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Improved second-order Mgller—Plesset perturbation theory by separate
scaling of parallel- and antiparallel-spin pair correlation energies

Stefan Grimme®
Organisch-Chemisches Institut der Universibunster, Corrensstrasse 40, D-48149 Matier, Germany

(Received 13 February 2003; accepted 3 March 2003

A simple modification of second-order Mgller—Plesset perturbation thédB2) to improve the
description of molecular ground state energies is proposed. The total MP2 correlation energy is
partitioned into parallel- and antiparallel-spin components which are separately scaled. The two
parametersgscaling factors whose values can be justified by basic theoretical arguments, have been
optimized on a benchmark set of 51 reaction energies composed of 74 first-row molecules. It is
found, that the new method performs significantly better than standard MP2: theeas absolute

error (MAE)] deviation drops from 4.63.3) to 2.3(1.8) kcal/mol. The maximum error is reduced
from 13.3 to 5.1 kcal/mol. Significant improvements are especially observed for cases which are
usually known as MP2 pitfalls while cases already described well with MP2 remain almost
unchanged. Even for 11 atomization energies not considered in the fit, uniform improvements
[MAE: 8.1 kcal/mol (MP2) versus 3.2 kcal/molnew] are found. The results are furthermore
compared with those from density functional thegBFT/B3LYP) and quadratic configuration
interaction [QCISD/QCISOT)] calculations. Also for difficult systems including strong
(nondynamicalcorrelation effects, the improved MP2 method clearly outperforms DFT/B3LYP and
yields results of QCISD or sometimes QCISD quality. Preliminary calculations of the
equilibrium bond lengths and harmonic vibrational frequencies for ten diatomic molecules also
show consistent enhancements. The uniformity with which the new method improves upon MP2,
thereby rectifying many of its problems, indicates significant robustness and suggests it as a
valuable quantum chemical method of general use2@3 American Institute of Physics.

[DOI: 10.1063/1.1569242

I. INTRODUCTION from the usual benchmark sBtwhich emphasize atomiza-
The accurate calculation of total electronic energies ofion energieswhich are a weak point of MP2 but are not

molecules requires an accurate treatment of the many/€"Y relevant for most chemical problemsOn the other
particle (electron correlationeffects. Today, the practicing nand, some of the MP2 problems are actually hidden in ap-
chemist has a wide range of powerful techniques of Varyingohcatlons which often employ too small basis sets as, e.g.,
cost and accuracy at his or her disposal, all of which aré-31G" (for a very good and comprehensive discussion see
finally used to calculate not only absolute but also relativeRef. 9. It is well known that convergence problems in the
energies and other properties of molecules. By usindV@ller—Plesset series appear primarily with extended basis
coupled-cluster type treatmehtsogether with large basis sets!?
sets and extrapolation or R12 techniques, chemical accuracy From the computational point of view there are today
(errors <1 kcal/mol) can be obtained for the ground statefew arguments against using MP2 even for large molecular
atomization energies of small systefis. systems. With efficient approaches, e.g., using localized or-
Prior to the advent of density functional theai®FT),*  bitals (LMP2!*'3 or if formulated in the AO basi§>*'*MP2
second-order Mgller—Plesset perturbation thetWP2)>®  calculations can be performed routinely for systems with
was the simplest and least expensive way of incorporatingundreds of atoms. Especially when used together with the
electron correlation effects iab initio electronic structure resolution-of-the-identity (RI) approximation:>~’ MP2
calculations. It still has certain advantages over DFT, forcomputation times are smaller than those of the preceeding
example when dispersion forces or charge-transfer processemirtree—Fock calculation for up te 1500—2000 basis func-
are important. On the other hand, MP2 is generally considtions. In combination with parallel computers made out of
ered as less accurate compared to the best density functiongifass market PCs, MP2 calculations can be performed for a
available(e.g., B3LYP, for an overview see Refl @nd fur-  huge number of chemical problems consisting of large “real-
thermore not as robust when applied to complicated correlgife” systems. It would be thus desirable to increase the ac-
tion problems occurring in, e.g., biradicals, transition statesgyracy of MP2-type treatments for the problematic cases
or metal-containing compounds. It is important to note, NoW-yhjle keeping most of its other attractive properties.
ever, that MP2 performs in practice better than expected |, this work a simple modification of the MP2 approach
termed SCS-MPZspin-component-scal¢dvhich dramati-
dElectronic mail: grimmes@uni-muenster.de cally increases the accuracy is presented. It is based on a
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separate scaling of the correlation energy contributions fronwith the pair energies
antiparallel- (a8, “singlet”) and parallel-spin(aa, BB,

