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Towards multireference equivalents of the G2 and G3 methods
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Mark A. Freitag and Mark S. Gordon®
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The effect of replacing the standard single-determinant reference wave functions in variants of G2
and G3 theory by multireferenc@MR) wave functions based on a full-valence complete active
space has been investigated. Twelve methods of this type have been introduced and comparisons,
based on a slightly reduced G2-1 test set, are made both internally and with the equivalent
single-reference methods. We use CASPT2 as the standard MR-MP2 method and ®RE€the

higher correlation procedure in these calculations. We find that MR4B2,SVB, MR-G2(MP2),

and MR-G3MP2) perform comparably with their single-reference analogs,(MF2,SVB,
G2(MP2), and G3MP2), with mean absolute deviationADs) from the experimental data of

1.41, 1.54, and 1.23 kcal mdl, compared with 1.60, 1.59, and 1.19 kcal Mglrespectively. The
additivity assumptions in the MR4Gmethods have been tested by carrying out MR-G2/MRQI

and MR-G3/MRCHQ calculations, which correspond to large-basis-set MR@+ZPVE+HLC
calculations. These give MADs of 1.84 and 1.58 kcal Miptespectively, i.e., the agreement with
experiment is somewhat worse than that obtained with the MRMB2) and MR-G3MP2)
methods. In a third series of calculations, we have examined pure MP2 and MR-MP2 analogs of the
G2 and G3 procedures by carrying out large-basis-set MP2 and CASEZPXE+HLC)
calculations. The resultant methods, which we denote G2/MP2, G3/MP2, MR-G2/MP2, and
MR-G3/MP2, give MADs of 4.19, 3.36, 2.01, and 1.66 kcal iolrespectively. Finally, we have
examined the effect of using MCQDPT?2 in place of CASPT2 in five of our MiRpBcedures, and

find that there is a small but consistent deterioration in performance. Our calculations suggest that
the MR-G3MP2) and MR-G3/MP2 procedures may be useful in situations where a multireference
approach is desirable. @001 American Institute of Physic§DOI: 10.1063/1.1411998

I. INTRODUCTION There are, however, many systems for which this assumption
o ) ) may not be appropriatelmportant examples include transi-

_The prediction of thermodynamic properties, such as aty,, gtrctures for many chemical reactions, regions of po-

omization energies, ionization energies, electron afflnltlestential energy surfaces in which bonds are dissociating or

nd heats of formation, to “chemical uracy” has lon . C . _
and heats of formation, to “chemical accuracy” has lo ng{mlng near conical intersections, as well as the vast major-

been a g(_)al Qf qgant_um .Chem'StS’ and there has been grei%/ of electronic excited statésln addition, first-row transi-
progress in this direction in recent yeanslethods that have ..
tion metal complexes and unsaturated compounds that con-

been developed in an attempt to achieve this goal, includg[a in t i al | ft t well d ibed b
the Gaussian serid&n, n=1, 2 or 3 of model chemistries ain transition metals are aiso often not well described by a

developed by Curtiss, Raghavachari, Pople an&ingle-determinantwavefunction. For such species with pro-

co-worker~4 the complete-basis-s€EBS) methods of Pe- nouqced multireference characFer, tha Qethods may not
tersson and co-workePsthe BAC-MPX (X=2 or 4 meth-  Provide accurate thermodynamic quan_tlﬁes. _
ods due to Melius and co-worketshe W1, W2 and related The aim of the various @ models is generally to esti-
methods of Martirf,and the extrapolation procedures due toMate energies at a high correlation level, typically quadratic
Dunning, Feller, Dixon, Peterson, and co-workéfEhe G2 configuration interactiofQCISD(T)),' with a large basis
and G3 methods and their variaitsin particular, have be- Set. This is achieved by starting with a modest-basis-set
come very popular among both theoreticians and expermer?CISD(T) calculation and estimating the effect of moving to
talists, because of their ability to predict accurate thermodya larger basis set at the MP2 and /or MP4 levels, i.e., assum-
namics for a wide variety of chemical compounds. ing the additivity of basis set and correlation effects. In ad-

One potential drawback of the iGapproaches is that dition, a zero-point vibrational energy correction is incorpo-
they are based on the presumption that the chemical specieated, as well as a *higher level correction,” which is
of interest can be well described by a single configurationjntended to account for any remaining deficiencies in level of
i.e., it can be well represented by a single Lewis structuretheory and basis set. In a multirefereri®R) Gn approach,

the analog of MP2 would be MR-MP2 while the analog of

aE|ectronic mail: radom@rsc.anu.edu.au QCI would ideally be MR-QCI. Unfortunately, codes for car-
bElectronic mail: mark@si.fi.ameslab.gov rying out MR-QCl[or related coupled clustéMR-CC)] cal-
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TABLE I. Higher-level-correction parameter§in mHartreeg for the TABLE Il. Higher-level-correction parameter§in mHartreeg for the
MR-G2 and G2-type methods. MR-G3 and G3-type methods.

Method A Method A B C D
MR-G2(MP2.SVP 8.250 MR-G3(MP2) 11.086 2.493 10.368 1.713
MR(QD)-G2(MP2.SVP 8.731 MR(QD)-G3(MP2) 11.575 2.705 10.697 1.822
MR-G2(MP2) 7.542 MR-G3/MRCI+Q 11.158 3.605 9.564 2.912
MR(QD)-G2(MP2) 7.820 MR-G3/MP2 12.900 1.799 13.099 1.915
MR-G2/MRCI+Q 6.469 MR(QD)-G3/MP2 13.135 1.819 13.177 1.749
MR-G2/MP2 8.802 G3/MP2 7.579 4,157 9.970 0.573
MR(QD)-G2/MP2 9.437
G2/MP2 4.246

) ) ) . set of MR-Gh procedures, we retain the same geometries
culations are not widely available at the present time. We{MPZ(fuII)/G-SlG(d)] and ZPVEgscaled HF/6-31G{)] as
have selected multireference configuration interaction with, ine @ methods and these are thus taken from the G2 data
single and double substitutioni¥R-CISD) as the best cur-  pasell This makes it easier to identify inherent MRaGlif-

rent alternative. _ ferences. The current single-configuration levels of theory
The present multireference analogs of both the G2 and replaced by multireference analogs as follows:
G3 methods are described in Sec. Il. It is important as a first

step in developing MR-6 procedures that may be usefully SCF=MCSCF, ()
applied to problems requiring a multireference approach, to MP2=MR-MP2 &)
examine the performance of such procedures for systems that ’
are reasonably described by single-reference treatments. That QCISD(T)=MR-CISD. 4

?S the prin_cipal aim Qf the present study_ and th_e G2-1 test S(?\'{/ICSCF refers to multiconfiguratiodMC) self-consistent-
is well suited for this purpose. Accordingly, since the Newe 4 (SCP calculations based on the CASSCRe. 12 or

multireference procedures are essentially untested with rel‘fORS(Ref 13 prescription. We include all valence elec-
spect to their ability to reliably predict accurate thermody-,[rons and .valence orbitals .in the “active space.” For ex-

namic quantities in the manner of then@ethods, Sec. Il . .
. . . ample, the active spaces for methane, ammonia, and water
contains a detailed assessment of their performance on a

slightly modified G2-1 test set. We also examine the perfor-are [8, 8], [8, 7], and[8, 6], respeciively, where the first

mance of pure MP2 and MR-MP2 analogs of G2 and ngumber is the number of active e_Iectron§ and the secpnd
number refers to the number of active orbitals. By choosing

Lﬁgzz-}t;n;":::Iys,eccor}::/lusmns that emerge from our study are-a full-valer]ce CASSCF appr_oach, we obtain a proc_edure that

T is well-defined for any species, but the downside is that the
cost rises very rapidly with molecular size. Our standard
Il. METHODS MR-MP2 multireference second-order perturbation theory
A. Relationship between the G n and MR-G n methods method is the CASPT2 procedure developed by Roos and
co-workerst*!* We also examine results obtained with the
Sf11u|ticonfigurati0n quasidegenerate second-order perturba-
tion theory method, MCQDPT2, developed by Nakahae

The simplest version of the G2 method, referred to a
G2(MP2,SVB,*®30 is based on the following additivity ap-
proximation to estimate the QCISD energy for the ex-

. note that analytic gradients for MCQDPT2 have been de-
tended 6-312 G(3df,2p) basis set, rived, also by Nakand’ and are currently being imple-
E[QCISD(T)/6-311+G(3df,2p)] mented into the electronic structure codamess®® This

may be important in more refined versions of MR-@&
~E[QCISDT)/6-31Gd) ] which the geometries are reoptimized at MR-MRather
+E[MP2/6-311+G(3df,2p)]— E[MP2/6-31Gd)]. than simply using the MP2 geometries ofi Geory).
The remaining step in the MR+Gmodel requires a
(1) multi-reference energy calculation at a level of theory that is
The GZMP2,SVB energy is derived by adding to this, comparable to QCISO). The obvious choice would be
firstly a zero-point vibrational energ? PVE) obtained from  MR-QCISD(T). While several groups have worked on mul-
scaled(by 0.8929 HF/6-31G() vibrational frequencies, and tireference coupled cluster methddshere are no efficient,
secondly a “higher level correction(HLC). The HLC is an  general MR-CCSDI) codes available at the present time.
empirical correction which is determined by minimizing the So, while in the long term it is desirable to use MR-
mean absolute deviatiofMAD) between experiment and QCISIXT) or MR-CCSIOT) for this step of the method, in
theory for the thermochemical quantities in a test set of molthe short term we will use the internally-contracted MR-
ecules(see below. CISD (of Werner and Knowle€® with the Davidson cluster
The multireference versions of thenGschemes are correction(Q). We will refer to this method as MRGIQ
based on the same premise as the single-reference versighroughout the present work.
namely, that the effects of improvements in the basis set and In this manner, we have constructed the MR-G2-type
treatment of electron correlation are additive. In our initialand MR-G3-type methods defined by E¢S), (6), and(7),
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TABLE Ill. MR-G2(MP2,SVB heat of formation, ionization energies, electron affinities, and proton affinities.
Values in parentheses are the differences between experimental and WRZB3VP values?

