ of bond lengths in butadiene and octatetraene, a problem studied
£ 251 ' : preveiously by Jacquemin et#lIn both cases the centraHT
E 2] 4 bond is nominally a single bond, and it is flanked by equivalent
5 / double bonds. The BLA is defined as the length of the central
’g 1.5 1 \ C—C bond minus the length of either of these flanking bonds.
=) - B3LYP Table 9 shows that the MO05 functional is by far the best

N

functional for BLA, and M05-2X has below average perfor-
mance. Clearly, though, the perception in the literature that this
is a peculiar failure of DFT is an oversimplified generalization,
since the highly regardét’> ab initio CCSD wave function

——MO05

051 ——M05-2X

01 CClextrap. A / ) h
method, which is usually very good for geometries, is one of
0.5 ‘ ' the worst performers in Table 9.
0 50 100 150
Torsional angle (deg) 4. Conclusions
gi)gure 5. Torsional potential of styrene by B3LYP, MO5, and M05- As anticipated from previous wofkiz-14.16-23.2526his study

shows that DFT is less accurate fofbonded systems than for
systems with onlyc bonds. However the new MO05-2X

more success on the proton affinity problem seems to be relatedfunctional retains its accuracy much better than the other 24
more to eliminating spurious self-exchange than to including functionals tested here for the energetics mf systems.
static correlation, whereas the opposite is true for the cumulene/Furthermore, when the test set is expanded to include proton
poly-yne problem. affinities, atomization energies, and ionization potentials of

Table 6 also include the results for the small-molecule proton o-bonded systems, M05-2X continues to outperform other
affinity test set (SMPABS, see Table 3), a test set of main group functionals by a large margin, and it also does quite well for
atomization energies (MGAE109 from previous wisrk: 73, torsion potentials imr-conjugated systems. Moreover, we have
and a test set of ionization potentials (IP13 from previous shown in other work®:76-78that M05-2X gives the best accuracy
work’279. Averaging errors over all six test sets gives MUE- of existing functionals for noncovalent interactions including
all. By adding diversity to the data, we test whether the dispersion-dominated interactions, dipolar interactions, hydrogen
functionals that perform well forr systems are also broadly bonding, charge-transfer complexes, anelr stacking. We
applicable, and we find that they are. By the criterion of the have also shown that M05-2X gives very good accuracy for
last column of Table 6, M05-2X is the best functional, and barrier heights of hydrogen-atom transfer react®ihus M05-
MPW1B95 is the best functional witk < 31. The 10-year-old 2X has excellent performance (relative to other existing density
functional B1B95 also does quite well, as does BMK. functionals) across a broad range of thermochemistry, thermo-

3.6. Torsion Potentials.We calculated the torsion potentials chemical kinetics, and noncovalent interactions for main group
of butadiene and styrene with the M05, M05-2X, and B3LYP chemistry, including bothr- and o-bonded organic systems.
functionals, and we compare these to best estimates and severdlnfortunately the M05-2X is less accurate than MP2 and several
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other density functionals for bond length alternation in polyenes,  (19) Mori-Sanchez, P.; Wu, Q.; Yang, W. Chem. Phys2003 119,
tie ot 11001.
alt_kl]_ﬁu%}olg IfS St”tl. mo[? aﬁcurat.et than ngSD' fi £l t (20) Yang, S.; Olivshevski, P.; Kertesz, Bynth. Met2004 141, 171.
e unctional Is a SQ quite gooa tor energetics, & _F_"as (21) Woodcock, H. L.; Schaefer, H. F.; Schreiner, PJRPhys. Chem.
when compared to all functionals except M05-2X. In addition A 2002 106, 11923.
it has excellent performance for BLA in polyenes. (22) Kafafi, S. A.J. Phys. Chem. A998 102 10404.