“triplet” ) pairs of electrons. To the best of our knowledge e :2 (Tf}b—T}’ja)(ian), (4)
(and somewhat surprisinglythis simple approach has never ab

been proposed before although related methods are known. = —

In the SAC (scaling-all-correlatioft® and PC(80)'° ap- &= (T?—.b—Tib—.a)(i_E[j_b), (5)
proaches, the total correlation energy of a particular wave ab : :

function method is scaled by constant factor which is always
larger than unity. Because this type of scaling mainly ac- e”—_=2

counts for basis set deficiencies and does not distinguish in- ab

dividual components of the underlying wave function, onlywhere T are the doubles amplitudesja{jb) is a two-
moderate improvements of relative energies are observegiectron integral in Mullikens notation, angl andab refer
The basic motivation of the present approach is, howeveto occupied and virtual spin orbitals, respectively, beinggof
exactly opposite: low-level methods like MP2 show a sys-spin when over-lined.

tematic energy bias toward unpaired electrons while the con-  The basic idea of this work is that approximate correla-
tributions from spin-paired electrons are underestimatedion treatments which work with nonexact amplitudesle-
This motivates one to use two different scaling factors whichscripe the antiparallel- and parallel-spin pairs differently.

are eXpeCted to be Iarger and smaller than Unity, reSpeCtively}hese Systematic failures are corrected by app|y|ng a sepa-
while keeping the total correlation energy roughly constant.rate scaling of the two contributions:

In a formal sense, the proposed SCS-MP2 method no
longer belongs to thab initio (i.e., systematically improv- Ec,scaled™ PsEst PrEr. @)
ablg class of quantum chemical methods but more to first-The idea of a separate treatment of the two types of pair
principles methodslike DFT) which imply a few(as less as  energies has been proposed before but has only been used to
possible global parameters that can be motivated by theoretextrapolate correlation energies to the complete basis set
ical arguments. Parametrizations of this kind are also used ipmit leading to the CBS family of model chemistriés®*
the popular G2 family of theoridsHowever, like the purab In the framework of Maller—Plesset perturbation thedry,

initio approachesbut opposed to several composite meth-the amplitudesT defining the first-order corrected wave
ods, see, e.g., Ref. R0the proposed SCS-MP2 method is function are given by

based on dascaled wave function which makes quantum .
mechanical interpretation as well as straightforward compu-  rab_ (iajb) ®)
tation of properties of any kind possible. Uoete—ea—ep’

After a brief review of the necessary theory, theoretical,here ¢ represent canonical HF orbital energies. Insertion of

arguments for the size of the scaling factors will be presenteg, .o approximate amplitudes into E¢®—(6) then gives
in Sec. Il. The final parameters will then be determined by

comparisons with accurate quadratic configuration interac- Ec~Ec scsmp= pEL +prEY, 9
tion [QCISD/QCISOT)|?** results for reaction energies of

T2(ia[]b), 6)

broad ¢ svsterfSec. IVB). | Ll which defines the SCS-MP2 correlation energy expression.
a broad range of systentSec. ). In general, large one- Alternatively, one can scale the two parts of the wave func-

particle basis sets will be used in order to explore the inherfion in Eqs.(4)—(6), which seems a convenient way to derive
ent potential of the method. The performance of SCS—MP?energy dérivativés From now on, the parallel- and

for “difficult” systems which are outside the usual applica- antiparallel-spin pair contributions will always refer to those

bility of MP2 will be considered in Sec. IVC. from a MP2 guess for the amplitudésithough this type of
scaling could be applied in other correlation treatments as

IIl. THEORY well) and thus, the superscrig®) (second orderwill be
Assuming a single Hartree—FodldF) reference state skipped. It should be noted that the spin pairs used do not

expressed in canonical spin orbitals, the exact one-particleepresent spin-adapted singlet and triplet functi@ithough

basis set correlation energf.=E.. Eqc can be ex- these terms are sometimes used in the literature, see, e.g.,

pressed by an expansion in all doubly excited determinant$Xef. 25. However, a spin-adapted partitioning gives the

It can be separated further into a sum over antiparallel- angame resultgfor closed-shell systemsand because exten-

parallel-spin components, sion to open-shell cases is more convenient in a spin-orbital
(unrestricted formalism, only the latter will be considered
Ec=Est+Er, @ further.
where Eg and E; are given by contributions from electron There are very basic theoretical arguments that allow us
pairs with aa, BB, and a8 spin as to estimate the magnitude qfs and p; before extensive
empirical tests are to be performéar in other words: the
Ei= 1/22 e+ 1/22 e, 2) observations which have motivated the present apdaitst,
ij

ij the correlation energy of two-electron systems like, e.g., H
or He, which have only oneg-pair contribution, is signifi-
Es= Z ej (3) cantly underestimated by MP280% —85% ofE, is recov-
i ered. In order to correct this systematic behavjwg,must be
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TABLE |. Total correlation energies at MP2, SCS-MP2, and QA/BD  for hydrogen Gaussian basi$ augmented with polarization

levels (in mE;,) and MP2 antiparallel- and parallel-spin components for functions taken from Dunniné% cc-pvQz basis set

various molecules. The percentage of the QQIBxorrelation energy re- .