Species Species Species
Heats of LiH 30.3(+3.0 PH; 3.1(-1.9 F, 0.5(—0.5
formation BeH 84.2-2.5 H,S —-5.2(+0.3 CO, —96.5(+2.4)
CH 141.6(+0.9) HCI —23.2(+1.0) Na, 29.4(+4.6)
CH,°%B; 94.9(-1.2) Li, 47.4(+4.2) Si, 139.7(+0.2)
CH,'A, 100.8(+2.0) LiF —80.5(+0.4) P, 35.3(—1.0)
CH, 34.5(+0.5 C,H, 54.4(-0.2 S, 32.6(-1.9
CH, —20.0(+2.1) C,H, 15.2(-2.7) Cl, 1.1(-1.2
NH 85.9(—0.7 CN 106.8(—1.9 NaCl —46.1(+2.5
NH, 44.7(+0.4) HCN 31.6(-0.1) Sio —22.5(-2.1)
NH, -9.1(-1.9 co —28.5(+2.1) cs 64.5(+2.4)
OH 8.7(+0.7 HCO 9.5(4+0.5 SO 3.5(-2.3
H,O —~57.7(-0.2) HCHO —26.4(+0.9 clo 26.2(—2.0)
HF —65.6(+0.5 CH;OH —48.4(+0.9 CIF —12.5(+0.7)
SiH, 1A, 62.9(+2.3 N, -0.2(+0.2 CHLCI —21.4(+1.9
SiH, °B, 87.2(—1.0 N,H, 23.8(—1.0 CH,SH -7.4(+1.9
SiH; 48.2(-0.3  NO 20.6(+1.0  HOCI —17.8(+0.0
SiH, 75(+0.7) O, 12(-12 SO —65.8(—5.2)
PH, 33.5(-0.9 H,0, -32.5(+0.0
lonization Li 123.4(+0.9) cl 296.2(+2.9) HCl 293.2(+0.9
energies Be 219.8-4.9 CH, 293.0(-2.0 C,H, 262.3(+0.6)
B 189.2(+2.2) NH, 233.0(+1.8 C,H, 240.8(+1.5
C 257.8(+1.9) OH 300.1(-0.1) co 324.1(-1.0
N 334.1(+1.2 OH, 291.2(-0.2 N, 23 359.0(+0.3
o] 313.0(+0.8) HF 371.1(-1.2 N, 2T1, 384.1(+1.0
F 402.4(—0.7) SiH, 253.5(+0.2 O, 279.8(—1.5
Na 114.1(+4.4) PH 233.0(+1.1) P, 243.2(—0.4)
Mg 178.7(—2.4) PH, 224.8(+1.6) S, 213.1(+2.7)
Al 137.2(+0.8) PH, 228.4(—0.8 cl, 265.0(+0.2)
Si 186.9(+1.0 SH 237.7(+1.9 CIF 291.6(+0.3
P 241.4(+0.5) H,S?B, 240.4(+1.0) CSs 262.9(—1.6)
234.4(+4.5 H,S2%A,; 294.0(+0.7)
Electron C 31.6-2.5 CH, —-1.7(+3.5 SH 53.2(+1.2)
affinities o) 33.6(+0.1) NH 7.9(+0.9 0, 11.1(-1.0
F 81.0(—2.6 NH, 17.5(+0.3 NO -0.9(+1.9
Si 32.2(-0.3 OH 42.9(-0.7) CN 91.7(-2.7)
P 14.2(+3.0 SiH 27.7(+1.7) PO 24.5(+0.6)
S 46.3(+1.6) SiH, 23.2(+2.7) S, 37.5(+0.9
Cl 83.9(—0.5 SiH, 33.6(—1.1) cl, 53.9(+1.2)
CH 27.4(+1.2 PH 22.0(+1.8
CH, 16.0(—1.0 PH, 28.7(+0.6)
Proton NH 205.4(-2.9 SiH, 153.5(+0.5) HCI 133.1(+0.5
affinities HO0 160.8(+4.3 PH; 185.3(+1.89
CH, 153.5(-1.2) H,S 167.6(+1.2)

3/alues in kcal mol'. The heats of formation are 298 K values, whereas the remaining quantities refer to 0 K.

E[MR-G2(MP2,SVP] E[MR-G3(MP2)]
=E[MRCI+Q/6-31Gd)] =E[MRCI+Q/6-31Gd)]+ (E[ CASPT2/G3MP2large
+ (E[CASPT2/6-31%G(3df,2p)] —E[CASPT2/6-31Gd)]) + AE(SO) + ZPVE+HLC.
—E[CASPT2/6-31@d)]) + ZPVE+HLC, (5) (7)

E[MR-G2(MP2)]
The spin—orbit correctiol AE(SO)] used in our MR-
=E[MRCI+Q/6-311Gd,p)] G3(MP2) calculations[Eq. (7)] is the same as that used in
G3 theory*
+(E[CASPT2/6-31%G(3df,2 . . . . .
(Bl ( P)] In order to investigate the additivity assumptions in Eqgs.
—E[CASPT2/6-311@d,p)]) + ZPVE+HLC, (6) (5)—(7), we have also constructed the multireference equiva-
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TABLE IV. MR-G2(MP2) heats of formation, ionization energies, electron affinities, and proton affinities.
Values in parentheses are the differences between experimental and WRB Xalues?

Species Species Species
Heats of LiH 30.6(+2.7) PH; 1.3(+0.0 F, 1.2(-1.2
formation BeH 83.0—-1.3 H,S —-5.9(+1.0 CO, —95.0(+0.9
CH 141.4(+1.1) HCI —23.5(+1.9 Na, 29.8(+4.2)
CH, 3B, 94.5(—0.8 Li, 47.9(+3.7) Si, 140.4(—0.5)
CH, A, 100.0(+2.8) LiF —81.3(+1.2 P, 36.7(—2.4
CH; 33.8(+1.2 C,H, 55.9(—-1.7) S, 33.3(-2.6
CH, —20.9(+3.0 C,H, 11.4(+1.1) Cl, 1.5(—1.5
NH 85.7(—0.5 CN 108.4(—3.5 NaCl —45.7(+2.1)
NH, 44.2(+0.9 HCN 32.9(-1.9) Sio —22.4(-2.2)
NH, -9.8(-1.2 co —27.8(+1.9 cs 65.7(+1.2)
OH 8.5(+0.9 HCO 10.2(—0.2 SO 4.0(-2.89
H,O —58.2(+0.4) HCHO —26.3(+0.3 clo 26.6(—2.4)
HF —65.5(+0.9 CH;OH —48.9(+0.9 CIF —-11.9(-1.3
SiH, 1A, 61.4(+3.8) N, 1.0(—1.0) CHLCI —21.3(+1.7)
SiH, °B, 85.7(+0.5 N,oH, 23.2(—-0.9) CH,SH -5.2(-0.3
SiH; 458(+2.)  NO 21.3(+0.3  HOCI -17.7(-0.D)
SiH, 40(+42 O, 15(-15 SO —64.6(—6.4)
PH, 324(+0.7  H0, —32.6(+0.1)
lonization Li 123.4(+0.9) cl 295.5(+3.6) HCl 292.9(+1.1)
energies Be 218.6-4.0 CH, 293.4(—2.9 C,H, 262.0(+0.9
B 190.2(+1.2) NH, 232.9(+1.9 C,H, 244.6(—2.3
C 258.5(+1.2) OH 299.5(+0.5) co 324.1(-1.0)
N 334.1(+1.2 H,O 291.0(+0.0) N, 23 358.5(+0.9
(0] 312.3(+1.5 HF 370.3(-0.9 N, 2T1, 383.6(+1.5
F 401.4(+0.3 SiH, 254.6(—-0.9 O, 279.3(—-1.0
Na 114.1(+4.4) PH 232.9(+1.2) P, 242.6(+0.2)
Mg 178.2(-1.9 PH, 224.6(+1.8 S, 212.9(+2.9
Al 137.2(+0.8) PH, 228.3(-0.7) Cl, 264.4(+0.9)
Si 187.0(+0.9 SH 237.3(+1.9 CIF 290.9(+1.0
P 241.2(+0.7) H,S?B, 240.1(+1.3 cs 262.9(—1.6)
233.8(+5.1) H,S2%A,; 294.0(+0.7)
Electron C 31.6-2.5 CH, —-1.8(+3.6) SH 52.6(+1.9
affinities o) 32.6(+1.1) NH 7.4(+1.9 0, 10.1(+0.0)
F 79.4(—-1.0 NH, 17.2(+0.6) NO -1.3(+1.8
Si 32.3(—0.4) OH 42.1(+0.2) CN 91.6(—2.6)
P 13.9(+3.3 SiH 27.8(+1.6 PO 24.1(+1.0
S 45.7(+2.2 SiH, 23.1(+2.9 S, 36.6(+1.7)
cl 83.0(+0.4 SiH, 33.4(-0.9) Cl, 52.9(+2.2)
CH 27.2(+1.9) PH 21.6(+2.2)
CH, 16.1(—-1.1) PH, 28.1(+1.2
Proton NH 205.6(—3.1) SiH, 153.4(+0.6) HCI 133.8(—-0.2
affinities HO 161.0(+4.1) PH, 186.3(+0.9)
CH, 153.9(-1.6) H,S 168.4(+0.4)