One area where M05-2X does not perform well is bond 12](123)?)8350‘1“3”“'”' D.; Andre, J.-M.; Perpete, EJAChem. Phys2004
dissociation energies of bonds to transition-metal attite (24) Jacquemin, D.; Perpete, E. A.; Ciofini, I.; Adamo,Ghem. Phys.
MO5 functional provides the best across-the-board performanceLett. 2005 405, 376.
for simultaneous good accuracy on such systems and on main-_ (25) Jacquemin, D.; Femenias, A.; Chermette, H.; Ciofini, |.; Adamo,
group thermochemistry, thermochemical kinetics, and non- C- Andre, J.-M.; Perpete, E. Al. Phys. Chem. 2006 110 5952.

. . 29 . (26) Ciofini, I.; Adamo, C.; Chermette, H.. Chem. Phys2005 123

covalent interactiong2°In the present study we find that MO5 1517102
is the best functional for BLA in polyenes, but it has an average  (27) Vydrov, O. A.; Scuseria, G. El. Chem. Phys2004 121, 8187.
MUE of 5.1 kcal/mol for the three energetiesystem databases (28) Zhao, Y.; Schultz, N. E.; Truhlar, D. @. Chem. Phy2005 123
as compared to 3.0 kcal/mol for M05-2X. Of the 23 other 161103.Note thatin this communication we interchangeg, andCoo;

. in Table 1. In addition, “reduced density,” before eq 1 should read
functionals tested, only one, BMK, has a sr_naller MizERan “reduced density gradient,”.
MO05, namely, 4.4 kcal/mol. However BMK is not accurate for (29) Zhao, Y.; Schultz, N. E.; Truhlar, D. G. Chem. Theor. Comput.
bond energies of transition-metal atofJhus we continue to 20((32?0)2,;6?- 3. Couantum Th  Molecular and Solids. Vol 4: Th

: H ater, J. uantum eory o olecular an olias. Vol. 4: e
recommend _M05 as. a functional with bro_ad accuracy for Self-Consistent Field for Molecular and SoliddcGraw-Hill: New York,
organometallic chemistry. Three other functionals developed 1974.
in our group, namely, MPW1B9%, MPWB1K>3® and (31) Becke, A. D.Phys. Re. A 198§ 38, 3098.
PWB6K 52627980 have MUEsr of 5.2-5.42 kcal/mol, only (32) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
slightly better than the local spin density approximation value __(33) Perdew, J. P. lilectronic Structure of Solids 9Ziesche, P.,
. Eschig, H., Eds.; Akademie Verlag: Berlin, 1991; p 11.

of 5.43 kcal/mol. The other 19 func_tlon_als tested have an — (34) perdew, J. P.; Wang, Phys. Re. B 1992 45, 13244.
MUE-x value of 5.6-8.1 kcal/mol, which is worse than the (35) Becke, A. D.J. Chem. Phys1993 98, 5648.
local spin density approximation. Although the local spin density _ (36) Perdew, J. P.; Burke, K.; Erzerhof, Mhys. Re. Lett1996 77,

L - o 3865.
approximation has poor performance for main-group atomization (37) Becke, A. D.J. Chem. Phys1996 104 1040,

energies (see Table 6) and is not recommended for modern  (3g) Agamo, C.; Barone, \i. Chem. Phys1998 108 664.
applications of DFT, it does provide a baseline for further  (39) Hamprecht, F. A.; Cohen, A. J.; Tozer, D. J.; Handy, NJ.CChem.
functional development. Thus, in developing improved density Phys.1998 109 6264.

functionals, we recommend that developers check the MUE- &‘% 232?1?9& ,Hé;'ériec\'ze* CAHe[r?{ gﬂ;snl‘ég;ﬁlggﬁslga 9624.
values to make sure that one does not degrade the accuracy (45 |ynch, B. J.; Fast, P. L. Harris, M.; Truhlar, D. G Phys. Chem.
below that of the local spin density approximation. A 200Q 104, 4811.

(43) Hoe, W.-M.; Cohen, A. J.; Handy, N. Chem. Phys. LetR001,
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