covered is given in parentheses. [Q%\ég3d2 f.,2p1d)]. For Cr, Fe, and Ni 2{634p3d2 f

sef®3! of triple-¢ quality was used. The results in Tables
-E. I1I-V were obtained with various other AO basis séifso
Molecule “EQ _E® MP2 SCS-MP2  QCISDN) tp show th'at the results are mgrely 'indepe.n(jent of the par-
ticular choice of the basisdescribed in detail in the corre-

b S s, 003 soe2 295 sponding foomotes.

CH, 1657 37.0 2021884 211.2(92.0) 2292 Exc_ept_ |n5 ltﬁhe HF and DFT ca_lculatlons, the RI
H,0 2084 66.0 2744954 272.1(94.6  287.7 approximatiof>!® for the two-electron integrals was em-
N, 290.2 98.0 388.295.9 380.9(94.1)  404.8 ployed which yields errors for absolute correlation energies
F 554.7 137.7 554.196.) 546.3(94.6  577.3 and relative energies less than 0.02% and 0.03 kcal/mol, re-
Os 5953 2132 8085980 785.5(95.3  824.4 spectively. The auxiliary basis sets were taken from Ref. 33
Benzene 736.8 242.8 97982.3 965.2(91.2  1054.1

Cyclohexane 8312 239.7 1074811 1078.2(91.7) 11763 where they_were optimized for punnings cc-pVQZ AO basjs

sets. All singlet state calculations were performed spin-

AverageE. /% 91159 932223 restricted while all other open-shell systems were treated un-
restricted.

In all correlation treatments only valence electrons

larger than unity and a value of 6/5 seems a reasonable fir§§53p included for the Cr, Fe, and Ni compoundsere

guess. If it is further required that the scaled total correlatiorfonSidered and thus core—core and core-valence correlation
energy is equal to that of unmodified MP2, the following effects are completely neglected. These contributions are
expression fop- is derived: known to reach up to 0.5—1 kcal/mol for simple reactidns.

Keeping in mind the uncertainties due to the use of harmonic
frequencies(see the following the DFT geometries, the
large but still incomplete AO basis sets, and including further
the experimental error bars it can be concluded that an agree-
ment between theory and experiment to within 1-2 kcal/mol

: : or reactions involving substantial structural changes can be
(see Table), values forpr in the range 1/5-2/5 are obtained. considered as satisfactory. In fact, that is close to the rms

Because th&g/E+ ratio varies considerably between differ- btained ih  th b h cal del
ent moleculegsee Table)lno precise estimates fpr can be error _obtaine wit the est  theoretical  mode
[r_QCISD(T)/QZV(3d2 f,2p1d)] employed.

obtained theoretically and thus this parameter must be dete’ . . :
. A If not stated otherwise, experimental standard enthalpies
mined empirically on a preferably large test set of molecules

. o . of formation (AH?) were taken from the compilations in
(in fact, that theEs/Ey ratio is not constant and provides a Refs. 34 and 35 The derived standard reaction enthalpies

measure for higher-order correlation effects is the basis OEHO ted t lectroni y iBs
this work). More physically motivated arguments for the R WETE corrected o pure electronic reaction energ_l
(which are considered exclusively in this worgmploying

magnitude ofps and py and a discussion how the scaling g vp/r2vp harmonic frequencies scaled by 0.96. These

works will be given in Secs. IVA and IV D. . . 7
; . . data also include corrections for scalar relativistic effects ob-
It should finally be mentioned that the scaled correlation

. T .. " tained from HF/QZV(3I2 f,2p1d) calculations of the mass-

energy has two important properties: first, it is size- locity and Darwin terms
consistent as long as the individual contributidhsandE+ veloctly '
have this propertywhich is of course fulfilled with MP2
Second, the SCS-MP2 energy is invariant to unitary rotation$v. RESULTS AND DISCUSSION
within the occupied and virtual orbitals, respectively, be-
cause thexB+ Ba and aa+ BB contributions have this in-
variance property This is of particular importance because  In Table I, total correlation energies at MP2, SCS-MP2,
the SCS-MP2 approach can then easily be incorporated iand QCISIIT) levels and the MP2 antiparallel- and parallel-
the efficient local MP2 treatments for very large systems aspin components for some smaller molecules are presented.
well. As scaling parameterps= 6/5 andp;=1/3 (see Sec. IVB
have been employed in the SCS-MP2 approach. In all these
casesE.(MP2) andE.(SCS-MP2) are rather similar in ab-
solute value. On the average, SCS-MP2 recovers slightly