3/alues in kcal mol'. The heats of formation are 298 K values, whereas the remaining quantities refer to 0 K.

lents of the G2/QCI methd®?! and its G3 analof [Eqs. MP2, MR-G2/MP2, and MR-G3/MPZ For example, the

(8) and(9)], multireference versions correspond to large-basis-set
CASPT?2 calculations,

E[MR-G2/MRCI+Q]

=E[MRCI+Q/6-311+G(3df,2p) ]+ ZPVE+HLC, (8) E[MR-G2/MP2=E[ CASPT2/6-31% G(3df,2p)]
E[MR-G3/MRCI+Q] +ZPVE+HLC (10)
=E[MRCI+Q/G3MP2largé+ AE(SO)+ ZPVE+HLC.  and
C) E[ MR-G3/MP2=E[ CASPT2/G3MP2larget AE(SO)

In a third set of calculations, we have investigated the +ZPVE+HLC. (11
performance of pure MP2 and MR-MP2 analogs of G2- and
G3-type procedures, denoting such methods as G2/MP2, G3he single-reference analogs are obtained as
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TABLE V. MR-G3(MP2) heats of formation, ionization energies, electron affinities, and proton affinities.
Values in parentheses are the differences between experimental and WRBYalues?

Species Species Species
Heats of LiH 30.5(+2.9 PH, 3.7(-2.4 F, -1.5(+1.5
formation BeH 83.3-1.6 H,S —-4.9(+0.0 CO, —-94.8(+0.7)
CH 141.2(+1.3 HCI -23.1(+1.0 Na, 29.5(+4.5
CH, 3B, 93.9(-0.2) Li, 47.5(+4.1) Si, 138.7(+1.2)
CH, A, 101.3(+1.5 LiF —80.3(+0.2 P, 35.7(—1.4
CH, 34.3(+0.7) C,H, 54.7(-0.5 S, 31.5(-0.9
CH, —19.3(+1.4) C,H, 15.8(-3.9 Cl, 0.0 (+0.0)
NH 85.0(+0.2 CN 107.3(—2.4) NaCl —46.6(+3.0
NH, 44.8(+0.3 HCN 32.4(-0.9 Sio —-23.7(-0.9
NH, —8.4(—2.6) co —27.2(+0.8 CS 64.9(+2.0)
OH 8.2(+1.2) HCO 10.2(—0.2) SO 2.2(-1.0
H,O ~57.5(-0.3 HCHO —25.3(-0.7) clo 25.6(—1.4)
HF —65.6(+0.5 CH;OH —47.3(-0.7) CIF —12.5(-0.7)
SiH, 1A, 63.0(+2.2) N, 0.7(-0.7) CHCI —20.5(+0.9)
SiH, °B, 86.0(+0.2 NoH,4 25.2(-2.9 CH,SH -6.7(+1.2
SiH; 475(+0.4  NO 21.3(+0.3  HOCI —17.8(+0.0
SiH, 74(+08 O, 02(-02 SO —66.0(—5.0
PH, 33.2(-0.)  H0, —32.6(+0.1)
lonization Li 124.2(+0.1) cl 296.7(+2.4) HCl 293.7(+0.3
energies Be 219.6-4.7) CH, 293.2(-2.2 C,H, 264.3(—1.9)
B 189.9(+1.5) NH, 232.7(+2.1) C,H, 241.0(+1.3
C 258.5(+1.2) OH 299.6(+0.4) co 324.5(—1.4)
N 334.5(+0.9 H,O 291.0(+0.0 Ny 22; 359.1(+0.2
e} 312.9(+0.9 HF 370.6(-0.7) N, 2T, 384.2(+0.9
F 401.7(+0.0) SiH, 254.1(—0.4) 0, 280.9(—2.6)
Na 115.1(+3.4) PH 234.8(-0.7) P, 243.7(-0.9
Mg 178.9(—2.6) PH, 226.7(—0.3 S, 215.1(+0.7)
Al 138.5(—0.5) PH, 228.9(-1.3 Cl, 265.9(—0.7)
Si 187.9(+0.0) SH 238.6(+0.5 CIF 292.0(-0.2)
P 241.8(+0.1) H,S?B, 241.2(+0.2) cs 263.2(—1.9
235.9(+3.0) H,S2%A,; 294.6(+0.1)
Electron C 31.2-2.1) CH, —25(+4.3 SH 54.2(+0.2)
affinities o) 31.8(+1.9 NH 6.6(+2.2 0, 10.4(-0.3)
F 78.6(—0.2 NH, 16.7 (+1.1) NO -0.3(+0.8
Si 33.2(-1.3 OH 41.4(+0.9 CN 91.6(—2.6)
P 15.9(+1.3 SiH 29.7(-0.3 PO 26.2(—1.1)
S 47.5(+0.4) SiH, 25.2(+0.7) S, 38.7(—0.4)
cl 83.7(-0.3 SiH, 34.3(-1.8 Cl, 57.4(—2.3
CH 27.7(+0.9 PH 23.3(+0.5
CH, 15.1(-0.1) PH, 29.8(—0.5
Proton NH 206.0(—3.5 SiH, 153.3(+0.7) HCI 132.7(+0.9
affinities HO 161.1(+4.0) PH, 184.9(+2.2)
CH, 153.1(-0.8) H,S 167.0(+1.8

3/alues in kcal molt. The heats of formation are 298 K values whereas the remaining quantities refer to 0 K.

E[ G2/MPZ]=E[MP2/6-311G(3df,2p)] E[MR(QD)-G2(MP2,SVP]
+ZPVE+HLC (12) — E[MRCI+Q/6-31Qd)]
+(E[MCQDPT2/6-31% G(3df,2p)]
— E[MCQDPT2/6-31Gd)]) + ZPVE+HLC.  (5a)

and

E[ G3/MP2 = E[ MP2/G3MP2larg¢+ AE(SO)
Similar definitions apply to MCQDPT2 analogs of MR-

+ZPVE+HLC. (13  G2MP2), MR-G3MP2), MR-G2/MP2, and MR-G3/MP2.
Unless otherwise noted, all energy calculations were car-
Finally, we have examined for five of the methods, theried out usingvoLPro 96 [Ref. 23a)] and MoLPRO 923
effect of using MCQDPT2 in place of CASPT2. For ex- MOLPRO is currently the most efficient code available for
ample, MRQD)-G2(MP2,SVB is defined by such calculations. The MCQDPT2 calculations were per-
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TABLE VI. Comparison of the mean absolute deviatigksal mol™) from TABLE VII. Comparison of mean absolute deviatiofAD, kcal mol™?)
experimental data for multi- and single-reference G2 and G3-type methodsfrom experimental data for multi- and single-reference G2 and G3-type

methods?
Test set AH; IE EA PA Total

- Method MAD Method MAD
Number of comparisons 53 38 25 7 123
G2(MP2,SVBP 1.36 1.87 2.05 0.81 1.63 G2(MP2.SVP 1.60 MR-GZMP2.SVP 1.41
MR-G2(MP2,SVP 1.38 1.38 1.40 1.76 1.41 G2(MP2) 1.59 MR-GZMP2) 1.54
MR(QD)-G2(MP2,SVP 1.55 1.42 132 193 1.48 G3(MP2) 1.19 MR-GIMP2) 1.23
G2(MP2) 1.33 1.88 1.98 0.64 1.59 G2/QcP 1.17 MR-G2/MRCHQ 1.84
MR-G2(MP2) 1.56 1.49 1.55 1.54 1.54 G3/QCI MR-G3/MRCI+Q 1.58
MR(QD)-G2(MP2) 1.76 1.47 1.56 1.43 1.61 G2/MP2 4.19 Mr-G2/MP2 2.01
G3(MP2) 1.13 1.29 1.23 0.93 1.19 G3/MP2 3.36 MR-G3/MP2 1.66
MR-G3(MP2) 1.23 1.13 1.12 1.98 1.22
MR(QD)-G3(MP2) 1.35 1.13 1.13 2.07 1.28 °All data refer to the 123 molecule test set. In the case of the standard G
G2/QcP 1.19 1.11 122 117 1.17 methods, this involved reoptimization of the HLC parameters for the re-
MR-G2/MRCI+Q 1.95 1.35 2.33 1.87 1.84 duced set, leading to results that differ slightly from published values based
MR-G3/MRCIHQ 167 120 184 2.07 158 0 the full G2-1 testRefs. 3, 4.
G2/MP2 561 345 294 181 4.19 Data obtained from Ref.(B) and refer to the full 125 energy G2-1 test set.
MR-G2/MP2 1.69 2.29 232 170 2.01
MR(QD)-G2/MP2 2.26 2.25 2.53 2.00 2.29
G3/MP2 424 280 274 197 3.36 give the smallest mean absolute deviation from experiment
MR-G3/MP2 160 163 177 1.85 166 for the 123 energy comparisons in our slightly reduced G2-1
MR(QD)-G3/MP2 2.00 1.77 1.84 2.07 1.90