All HF, DFT, MP2, and Rl-integral calculations were more of the QCISDT) correlation energy than MP®3%
performed with theTURBOMOLE suite of programé® The  versus 91% Much more important, however, is that the
QCISD(T)?Y?2 calculations were carried out using tRecc  SCS-MP2 description is more unifor(the percentage df,
code developed in our laboratdfylf not stated otherwise, ranges from 88.6% to 96.2% while MP2 gives 80.2% to
all geometries were completely optimized at the B3B¥#  98.1%, which is also indicated by the smaller standard de-
level using a polarized valence tripfeGaussian basis S8t  viation (2.3% vs 5.9% of the average. A balanced descrip-
(TZVP:[5s3pld]/[3slp]). These were employed in subse- tion of the correlation energies of reactands and products is
quent single-point calculations using a quadruplgriple-{  mandatory for an accurate prediction of reaction energies.

Es
pr=1- - (Ps~1). (10
T

Insertingps= 6/5 as suggested earlier and assumig; £
ratio between three and four commonly found in molecule

A. Correlation energies

Ill. TECHNICAL DETAILS
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TABLE Il. Comparison of calculated reaction energgskcal/mo). The errors refer to the QCISD) value as

reference.
AE Erro
Reaction QCISDT) QCISD MP2 SCS-MP2  B3LYP

1 F,+H,—2HF —132.9 -32 -8.2 -29 2.6
2 F,0+ Hy— Fp+ H,0 675 -24 -39 -25 4.1
3 O;+3H,—3H,0 —220.7 —13.4 0.2 2.1 0.8
4 H,0,+ H,— 2H,0 —-85.9 -2.0 -—46 -1.6 2.3
5 CO+H,—CH,0 -39 00 -08 0.7 -4.1
6 CO+3H,— CH,+H,0 -62.3 -13 -24 1.8 -2.9
7 N,+3H,—2NH, -36.7 -16 -03 4.3 -4.7
8 1CH,+H,—CH, —128.2 08 —-72 -20 -20
9 N,O+ H,—N,+H,0 —-80.2 -5.1 3.9 0.7 7.1
10 HNO,+3H,—2H,0+NH; -119.8 -54 -55 -23 2.4
11 GH,+H,—CH, —-48.8 -0.8 2.0 2.4 -0.9
12 CH=C=0+2H,—CH,0+CH, —42.9 —-2.0 1.9 0.7 25
13 Benzene 3H,— cyclohexane -69.4 —4.5 4.3 2.9 12.0
14  BHy;+3HF—BF;+3H, —-94.0 12 -05 05 -0.6
15 HCOOH-CO,+H, 1.2 1.1 —-23 —-2.8 -0.7
16 CO+H,0—-CO,+H, -6.7 2.3 -37 -1.6 -538
17  GHy+HF—C,HsF -26.9 -0.2 3.2 2.9 -3.2
18 HCN+ H,0— CO+ NH; —-12.7 -1.0 3.1 1.8 0.4
19 HCN+ H,0—HCONH, -21.0 0.1 0.8 2.7 —-5.3
20 HCONH,+ H,0—HCOOH+ NH; 0.4 0.1 0.9 0.3 0.7
21 HCN+NH;—N,+CH, -38.3 -0.6 1.0 -06 2.2
22 CO+ CH,—CH3CHO 4.2 0.8 -1.5 1.0 —-3.2
23 0;+CH;—2H,0+CO —158.4 —-12.0 2.7 0.3 3.7
24 Ny+F—N,F, 17.6 1.3 15 5.1 -6.5
25  BH,+2F,—BF+3HF —246.1 -54 -125 -2.9 8.4
26 2BH;—B,Hg —-43.0 26 —14 3.6 3.3
27  2'CH,—C,H, —198.4 33 -133 -4.1 -35
28 CH;ONO— CH3NO, -3.1 1.1 -54 -3.0 -1.3
29  CH=C—GC,H, —44.6 1.4 -78 -4.7 1.1
30 Allene— propyne -15 -0.3 -3.3 —2.7 3.3
31 Cyclopropene>propyne —23.9 -0.4 -0.3 -1.0 -0.1
32 Oxirane-~ CH;CHO —26.8 —-0.4 1.1 0.2 -1.1
33 Vinylalcohol CH;CHO —-10.1 -05 -0.1 -0.9 0.4
34 Cyclobutene» 1,3-butadiene -11.6 0.3 2.0 0.8 -3.9
35  GH,+'CH,—CsHg —106.5 1.5 -107 -3.1 0.9
36 GH,+ C,H,— cyclobutene -315 0.5 -2.1 1.3 4.1
37 1,3-butadiene C,H,— cyclohexene —44.4 -0.3 —-4.7 -0.3 10.6
38 3GH,—benzene —151.1 2.3 -5.9 4.1 0.3
39 HCN—»CNH(TS)b 47.7 0.2 4.3 4.4 -0.2
40 1,3-butadiene C,H,— cyclohexene(TS) 22.6 5.9 -9.2 -0.3 3.9
41 Cyclobutenes1,3-butadiene(TS) 34.7 32 -07 15 -1.6
42 3CH,—!CH, 9.9 0.9 48 —14 1.9
43 HFHH'—H,F* —122.2 -0.2 1.0 0.1 0.8
44 H,O+H* —H;0" —172.3 -0.7 1.2 0.0 0.4
45 NH;+H*—H,N* —212.5 -0.8 1.2 -04 0.8
46 F +H"—HF —385.1 —-0.4 2.8 1.3 3.0
47 OH +H"—H,0 —407.8 -0.9 3.0 1.2 1.9
48 NH, +H™ —NH; —422.3 -1.3 2.3 0.3 13
49 2NH;—(NH,), -31 0.3 0.0 0.4 0.5
50  2H,0—(H,0), -5.2 03 -01 0.4 0.1
51  2HF-(HF), —4.7 0.2 0.0 0.4 -0.3

MAE® 1.9 3.3 1.8 2.7

rmg’ 33 4.6 2.3 3.8

MAX € 134 13.3 5.1 12.0

AAE—AE(QCISD(T)).
bTransition states for the corresponding reactions.
‘Mean absolute error.
“Root mean square erren/= (AEqgispm— AE)?/N, N=51.
®Maximum absolute error.
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TABLE Ill. Errors of calculate@ atomization energieB,” (in kcal/mol) for tems. Large values around 0.29 are also found in strongly
some small molecules. correlated systems like Cr(C@pr Cq (see Sec. IV E Es-
Erroff pecially saturated molecules like cyclohexane where dy-
namic electron correlation dominates exhibit small ratios
around 0.22. This indicates that scaling B’ damps the

De
Molecule Expt. QCISDT) QCISD MP2 SCS-MP2 B3LYP

H, 1095  —0.4 -04 —-49 -08 0.8 overestimation of nondynamical correlation effects in the

N, 2284  -56  —-142 19 5.9 1.3 standard MP2 procedure.

0, 1205  -29 -105 95 -26 3.6

F, 39.0 -22 -9.2 33 00 -16 _ _

co 2507 —34 ~105 9.8 57 —3.7 B. Reaction energies for well-behaved systems

Eﬂ‘; ggg:g :i:i :g:g :g; 7%‘% %.93 The two parameterpg and p; have been optimized

H,0 2331  —3.2 6.4 0.8 09  -30 by a least-squares procedure fitting to QC(SD

co, 390.2  —6.0 -186 194 91 -14 QZV(3d2 f,2pld) reaction energie$which yields rms de-

F0 93.8 —-4.2 —-16.8 6.1 0.0 04  viations for the set of reactions in Table Il with respect to

Os 1476 -74  -304 191 83 65 experiment less than 1 kcal/moUsing experimental data as

MAE 3.9 11.9 8.1 3.2 25 reference gave very similar final parameters but seems theo-

rms 4.3 14.2 9.8 4.6 2.9 retically not justified because core—core and core—valence

MAX 7.4 304 194 9.1 6.5  correlation effects have been neglected. The benchmark set

%c-pVQZ AO basis. in Table Il consists of 51 reactions including hydrogenations,

PExperimental data and spin-orbit corrections taken from Refs. 3 and 35. additions, fragmentations, isomerizations, proton affinities,

De—De(expt.). and transition states. Atomization energies will be considered
in Sec. IV C.

Optimizing the parameters on the benchmark set of re-
Significant improvements of SCS-MP2 over MP2 are thusactions shown in Table Il gavps and p; values of about
expected and will be investigated in Sec. IVB. Before a1.15-1.2 and 0.3-0.4, respectively, depending on the choice
much broader range of systems will be considered, a closesf reference reactions. The rms error is found to be rather
look on how the separate scaling works should be discussethsensitive to small variations in the parameters, e.g.,
A particular instructive example is the ozone molecule whichchanges by+0.05 results in rms changes of less than 0.2

is well-known for the strongnondynamicalcorrelation con-  kcal/mol. We thus adopt as final parameters
tributions. Here, standard MP2 significantly overestimates

_8 -1
E. compared to the other molecules reaching 98.1% of the Ps=s. Pr=s 1D
QCISD(T) correlation energy. This is clearly reflected by the which define the SCS-MP2 method.
largest parallel-pair contribution, i.e., B$/E{ ratio of Test calculations employing a much smaller cc-pvVDZ