test set. We have employed the same minimization procedure
@Unless otherwise noted, all data refer to the 123 energy test set. In the caé® Cur_t|s§, and we are able to repro_du_ce the higher level
of the standard & methods, this involved reoptimization of the HLC pa- Correction and the mean absolute deviation reported by Cur-
rameters for the reduced set, leading to results that differ slightly fromtiss et al. for the GZMP2) method from the raw electronic

published values based on the full G2-1 test(fadfs. 3 and % 130 i ; _
PData obtained from Ref.(B) and refer to the full 125 energy G2-1 test set. energ|e§’. The Opt!mIZGQA parameters for the various G2
type methods are listed in Table 1.

formed withcamess!® The total energies for all the systems 3. The G3 higher level correction
investigated in the present study, as well as the MCQDPT2
tables of relative energies, are available as an EPAPS doc
ment(Tables S-I to S-XIX.24

In the G3 method, there are separately optimized higher-
Yevel-correction terms for molecules and atoms. They have
the form shown in Eq(15) (molecule$ and Eq.(16) (atoms,

B. The higher level correction HLC=—Ang—B(n,—np), (15

The G2 and G3 methods involve different forms of HLC=—-Cng—D(n,—np). (16)

higher level corrections. The derivation of the parametergye pave used the same form of the HLC for all the G3-type
involved in the G2 and_ G?_, .me.thods are thgrefore discussef athods examined here. The B, C andD parameters are
sep.arately.below. The just|f|cqt|on and p053|ble.problems a3l obtained by minimization of the mean absolute deviation
spmated with the use of the higher Izevel correction have pregqy yeen experiment and theory for the 123 thermochemical
viously been discussed by Popeal: quantities in the reduced G2-1 test set. Again, we have em-
1. The test set ployed the same minimization procedure as Cufiisshe

A slightly reduced version of the G2-1 test ¥8twas pptimized parameters for the six G3-type .methods. are listed
used to obtain the higher-level-correction parameters and t Table Il. Starting from the raw electronic energies of the
assess the performance of the various methods. The reducég® energies in the entire G2/97 test set, our procedure re-
set includes 123 of the 125 energy comparisons of the stairoduces[for both G3MP2) and GJ the higher-level-
dard G2-1 set. The heats of formation of ethane and disilanO"éction parameters and the mean absolute deviations re-
were omitted because tli@4, 14 full-valence active space POrted by Curtiset al: @4
in these two cases makes the MR-CI calculations computa-
tionally too demanding. I1l. RESULTS AND DISCUSSION

Having optimized the higher-level-correction parameters
for 12 different MR-Gh procedureqas well as two related

The G2 higher level correction has the form shown insingle-reference G procedures we are now in a position to
Eq.(14), wheren,, andn are the number ok andg valence  assess their performance. Thermochemical properties that are

2. The G2 higher level correction

electrons, respectively, examined include heats of formatioaKi?), ionization en-
HLC=—An,—Bn,. (14) ((a;%es (IE), electron affinities(EA), and proton affinities

We have used this form in all the G2-type methods examine
in the present study. ThB parameter is constrained to be (l MR-G2(MP2,SVP), MR-G2(MP2), and MR-G3 (MP2)

0.19 mHartrees in all cases so as to give the correct energy Relative energies calculated at the MR{®P2,SVP,
for the hydrogen atom, while th& parameter is chosen to MR-G2(MP2), and MR-G3MP2) levels are presented in
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TABLE VIII. MR-G2/MRCI +Q? heats of formation, ionization energies, electron affinities, and proton affini-

J. Chem. Phys., Vol. 115, No. 19, 15 November 2001

ties. Values in parentheses are the differences between experimental and MR-G2/@R@lLes

Species Species Species

Heats of LiH 31.3(+2.0) PH, -1.0(+2.3 F, 2.0(-2.0

formation BeH 83.1(—1.4) H,S —6.4(+1.5 CO, —94.2(+0.1)
CH 141.0(+1.5) HCI —23.1(+1.0) Na, 30.5(+3.5)
CH,°B; 94.3(—1.6) Li, 48.5(+3.1) Si, 140.1(—0.2)
CH,'A; 99.5(+3.3 LiF —82.5(+2.4 P, 34.0(+0.3
CH, 33.8(+1.2 C,H, 55.8(—1.6) S, 36.3(—5.6)
CH, —20.6(+2.7) CoH, 11.6(+0.9) cl, 4.2(-4.2
NH 85.2(+0.0) CN 107.4(-2.5) NaCl —46.4(+2.9
NH, 43.7(+1.4 HCN 31.7(-0.2 Sio —21.8(-2.9
NH, —-10.0(-1.0 co —27.8(+1.4 CS 65.7(+1.2)
OH 8.6(+0.8 HCO 10.3(-0.3 SO 6.7(—5.5
H,0 —57.9(+0.2) HCHO —26.9(+0.9 clo 28.6(—4.4)
HF —65.0(—0.1) CH,0H —48.0(+0.0) CIF —10.4(+2.9
SiH, 'A; 60.7(+4.5 N, —0.2(+0.2) CHCI —19.9(+0.3
SiH, °B, 85.2(+1.0) N,H, 23.0(-0.2 CH,SH —6.2(+0.7)
SiH, 45.3(+2.6) NO 21.2(+0.4) HOoCl -16.1(-1.7)
SiH, 3.8(+4.4) o, 3.0(-3.0 SO, —60.3(—10.7
PH, 30.5(+2.6) H,0, —31.4(—1.1)

lonization Li 123.4(+0.9) cl 296.6(+2.5 HCl 293.1(+0.9

energies Be 218.8-3.9 CH, 293.1(—2.1) C,H, 261.4(+1.5
B 189.9(+1.5 NH, 232.5(+2.3 C,H, 243.9(—1.6)
C 258.2(+1.5) OH 299.4(+0.6) co 323.4(-0.3
N 333.5(+1.9 H,0O 290.6(+0.4) N, %S 358.6(+0.7)
0 312.7(+1.1) HF 369.5(+0.4) N, 2T, 383.2(+1.9
F 401.2(+0.5) SiH, 255.0(—1.9 0, 278.2(+0.1)
Na 114.1(+4.4) PH 232.7(+1.4) P, 242.3(+0.5
Mg 177.5(—1.5 PH, 224.4(+2.0) S, 211.8(+4.0)
Al 138.0 (+0.0) PH, 228.8(—1.2) Cl, 265.1(+0.1)
Si 187.0(+0.9 SH 238.5(+0.6) CIF 291.3(+0.6)
P 240.2(+1.7) H,S2%B,; 240.8(+0.6) CS 263.0(—1.7)
S 236.1(+2.9 H,S2A; 294.0(+0.7)

Electron C 27.0+2.1) CH, —2.3(+4.1) SH 52.6(+1.8)

affinities o 30.6(+3.1) NH 5.9(+2.9 0, 8.1(+2.0
F 75.8(+2.6) NH, 15.8(+2.0 NO —4.3(+4.8
Si 30.5(+1.4 OH 38.9(+3.9 CN 91.0(—2.0
P 15.6(+1.6) SiH 27.1(+2.3 PO 20.8(+4.3
S 46.3(+1.6) SiH, 23.0(+2.9 S, 36.9(+1.4
cl 82.7(+0.7) SiH, 34.1(-1.6) cl, 50.8(+4.3
CH 25.5(+3.1) PH 22.4(+1.4
CH, 15.5(-0.5 PH, 28.7(+0.6)

Proton NH 205.7(-3.2 SiH, 152.7(+1.3 HCl 133.4(+0.2)

affinities HO 161.1(+4.0 PH, 185.5(+1.6)
C,H, 154.2(—1.9) H,S 167.9(+0.9)

#Corresponding to MRCIQ/6-3114+ G(3df,2p) + ZPVE+HLC.

bValues in kcal mol?. The heats of formation are 298 K values whereas the remaining quantities refer to 0 K.

Sélling et al.