0.264 compared to values less than 0.25 for the other sy$xO basis se{which, however, gives unacceptable large er-

TABLE IV. Reaction energiedE at MP2, SCS-MP2, B3LYP, and QCISD) levels(in kcal/mol for difficult

systems.
AE

Reaction Reference value  QCISD(T) MP2 SCS-MP2 B3LYP
2 benzene-(benzeng)(PD)®  CCSDT)® —-2.74 - —4.56 -2.25 Not bound
2 benzene- (benzene)(T)? ccsoTP —2.78 —-3.34 —-2.02 Not bound
2 ethene- (ethene)(D,q)? QCISD(T) -0.97 -0.97 —1.02 —-0.76 Not bound
Endiyne— p-benzyne Expt. 10.4 13.0 —6.6 4.5 33.7
C,o(bowl)— C,o(cagef MR-MP2 4.4 -12.6 35 41.0
Cego— 20C,¢ Expt. 3389 e 3691 3436 3188
Be,—4B¢€ QCISD(T) 80.3 80.3 101.6 87.4 92.7
P,—2P)f Expt. 55.2 B 63.0 54.4 46.2
Cr(CO);—Cr(CO);+CO Expt. 37 60.8 50.7 36.0
Fe(CO)— Fe(CO)+CO Expt. 42 62.1 54.0 37.8
Ni(CO),—Ni(CO);+CO Expt9 27 57.1 45.2 20.7
(CgHg),Cr—2CsHg+Cr(’S)  Expt. 80 137.4 120.7 295

faug-TZV(2d1f,2p1d) AO basis using MP2/TZV(&,p) optimized geometries. The interaction energies have
been corrected for BSSE by the counterpoise metiiet. 44).

bEstimated complete basis set results for parallel-displ&e&) and T-shapedT) geometries from Ref. 36.
°TzV(2d1f) AO basis using MP2/TZV(&f) optimized geometries taken from Ref. 41 where also the MR-
MP2 reference value has been taken from.

dcc-pVTZ AO basis.

5s3p2d1f] AO basis(Ref. 31.

fcc-pvVQZ AO basis.

9Reference 45.

"DFT/BP86 yields 69.5 kcal/mol.
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TABLE V. Comparison of experimentaand calculatetiground state equi-  worthy are large B3LYP errors around 10 kcal/mol for reac-
librium bond digtance_se (in A) and harmonic vibrational frequencieg (in tions 13, 25, and 37 and the unsystematic behavior for the
cm™ 1) for ten diatomic molecules. hydrogen-bonded dimers.

re we At first sight, the SCS-MP2 results for the hydrogen-
bonded systems (HE) (H,0),, and (NH), seem disap-
pointing. Compared to MP2, which almost perfectly matches

Expt. MP2 SCS-MP2 Expt. MP2  SCS-MP2

B, 1.590  1.5940 1.5885 1051.3 1101 1111 the QCISOT) reference values, the new approach underes-
G 12425 12556 12515  1854.7 1887 1897 timates the interaction energies consistently by 0.4 kcal/mol
N, 1.0977 1.1103  1.1065  2358.6 2205 2254 ioldi its similar to OCISD. It I k h
BF 12525 12643 12644 14021 1411 1411 Yieldingresults similarto QCISD. Itis well known, however,
0, 1.2075 1.2190 1.2066 1580.2 1478 1573  that the performance of MP2 in that area is not uniform and
F, 14119 1.3971  1.4076 916.6 1007 964 that for other weakly bonded systems MP2 strongly overes-
P, 18934 19175 19116  780.8 736 752 timates binding(e.g., m-stacked aromatic compourids?.
SO 1.4811 14913 14807 11492 1149 1198  Thjg proplem will be further investigated in the following.
S, 1.8892 1.8991  1.8936 7257 723 740
Cl, 1.987 1.9852  1.9964 559.7 583 568

C. Further tests
MAE 0.0114  0.0069 51 37 ) ) "
rms 0.0127  0.0087 69 47 Any parametrized theoretical model must be critically
MAX 0.0241  0.0182 154 105 evaluated on systems for which it was originally not in-
e v— tended. Although the SCS-MP2 performance on the bench-
bc-pVQZ AO basis. mark set of reactions is all in all very impressive indicating

significant robustness, more difficult molecular situations

will be considered in this section. The calculated results will
rors compared to experimertid not indicate any significant mostly be compared with the corresponding experimental
basis set dependence of the parameters. It is thus concludddta. Table Il shows results for atomization energies which
that the scaling parameters really improve very basic defiare difficult for any quantum chemical treatment because the
ciencies of the MP2 model and that they are of generalcorrelation effects never cancel between the molecule and its
system-independent character. It should also be mentionembnstituent atomg§‘molecular extra correlation energy.”
here that applying one global scaling factor for the entire  With the exception of M, all atomization energies cal-
correlation energy[1.25 as in the PC80) method®] in-  culated with SCS-MP2 are better than those from standard
creasesthe rms error significantly compared to standardMP2. The rms and mean absolute errors with respect to the
MP2. experimental reference data are reduced from 9.8 and 8.1