Tables I1l1-V, while a statistical analysis, including a com- deviations of =3 kcalmol'! for MR-G2(MP2,SVB, 15
parison with corresponding single-refere&&) methods, is

cases for MR-G@VIP2), and 11 cases for MR-GBIP2). Of

shown in Tables VI and VII. these, eight are common to all three methods: the heats of
Examination of Table VI shows that, in comparison with formation of Ly, Na, and SQ, the ionization energies of
the corresponding single-reference methods, results for thBe, Na, and S, the electron affinity of Glnd the proton
three MR procedures are all slightly worse for heats of for-affinity of H,O. In comparison, there are 21 cases of devia-
mation, significantly better for ionization energies and elections of =3 kcalmol'? for G2(MP2,SVP, 12 cases for
tron affinities, and significantly worse for proton affinities. G2(MP2), and 10 cases for GBIP2). Six of the eight devi-
The overall mean absolute deviatiofil§IADs) are quite ant cases with the MR-4& methods are also poor with
similar for MR-GAMP2) compared with G@MP2) and for = G3(MP2): the heats of formation of Lj Na,, and SQ, and
MR-G3(MP2) compared with G@VP2). However, MR- the ionization energies of Be, Na, and S. The poor results
G2(MP2,SVP produces better overall results than obtained for S@in G2-type calculations have been shown
G2(MP2,SVP. previously by Martif® to be the result of inadequate basis
Of the 123 energy comparisons, there are 10 cases &fts.
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TABLE IX. MR-G3/MRCI+Q®heats of formation, ionization energies, electron affinities, and proton affinities.
Values in parentheses are the differences between experimental and MR-G3/QR@lues’

Species Species Species

Heats of LiH 31.9(+1.4 PH, —0.1(+1.4 F, —2.7(+2.7)

formation BeH 81.71+0.0) H,S —6.6 (+1.7) CO, —93.9(-0.2
CH 140.6(+1.9 HCI —24.3(+2.2) Na, 30.9(+3.1)
CH,°B, 93.5(+0.2) Li, 49.0(+2.6) Si, 138.5(+1.4)
CH, A, 100.5(+2.3 LiF —83.0(+2.9 P, 34.2(+0.1)
CH;, 34.1(+0.9 CH, 56.1(—1.9) S, 33.6(—2.9
CH, -19.2(+1.3  GCH, 12.8(-0.3  Cl, 0.5(—0.5
NH 84.4(+0.8 CN 107.8(-2.9) NaCl —48.4(+4.9)
NH, 44.1(+1.0 HCN 32.8(-1.3 SiO —24.0(—0.6
NH3 —-8.5(—2.5 CcO —27.2(+0.8 CS 65.3(+1.6)
OH 7.4(+2.0) HCO 10.4(—0.4) SO 3.7(-2.5
H,O -57.9(+0.) HCHO —26.0(+0.0 Clo 25.8(—1.6
HF —66.2(+1.1) CH;OH —46.7(-1.3 CIF —13.2(+0.0
SiH, 1A, 60.7 (+4.5 N, 1.0(—1.0 CHLCI —19.1(—0.5
SiH, 3B, 83.7(+2.5 NoH, 25.6(—2.8 CH,SH —~5.5(+0.0)
SiH; 44.5(+3.4) NO 21.2(+0.9) HOCI —-17.9(+0.)
SiH, 3.9(+4.3 0, 0.4(-0.4) SO, —62.7(-8.3
PH, 30.3(+2.8 H,0, —32.4(-0.1)

lonization Li 124.9(—0.6) Cl 297.1(+2.0 HCI 294.0(+0.0

energies Be 218.4-3.5 CH, 293.7(-2.7) C,H, 263.8(—0.9
B 191.4(+0.0) NH; 232.6(+2.2  GCH, 244.6(—2.39
C 259.7(+0.0 OH 299.5(+0.5 CO 324.3(—1.2
N 334.8(+0.5) H,0 290.8(+0.2 N,°3 359.3(+0.0)
o) 312.5(+1.3 HF 369.4(+0.5) N, 211, 383.9(+1.2
F 400.4(+1.3 SiH, 256.1(—2.4) O, 280.2(—-1.9
Na 115.8(+2.7) PH 235.2(—-1.1) P, 243.4(—0.6)
Mg 177.6(-1.3 PH, 227.0(—0.6) S, 214.5(+1.3
Al 139.9(—-1.9 PH; 229.8(-2.2 Cl, 266.6(—1.4)
Si 188.6(—0.7) SH 239.9(-0.8 CIF 292.3(—0.4)
P 241.3(+0.6) H,S2B, 242.1(-0.7  CS 263.7(—2.4)
S 237.5(+1.4) H,S2A; 295.0(—0.3

Electron C 27.7+1.4 CH;, —2.7(+4.5 SH 54.0(+0.4)

affinities o) 28.5(+5.2) NH 5.1(+3.7 0, 7.8(+2.3
F 73.1(+5.3 NH, 15.4(+2.4) NO —2.7(+3.2)
Si 32.1(-0.2 OH 37.9(+4.3 CN 91.5(-2.5
P 17.2(+0.0 SiH 29.6(—0.2 PO 23.3(+1.8
S 47.4(+0.5  SiH, 257(+0.2 S, 38.7(—0.4)
Cl 82.2(+1.2 SiH; 35.2(-2.7) Cl, 54.9(+0.2
CH 26.7(+1.9 PH 24.2(—0.4)
CH, 15.0(+0.0 PH, 30.3(-1.0

Proton NH 206.3(—3.9) SiH, 152.5(+1.5) HCl 132.9(+0.7)

affinities HO 161.4(+3.7) PH; 185.2(+1.9
C,H, 153.7(—1.4) H,S 167.2(+1.6)

#Corresponding to MRCIHQ/G3MP2large-ZPVE+HLC.
bValues in kcal molt. The heats of formation are 298 K values, whereas the remaining quantities refer to 0 K.

Notably poorer performance by the MR proceduresined in this study. It gives results comparable to those of
(compared with SRis observed for the electron affinity of G3(MP2) for heats of formation, ionization energies, and
CHg, and for the proton affinities of NHand HO. The electron affinities, but much poorer results for proton affini-
electron affinity of CH is calculated to be negative by all the ties. There are significant improvements for a small number
MR procedures, in contrast to the SR methods that all coref cases for which G31P2) gives larger errors: the heat of
rectly predict a positive electron affinity. Likewise, the pro- formation of CS, the ionization energy of,Oand the elec-
ton affinities of NH and HO are consistently poorly pre- tron affinities of C, O, and NH.
dicted by the MR procedures. In fact, because the errors for
NH; and HO are of opposite sign, the error in the proton-
transfer reaction between;8" and NH; is a substantial B. MR-G2/MRCI+Q and MR-G3/MRCI+Q
7.2—7.5 kcal mol®. In contrast, the corresponding SR proce- The MR-GZMP2,SVB, MR-G2(MP2), and MR-
dures predict this proton-transfer energy with an accuracy o63(MP2) procedures aim to approximate the results of
1.9-2.2 kcal mol?. MRCI+Q/6-311+G(3df,2p) or MRCI+Q/G3MP2large

MR-G3(MP2) performs best of the MR methods exam- calculations(together with HLC and ZPVE correctionby
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TABLE X. G2/MP2 heats of formation, ionization energies, electron affinities, and proton affinities. Values in

J. Chem. Phys., Vol. 115, No. 19, 15 November 2001

parentheses are the differences between experimental and G2/MP2%alues.

Sélling et al.

Species Species Species
Heats of LiH 38.4(—-5.1) PH; 12.1(-10.8 F, -3.4(+3.9
formation BeH 79.1+2.6) H,S -0.8(—4.1) CO, —120.3(+26.2
CH 146.1(—3.6) HCI —22.2(+0.1 Na, 37.0(—3.0
CH,°B, 95.5(—-1.9 Li, 56.5(—4.9 Si, 144.0(-4.1)
CH,!A, 107.8(=5.0 LiF —86.7(+6.6) P, 34.0(+0.3
CH, 38.4(—3.9 C,H, 48.1(+6.1) S, 29.4(+1.3
CH, —13.9(-4.0 C,H, 12.5(+0.0 Cl, -1.7(+1.7
NH 89.8(—4.6) CN 114.2(-9.3 NaCl —46.8(+3.2
NH, 49.3(-4.2 HCN 21.6(+9.9 SiO —34.7(+10.0)
NH3 —-7.8(-3.2 CO —-40.2(+13.8 CS 60.1(+6.8
OH 9.6(-0.2 HCO 0.3(+9.7) SO —4.4(+5.6)
H,O —60.4(+2.6) HCHO —34.8(+8.9 ClO 27.9(-3.7
HF —69.5(+4.9 CH;OH —51.6(+3.6) CIF —18.0(+4.9
SiH, A, 70.3(-5.1) N, -9.9(+9.9 CH,CI —-21.2(+1.6
SiH, °B, 89.2(-3.0 NoH, 25.8(—3.0 CHzSH —-2.9(—2.6
SiH; 53.7(-5.9 NO 14.3(+7.3 HOCI —22.8(+5.0
SiH, 16.2(—8.0 0o, -9.1(+9.1) SG, —89.2(+18.2
PH, 40.5(-7.4) H,O, —37.6(+5.1
lonization Li 123.2(+1.1) Cl 295.8(+3.3 HCI 294.7(-0.7)
energies Be 205.8+9.1) CH, 291.7(—=0.7) C,H, 266.8(—3.9
B 190.6(+0.8 NH3 236.7(—1.9 CoH, 244.0(-1.7
C 259.6(+0.1) OH 300.3(-0.3 CO 329.8(—6.7)
N 336.7(—1.4) H,O 295.0(—4.0 N, 223 355.2(+4.1)
O 309.8(+4.0 HF 375.3(-5.9) N, 2T, 394.1(-9.0
F 401.7(+0.0 SiH, 251.2(+2.5 0O, 270.3(+8.0
Na 114.1(+4.4) PH 233.2(+0.9 P, 247.2(—4.4)
Mg 169.6(+6.7) PH, 225.1(+1.3 S, 212.8(+3.0
Al 134.3(+3.7) PH; 224.5(+3.1) Cl, 265.5(—-0.3
Si 185.3(+2.6) SH 236.6(+2.5 CIF 293.8(—-1.9
P 241.4(+0.5 H,S%B, 240.5(+0.9 CS 279.9(—18.9
232.0(+6.9 H,S2A,; 293.7(+1.0
Electron C 28.1+0.9 CH, 0.8(+1.0 SH 54.4(+0.0)
affinities (0] 32.9(+0.8 NH 6.9 (+1.9 0O, 8.1(+2.0
F 84.3(-5.9 NH, 20.9(-3.) NO -3.4(+3.9
Si 31.3(+0.6 OH 47.4(-5.2 CN 108.9(—19.9
P 11.7(+5.5 SiH 26.8(+2.6) PO 22.5(+2.6)
S 45.7(+2.2 SiH, 23.1(+2.9 S, 37.3(+1.0
Cl 85.5(—-2.1) SiHg 29.2(+3.3 Cl, 55.3(—0.2
CH 28.3(+0.3 PH 20.7(+3.1
CH, 12.8(+2.2 PH, 28.4(+0.9
Proton NH 201.4(+1.1) SiH, 152.6(+1.4 HCI 131.0(+2.6)
affinities HO 162.1(+3.0 PH; 186.5(+0.6)
C,H, 151.1(+1.2 H,S 166.1(+2.7)

aCorresponding to MP2/6-311G(3df,2p) +ZPVE+HLC.
bvalues in kcal molt. The heats of formation are 298 K values, whereas the remaining quantities refer to 0 K.

assuming the additivity of correlation and basis set effects. 1t6) and (7) are actually helpful in improving the results
is of interest to examine the reliability of such additivity (which become worse if the additivity is remoyedavhich
approximations by carrying out the large-basis-set MRQI  must surely be a fortuitous situation. There are now 23
calculations explicitly. This gives rise to the (MR-G2/MRCI+Q) and 15 (MR-G3/MRCHQ) cases for
MR-G2/MRCI+Q and MR-G3/MRCH#Q procedures, de- which the deviations from experiment exceed 3 kcalmhol
fined by Eqs(8) and(9), which are analogous to the G2/QCI The MR-GW/MRCI+Q procedures perform significantly
procedure examined previousfy. Relative energies at the worse than the corresponding standard MR+@ethods for
MR-G2/MRCIH-Q and MR-G3/MRCHQ levels are pre- heats of formation and electron affinities, slightly worse for
sented in Tables VIII and IX, with statistical summaries in- proton affinities and comparably for ionization energies.
cluded in Tables VI and VII. Significantly larger errors(compared with standard
Quite unexpectedly, MR-G2/MRGIQ and MR-Gn) are observed for both MR-G2/MRE€IQ and
MR-G3/MRCI+Q show larger overall deviations from ex- MR-G3/MRCI+Q for the heats of formation of Si*A,),
periment than MR-G@MP2) and MR-G3MP2), respec- SiH,, and SQ. In addition, MR-G2/MRCH#Q shows large
tively. This means that the additivity approximations in Eqs.errors for the heats of formation of,SCl,, SO, and CIO,
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TABLE XI. G3/MP2* heats of formation, ionization energies, electron affinities, and proton affinities. Values in

parentheses are the differences between experimental and G3/MP2%alues.

Multireference G2 and G3

Species Species Species

Heats of LiH 36.9(—3.6) PH; 9.3(-8.0 F, 4.9(-4.9

Formation BeH 78.4+3.3 H,S —-0.3(—4.9) CO, —113.6(+19.5
CH 144.2(-1.7) HCI —18.0(—-4.1) Na, 35.3(—1.3
CH, 3B, 91.2(+2.5 Li, 54.9(-3.3 Si, 141.4(—1.5
CH, A, 106.9(—4.1) LiF —82.1(+2.0) P, 33.0(+1.3
CH; 35.0(+0.0 C,H, 47.3(+6.9 S, 30.7(+0.0
CH, —~16.4(—1.5) C,H, 10.2(+2.3 Cl, 7.2(~7.2
NH 85.6(—0.4) CN 113.5(-8.7) NaCl —43.2(-0.9
NH, 46.2(—1.2) HCN 21.4(+10.1) Sio —33.4(+8.9
NH; —-10.1(-0.9 coO —36.2(+9.9 CS 62.7(+4.2)
OH 9.5(-0.1) HCO 1.9(+8.1) SO -3.1(+4.3
H,O —59.5(+1.7) HCHO —32.6(+6.6) clo 33.6(—9.4)
HF —65.2(+0.2) CH;OH —-51.1(+3.1 CIF -8.0(-5.2
SiH, 1A, 68.7(—3.5) N, —10.0(+10.0 CH4CI —17.6(—2.0)
SiH, °B, 84.6(+1.6) NoH,4 22.8(+0.0 CH,SH -3.3(-2.2
SiH; 49.6(—1.7) NO 15.8(+5.9 HOCI -16.4(—-1.9
SiH, 127(-45 O, -76(+7.6 SO —-82.7(+11.7
PH, 36.9(—3.9 H,0, -34.8(+2.3

lonization Li 123.5(+0.8) cl 299.3(—0.2) HCl 294.4(—0.4)

energies Be 208.8+6.0 CH, 291.1(-0.1) C,H, 266.2(—3.3
B 190.6(+0.89 NH3 235.6(—0.89 C,H, 243.4(—-1.])
C 259.7(+0.0 OH 299.1(+0.9 CcO 329.5(—6.4)
N 336.5(-1.2 H,O 294.0(—3.0) N, 22; 354.7(+4.6)
e} 312.8(+1.0 HF 374.1(-4.2 N, 211, 393.4(-8.3
F 404.1(—2.4) SiH, 251.1(+2.6) O, 272.6(+5.7)
Na 114.4(+4.1) PH 236.0(—1.9 P, 247.1(-4.3
Mg 172.8(+3.5 PH, 227.9(—-1.5 S, 215.8(+0.0
Al 134.8(+3.2) PH, 224.3(+3.3 cl, 265.8(—0.6)
Si 185.5(+2.4) SH 236.6(+2.5 CIF 293.5(—1.6)
P 241.1(+0.8) H,S?B, 240.5(+0.9) CSs 279.6(—18.3
S 236.4(+2.5 H,S2%A,; 293.6(+1.1)

Electron C 28.1(+1.0) CH, —0.9(+2.7) SH 54.7(—0.3

affinities o} 34.1(—0.4 NH 5.0(+3.9 0, 6.6 (+3.5)
F 84.7(—6.3 NH, 19.2(—-1.4) NO -1.5(+2.0
Si 31.5(+0.4) OH 45.1(-2.9 CN 108.0(—19.0
P 16.2(+1.0 SiH 30.2(-0.9 PO 25.2(-0.1)
S 49.9(-2.0 SiH, 26.0(-0.1) S, 37.8(+0.5
cl 88.4(—5.0) SiH, 29.1(+3.9 cl, 58.6(—3.5
CH 30.0(—1.9) PH 21.2(+2.6)
CH, 11.1(+3.9 PH, 28.8(+0.5

Proton NH 201.9(+0.6) SiH, 152.4(+1.6) HCI 130.6(+3.0

affinities HO 162.4(+2.7) PH; 186.2(+0.9)
C,H, 150.6(+1.7) H,S 165.5(+3.3

aCorresponding to MP2/G3MP2large\E(SO)+ ZPVE+HLC.
bvalues in kcal molt. The heats of formation are 298 K values, whereas the remaining quantities refer to 0 K.

while MR-G3/MRCH-Q performs poorly for NaCl. Both MP2/6-314 G(3df,2p)+ZPVE+HLC and MP2/G3MP2
MR-G2/MRCI+Q and MR-G3/MRCH#Q significantly un-  large+-ZPVE+HLC. These procedures are designated G2/
derestimate electron affinities, with a noticeable deterioratioMP2 and G3/MP2, respectively, and are defined by Etd.
in the predictions for O, F, OH, O NO, and PO. The proton and(13). Calculated relative energies are presented in Tables
affinities of NH; and HO continue to be poorly predicted. X and XI, with statistical summaries again included in Tables
VI and VII.
It is immediately clear from Tables VI and VIl that G2/

C. G2/MP2 and G3/MP2 MP2 and G3/MP2 are not particularly useful levels of theory

The G2/QCI proceduf® obtains relative energies on from the viewpoint of thermochemical reliability. The mean
the basis of QCISIN)/6-311+G(3df,2p) calculations to- absolute deviations are 4.19 and 3.36 kcalMolwith 69
gether with ZPVE and HLC corrections. It is of interest to and 53, respectively, out of the 123 energy comparisons
see how the corresponding MP2 calculations fare. With thishowing deviations exceeding 3 kcal mal The only area
in mind, we have analyzed results corresponding towvhere the errors are modest is for proton affinities. The G2/
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TABLE XIl. MR-G2/MP2? heats of formation, ionization energies, electron affinities, and proton affinities.