The statistical analysis of the data shown in Table II(MP2) to 4.6 and 3.2 kcal/mdiSCS-MP32, respectively. The

shows a systematic and sometimes dramatic improvement ofiaximum error decreases from 19.4 to 9.1 kcal/mol. SCS-
the SCS-MP2 model compared to the original MP2 methodMP2 also performs better than QCISD but not as well as
The rms and mean absolute deviatigiAD ) with respect  B3LYP, which is surprisingly accurate hefi@ contrast to its
to the QCISDT) reference data are reduced from 4.6 and 3.3erformance for the simple reaction# is furthermore seen
(MP2) to 2.3 and 1.8 kcal/mo{SCS-MP2. The maximum that the largest SCS-MP2 corrections and also the largest
error decreases from 13.3 to 5.1 kcal/mol and the number cérrors occur for N, CO,, and Q where the triples contri-
errors larger than 3 kcal/mol decreases from 21 to 9 out obution is large. As mentioned before, this indicates that the
the 51 reactions considerédut of which 36 are better de- scaling procedure implicitly incorporates higher-ordeon-
scribed by SCS-MP2 than by MP2; 33 errors are smalledynamica) correlation effects, although not always accurate
than those of DFT/B3LYP As a general observation, there enough. The QCISO) method slightly underestimates the
are almost no casegeactions 7 and 24 involving Nare D, values which can be explained by remaining deficiencies
exceptiong where SCS-MP2 noticeably worsens a MP2 re-of the cc-pVQZ basis employed. All in all the SCS-MP2
sult. Particularly impressive is the SCS-MP2 performanceesults seem very promising, especially when keeping in
for reactions involving H, F, and singlet methylene where mind that the two parameters hawmet been adjusted to re-
MP2 errors are around 10 kcal/mol. Large improvements arproduce atomization energies.

furthermore observed for the Diels—Alder transition state Finally, some difficult reactions with more practical rel-
ror of —0.3 instead of-9.2 kcal/mo), reactions involving evance are considered. Table IV presents results for the ben-
the NG, group, the methylene S-T gap and vinylidene. zene and ethene dimers, the Bergman reacfiearbon, be-

A comparison with the other theoretical approaches igyllium, and phosphorus clusters, the first CO dissociation
also instructive. All in all, SCS-MP2 reaches results ofenergies of the neutral Cr, Fe, and Ni carbonyl compounds
QCISD quality, which are, however, computationally moreand the dissociation energy of tienzenghromium. All
demanding by orders of magnitudéor, e.g., cyclohexene systems are known as problematic not only for the standard
the computation time ratio is roughly 10000rhe DFT/  MP2 procedure.