J. Chem. Phys., Vol. 115, No. 19, 15 November 2001

Values in parentheses are the differences between experimental and MR-G2/MP2 values.

Species Species Species

Heats of LiH 30.0(+3.3 PH; 4.9(-3.6 F, -1.4(+1.9

formation BeH 85.6-3.9 H,S -3.7(-1.2 CcO, —101.6(+7.5
CH 142.2(+0.3 HCI —22.7(+0.6) Nay 29.0(+5.0
CH,°B, 94.3(-0.6) Li, 47.1(+4.5 Si, 139.1(+0.9
CH, A, 102.4(+0.4 LiF —-82.5(+2.9 P, 35.3(-1.0
CH, 35.2(-0.2 C,H, 52.4(+1.9 S, 28.9(+1.9
CH, —18.3(+0.9 C,H, 11.0(+1.5 Cl, 0.5(-0.5
NH 86.1(—0.9 CN 104.9(+0.0 NaCl —48.5(+4.9
NH, 45.6(—0.5 HCN 30.8(+0.7) SiO —19.9(-4.7
NH; -7.2(-3.9 CO —27.3(+0.9 Cs 64.7(+2.2)
OH 8.3(+1.1) HCO 9.6(+0.4 SO —1.4(+2.6)
H,O —57.1(-0.7 HCHO —26.1(+0.1) Clo 23.9(+0.3
HF —66.7(+1.6) CH,OH —47.2(-0.9 CIF —13.3(+0.1)
SiH, A, 63.5(+1.7) N, 0.4(-0.9 CH,CI —21.5(+1.9
SiH, °B, 86.2(+0.0) NoH,4 25.4(-2.6) CH,SH -4.2(-1.3
SiH; 48.1(-0.2 NO 19.5(+2.1) HOCI —17.9(+0.2)
SiH, 8.0(+0.2 0O, —-4.5(+4.5 SO, —74.1(+3.1)
PH, 34.4(-1.3 H,0, -33.6(+1.1)

lonization Li 123.4(+0.9 Cl 295.6(+3.5 HCI 292.9(+1.)

energies Be 219.6-4.6) CH, 291.4(—-0.9 C,H, 261.7(+1.2
B 186.5(+4.9 NH5 230.6(+4.2 C,H, 244.0(-1.7
C 256.1(+3.6) OH 299.4(+0.6) CO 319.7(+3.9
N 334.0(+1.3 H,O 290.1(+0.9 Ny 223 355.6(+3.7)
O 312.0(+1.8 HF 372.2(-2.3 N, 211, 383.7(+1.49
F 402.7(-1.0 SiH, 252.1(+1.6 0, 283.1(—4.9
Na 114.1(+4.9) PH 232.5(+1.6) P, 243.2(-0.9
Mg 178.7(-2.9 PH, 224.0(+2.4 S, 215.2(+0.6)
Al 134.1(+3.9 PH; 225.9(+1.7) Cl, 263.3(+1.9
Si 185.2(+2.7) SH 236.5(+2.6) CIF 290.0(+1.9
P 241.4(+0.5 H,S?%B, 238.9(+2.5 CS 259.7(+1.6)
S 233.6(+5.3 H,S2%A; 293.1(+1.6)

Electron C 31.4-2.3 CH, —4.6(+6.49 SH 52.7(+1.7

affinities e} 34.3(-0.6) NH 6.9(+1.9 0O, 10.6(-0.5
F 83.5(—5.1) NH, 16.0(+1.89 NO 3.0(—2.95
Si 31.7(+0.2 OH 43.9(-1.7 CN 88.6(+0.4)
P 13.4(+3.9 SiH 26.8(+2.6) PO 28.8(—3.7)
S 45.7(+2.2 SiH, 22.0(+3.9 S, 35.6(+2.7)
Cl 84.2(-0.9 SiH; 30.8(+1.7) Cl, 58.2(-3.1)
CH 27.0(+1.6) PH 20.7(+3.1)
CH, 13.4(+1.6 PH, 27.0(+2.3

Proton NH 207.6(=5.1) SiH, 154.6(—0.6) HCI 133.1(+0.5

affinities HO 161.2(+3.9 PH, 186.9(+0.2
C,H, 153.6(-1.3 H,S 168.5(+0.3

Sélling et al.

&Corresponding to CASPT2/6-3%1G(3df,2p) + ZPVE+HLC.
bvalues in kcal mol?. The heats of formation are 298 K values whereas the remaining quantities refer to 0 K.

MP2 and G3/MP2 methods are not recommended for generdletter than G2/MP2 and G3/MP2, with MADs of 2.01 and
use. 1.66 kcalmol! compared with 4.19 and 3.36 kcal mol
They are only slightly worse than MR-G2/MREQR and
MR-G3/MRCIHQ (MADs of 1.84 and 1.58 kcal mot, re-

D. MR-G2/MP2 and MR-G3/MP2
The multireference analogs of G2/MP2 and G3/MP2 useSpeCtlvew' However, they do not perform as well as the

large-basis-set MR-MP&specifically CASPTR calculations standard MR_' procedures. For gxample, the MADs are
together with ZPVE and HLC corrections. They are desig-2/9€" than with MR-G(MP2) for virtually all the thermo-
nated MR-G2/MP2 and MR-G3/MP2 and are defined bycheémical properties in Table V.
Egs. (10) and (11), respectively. Results are presented in  'here are 3IMR-G2/MP2 and 23(MR-G3/MP2 out
Tables Xl and XIII. of 123 energy comparisons for which the error exceeds 3
Examination of the statistical summaries in Tables Vikcalmol " Large errors occur for most of the systems that
and VIl shows a number of interesting points. In the firstwere noted in connection with the standard MR-@roce-
place, MR-G2/MP2 and MR-G3/MP2 perform significantly dures. However, there are additional cases for which there



TABLE XlIl. MR-G3/MP2? heats of formation, ionization energies, electron affinities, and proton affinities.

J. Chem. Phys., Vol. 115, No. 19, 15 November 2001

Multireference G2 and G3

Values in parentheses are the differences between experimental and WRBAP2 values

Species Species Species

Heats of LiH 29.7(+3.6) PH; 4.4(-3.]) F, -0.4(+0.9

formation BeH 85.9-4.2 H,S -3.4(-15 CO, —98.5(+4.4
CH 142.4(+0.1) HCI —21.5(-0.6) Na, 28.6 (+5.4)
CH,°B, 94.5(-0.9 Li, 46.7 (+4.9 Si, 139.8(+0.1)
CH, A, 102.4(+0.4 LiF —81.1(+1.0 P, 35.2(—0.9
CH, 35.1(-0.1) C,H, 52.1(+2.1) S, 30.7(+0.0
CH, —18.7(+0.89 C,H, 10.6(+1.9 Cl, 2.4(-2.4
NH 86.3(—1.1) CN 106.0(—1.1) NaCl —47.9(+4.3
NH, 45.7(—0.6) HCN 31.1(+0.9 SiO —20.6(—4.0
NH; —-75(-3.5 CO —25.3(—-1.18 CS 65.7(+1.2
OH 8.9(+0.5 HCO 11.5(-1.9 SO 0.1(+1.2)
H,O -56.8(—1.0 HCHO —-24.8(-1.2 ClO 26.2(—2.0
HF —65.6(+0.5 CH;OH —46.5(—-1.5 CIF -10.4(—-2.9
SiH, A, 63.1(+2.) N, 0.9(-0.9 CHCI —20.0(+0.9
SiH, °B; 86.1(+0.1) N,H,4 25.3(—2.5 CH;SH -3.9(-1.6
SiH; 47.5(+0.4) NO 21.3(+0.3 HOCI -16.1(-1.7
SiH, 6.9 (+1.3 0O, —-2.6(+2.6 SO, —72.4(+1.9
PH, 34.2(-1.1) H,0, —33.0(+0.5

lonization Li 124.3(+0.0 Cl 297.3(+1.9 HCI 294.6(—0.6)

energies Be 221.0-6.1) CH, 292.9(-1.9 C,H, 265.0(—2.1)
B 187.4(+4.0 NH5 231.5(+3.3 CoH, 245.4(-3.1)
C 256.8(+2.9 OH 300.2(-0.2 CO 321.4(+1.7)
N 334.4(+0.9 H,O 291.1(-0.1) N, Zzg 357.0(+2.3
(0] 313.1(+0.7) HF 373.0(-3.1) N, 21T, 385.1(+0.0
F 403.3(—1.6) SiH, 253.9(-0.2 0O, 283.8(-5.5
Na 115.2(+3.3 PH 233.9(+0.2 P, 244.9(-2.1)
Mg 180.2(-3.9 PH, 225.5(+0.9 S, 216.7(-0.9
Al 135.5(+2.5 PH; 227.6(+0.0) Cl, 265.5(—-0.3
Si 186.3(+1.6) SH 238.6(+0.5 CIF 291.7(+0.2
P 242.0(-0.1) H,S?B; 240.9(+0.5 Cs 261.1(+0.2
S 236.3(+2.6) H,S2%A; 294.9(-0.2