B3LYP method, which is usually considered as relatively  As already mentioned in Sec. IV B, MP2 usually over-
accurate, is clearly outperformed by SCS-MP2: the MAD,estimatesr— dispersion interactions, which is clearly seen
rms and maximum errors are 2.7, 3.8, and 12 kcal/moljn the results for the two benzene dimédfer another ex-
which is only slightly better compared to standard MP2 butample see Ref. 37 Compared to the CCSD) reference
significantly larger compared to SCS-MP2. Particularly notevalues® (which may have error bars af 0.2 kcal/mol due to
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use of a small cc-pVDZ basis used in the extrapolation profour cases, standard MP2 predicts too strong binding yield-
cedurg, the MP2 binding energies are larger by as much asng errors in the range 20-57 kcal/mol. Although the SCS-
1.8 and 0.6 kcal/mol for the parallel-displaced and T-shaped1P2 method reduces these errors by 6—17 kcal/mol, a satis-
isomers, respectively. At the SCS-MP2 level, the descriptiorfactory agreement with experiment is still lacking. However,
is much improved: as it should be, the isomers are now veryhe scaling works in the right direction and the errors are
close in energy and the absolute binding ener(@e3 and 2  systematic and seem predictable. On the contrary, B3LYP
kcal/mo) compare favorably also with experimef@.4 and Yields very good results for the carbonyl compouseisors
1.6 kcal/mol, see Ref. 36, and references therdhurther  range from 1 to 6 kcal/molbut fails completely for bigen-
tests performed on other weakly bonded systdofsthe  zengchromium(error of 50 kcal/mal. In the latter case, the
ethene dimer in Table I\Vgenerally indicate that the SCS- admixture of Hartree—Fock exchange into the density func-
MP2 method systematically underestimates the dispersiotional is clearly counterproductive as can been seen by the
interaction (by 10%-20% compared to QCISO) or very good results obtained with the pure BP86
CCSDT) results in the same basis set. Opposed to standaftnctional;?“3which is in error only by about 11 kcal/mol.
MP2, however, the results seem to be more consistent, i.e., It is clear that the performance of the proposed SCS-
relatively independent of the actual system studied. With sufMP2 model must also be evaluated on properties other than
ficiently large basis sets, the SCS-MP2 method therefor€nergies. Because analytical gradients have not yet been
seems attractive to study even larger systems including ~ implemented, only preliminary tests could be performed. In
interactions(e.g., DNA base pair stackijg Table V, equilibrium bond distances and harmonic vibra-
The Bergman reactioif, where ap-benzyne biradical is tional frequencies obtained by calculation of a fraction of the
formed from the highly unsaturated endiyne molecule, is alsdotential energy curves for ten diatomic molecules are pre-
difficult to describe. According to experiment and QCISD  sented.
calculations(for other theoretical work see Ref. 33he re- Inspection of the data in Table V already shows that the
action is slightly endothermic by about 10 kcal/mol. With e data calculated by MP2 compare favorably with experi-
standard MP2, the correlation energymbenzyne is over- Mment(MAE 0.011 A). Nonetheless, SCS-MP2 also provides
estimated such that it becomes more stable than the endiyfgre uniform improvement$MAE 0.007 A). Particularly
yielding a wrong sign foAE. This failure is almost quanti- noteworthy are the good SCS-MP2 results for the more prob-
tatively corrected by SCS-MP2. lematic molecules |5 O,, and SO where the MP2 errors are
The energetic description of the isomers of,@epre- largest. On average, also the SCS-MP2 vibrational frequen-
sents a challenging problem for any quantum chemicafies are better than those from MRRIAE of 37 versus
method. In a recent stutfsummarizing previous theoretical 51 ¢m ). Although these promising results must be further
results, strong distinctions between the methods on the ord¥grified on larger systems, it is indicated that the success of
of 100 kcal/mol have been reported. This problem has beelne introduced scallng.procedure also transfers to properties
reinvestigated in Ref. 41 using the multirefereitR)-Mp2 ~ Other than the energy itself.
method. An energy difference of 4.4 kcal/mol between the
bowl and cage isomers has been reported, which is almo&- Known problems

exactly reproduced with SCS-MR, however, a tiny frac- The results for a wide range of systems discussed so far
tion of computation time Again, standard MP2 yields a indicate that SCS-MP2 is almost always better than standard
wrong sign forAE. MP2. There are, however, cases known where the correction

Similar observations as forgare found in the(hypo-  introduced by the scaling of the different spin components is
thetica) dissociation reaction of the (g fullerene to 20G  very small. As already mentioned, the scaling mainly effects
molecules. Again, MP2 strongly overestimates the correlathe parallel-spin pair energies which are dominated by cor-
tion energy of the delocalized cage structure yielding an errelations between electrons in distant orbitals. In essence,
ror for AE of more than 300 kcal/malabout 8% ofAE). SCS-MP2 increases the short-rangegnamica) correlation
The SCS-MP2 correction is larg@55 kcal/mo) and reduces energy(by ps) and decreases the long-rarigendynamical
the error with respect to experiment to 47 kcal/mol, which iscontributions(by p;) which are usually overestimated by
only a tiny fraction(0.13% of AE. MP2. It is thus obvious that strong correlation effects of

Strong correlation effects are also at work in the Bed  spatially close lying electron@s, e.g., during homolytic dis-

P, clusters. With MP2, the dissociation energies are overessociation or in strongly coupled biradicals like twisted
timated by about 20 and 8 kcal/mol, respectively. With theetheng are not accounted for and that the SCS-MP2 and
new SCS-MP2 method the errors are reduced to 7 antP2 errors are then of the same magnitude. One should keep
<1 kcal/mol. in mind that SCS-MP2 is still based on simple second-order

For all the aforementioned systems, B3LYP turns out beperturbation theory, which must fail in such situtations where
unreliable. The benzene and ethene dimers are not bound aso more sophisticated single-reference correlation treat-
all and the errors for the other reactiofexcluding Go) ments[including QCISOT)or CCSOT)] are not always ap-
range from 9 to 37 kcal/mol, which is unacceptable in pracplicable.
tice. For the G, reaction, the error from B3LYP is 200 kcal/ Out of the more than one-hundred molecules investi-
mol, i.e., not much less than that from standard MP2. gated with SCS-MP2, there is only one case known so far

Finally, the dissociation processes of transition metaWwhere the results are significantly worse than those of MP2.
complexes in low oxidation states will be considered. In allFor the beryllium dimer, SCS-MP2 underestimates the bind-
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