Electron C 31.1(—2.0 CH; —-4.1(+5.9 SH 54.9(—-0.5

affinities (0] 33.7(+0.0 NH 6.8 (+2.0 0, 11.1(-1.0
F 82.4(—4.0 NH, 16.3(+1.5 NO 3.2(-2.7)
Si 32.8(-0.9 OH 43.7(—1.5 CN 89.7(-0.7)
P 16.3(+0.9 SiH 28.4(+1.0 PO 30.1(-5.0
S 48.2(-0.3 SiH, 23.6(+2.3 S, 38.1(+0.2
Cl 85.2(—1.8 SiH; 32.7(-0.2 Cl, 61.3(—6.2
CH 27.0(+1.6 PH 23.1(+0.7)
CH, 13.7(+1.3 PH, 29.3(+0.0

Proton NH 208.1(—5.6) SiH, 154.3(-0.3 HCI 132.6(+1.0

affinities HO 161.5(+3.6) PH; 186.5(+0.6)
C,H, 153.1(-0.89 H,S 167.8(+1.0

aCorresponding to CASPT2/G3MP2largd E(SO)+ ZPVE+HLC.
bvalues in kcal molt. The heats of formation are 298 K values, whereas the remaining quantities refer to 0 K.

are noticeable errors. In the case of heats of formation, CO since the use of large active spaces is more limiting for
SiO, NH,, and G now show significant errors, and the error MR-CI than for MR-MP2 methods.

for SO, has moved from large negative to small positive. The
MR-Gn/MP?2 ionization energies are significantly worse than
corresponding MR-@(MP2) values, and significant errors E. MCQDPT2 vs CASPT2

now occur at both MR-@/MP2 levels for the additional Our default MR-MP2 method is the CASPT2 procedure
systems B, NK, and Q. In the case of electron affinities, of the MOLPRO suite of program$®>Z® However, it is of in-
there are very large deviations for GH+6.4 and +5.9  terest to see how the alternative MCQDPT2 procedure that is
kcal mol %, respectively, and F, PO, and Glalso have large available in thesamEss progrant® compares. Results analo-
errors. The errors in the §0*/NH; proton-transfer energy gous to those of Tables IlI, IV, V, XII, and XIlI are available
are now 9.0-9.2 kcal mot. Despite these shortcomings, the as an EPAPS documefftStatistical summaries are included
MR-G3/MP2 procedure may prove useful in situations forin Table VI.

which single-reference methods are inadequate, especially The general observation is that the CASPT2-based re-



8770 J. Chem. Phys., Vol. 115, No. 19, 15 November 2001 Sélling et al.

TABLE XIV. MR-Gn and G timings? TABLE XV. Comparison of the ten largest deviations between experiment
and the values calculated by MR-@&P2) and G3MP2).2
Method NH; CH, HCHO

Quantity MR-G3MP2°  Quantity G3MP2)°
MR-G3/MP2 11.9 235.4 382.3
MR-G2/MP2 12.0 235.8 385.1 AHY(SO) -5.0(-3.9 IE(Be) —5.4(—4.7
MR-G3(MP2) 68.5 3047.0 4160.4 IE(Be) —4.7(-5.9 EA(NH) +4.5(+2.2
MR-G2(MP2,SVP 68.6 3047.4 4163.2 AH(Nay) +4.5(+3.3 IE(O,) —4.0(—2.6)
MR-G2(MP2) 84.4 3197.8 4958.3 EA(CH,) +4.3(+1.7) AHY(SO) -3.9(-5.0
MR-G3/MRCI+Q 90.9 3440.0 4500.9 PA(H,0) +4.0(+1.9 IE(S) +3.6(+3.0
MR-G2/MRCHQ 93.5 3487.7 4606.4 PA(NH3) —3.5(-0.9 EA(C) +3.6(—2.1)
G3/MP2 3.9 4.0 4.1 IE(Na) +3.4(+3.2 EA(O) +3.3(+1.9
G2/MP2 3.9 4.0 43 AHY(CH,) —3.3(+0.7) AHY(Nay) +3.3(+4.5
G3(MP2) 27.6 29.6 32.8 AH?Y(NaCl) +3.0(+1.5 AHY(CS) +3.2(+2.0
G2(MP2,SVB 27.6 29.6 33.0 IE(S) +3.0(+3.6) IE(Na) +3.2(+3.9
G2(MP2) 40.0 329 41.0
G3/QCI 34.1 51.0 70.6  n kcal mor™,
G2/QClI 37.6 49.6 87.7 bv(ag;Jes in parentheses are the corresponding\B2) deviations from Ref.

4(b).

3 seconds USINGIOLPRO 980N a single processor of a VPP300 with 1700 ‘Taken from Ref. 4); values in parentheses are the corresponding MR-
Mb memory. The active-space sizes for )NH,H,, and HCHO are8,7), G3(MP2) deviations from the present work.

(10,10, and (12,10 for NH;, CH,, and HCHO, respectively. TherG
timings refer to @(CCSD) calculations, i.e., in which CC$D is used in
place of QCISDT).
in the MR-G2/MP2 and MR-G3/MP2 methods, leads to a
substantial reduction in CPU time. The cost of the standard
sults and MCQDPT2-based results are normally very similar(SR) Gn methods goes up much more slowly than the MR
With MR-G2(MP2,SVB, there are nine cases where the dif- methods. We should emphasize that in this initial implemen-
ference lies between 1 and 3 kcal mbland just one case tation of MR-G1 procedures, we uniformly use a full-
(NaCl) where the difference is greater than 3 kcalftol valence active space and this leads to the very rapid increase
With MR-G2(MP2), there are eight cases where the differ-in computational cost with size of molecule. Clearly this will
ence lies between 1 and 3 kcal mbltwo casegNaCl and be modified in implementations that use smaller active
CHsSH) where the difference lies between 3 and 5spaces.
kcal mol™?, and one case (§)l where the difference exceeds The relative costs of the MR methods for the larger ac-
5 kcal mol't. For MR-G3MP?2), there arentiil\[/): cases where tive spaces follow the pattefd,
the difference lies between 1 and 3 kcal moand one case
(NaCl) where the difference exceeds 3 kcal molThe dif- MR-G2/MP2~MR-G3/MP2<MR-GAMP2,5VP
ferences are larger with MR-G2/MP2 and MR-G3/MP2, with ~MR-G3MP2<MR-G2/MRCHQ
33 and 30 cases, respectively, of differences lying between 1 ~MR-G3/MCRCHQ. 17)

l .
a_nd 3 kealmorl™, ar_ld two andithree cases, respectively, OfThere is a large increase in CPU time in going from MR-G3/
differences exceeding 3 kcal mdl

Although the differences between the results of theMP2 to MR-G3MP2) but a much smaller further increase in

oing to MR-G3/MRCH-Q.
CASPT2-based methods and MCQDPT2-based methods are The single-reference methods show the same pattern,

relatively small, it may be seen from Table VI that the
CASPT2-based methods virtually always perform slightly — G2/MP2~G3/MP2<G2(MP2,SVH

better statistically. ~ G3MP2)<G2/QCHG3/QCI. (18

The MR-G2/MRCHQ and MR-G3/MRCH#Q proce-
dures are the most demanding of the methods investigated in

Because the choice of method in quantum chemistryhe present work in terms of both memory and CPU usage.
studies often involves a compromise between accuracy andowever, our results show that these two methods are by no
computational expense, it is important to examine the relameans the most accurate. This is not an overly comforting
tive timings of the various MR-@ procedures introduced in situation, since the aim of the other methods that we have
the present article and to make comparisons with correexamined is to approximate their large-basis-set MRQI
sponding standard single-reference @ethods. It should be counterparts by means of additivity. It turns out that the
emphasized that the timings depend on many factors and $dR-G2 and MR-G3 schemes that we have devised do not
the present data are intended largely to enable qualitativeucceed very well in mimicking the MR+@MRCI+Q re-
conclusions to be drawn. sults. This state of affairs fortuitously results in cheaper

We can see from Table XIV that for active spaces of upmethods[MR-G2(MP2,SVP and MR-G3MP2)] that are
to about 8 orbitals, all methods are very cheap. For 10 and 1éhore accurate than their more expensive counterparts
active orbitals, the times increase rapidly for the MR-G (MR-G2/MRCI+Q and MR-G3/MRCHQ).
procedures that involve MR-CI calculations, while for 14 The two MR methods for which the correlation correc-
and 16 active orbitals, such procedures are starting to beion is based on the 6-31@) split-valence basis s¢MR-
come intractable. Elimination of the MR-CI component, asG2(MP2,SVPB and MR-G3MP2)] give the most accurate

F. Timing comparisons and additional comments
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results. Table XV lists the ten worst predictions of theuseful in circumstances where a multireference treatment is

G3(MP2) method together with the corresponding MR- desirable but the MR-CI calculation is not affordable.

G3(MP2) values and vice versa. It can be seen that five out

of the ten cases are common t_o the two lists, and _that bOIRCKNOWLEDGMENTS
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