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G3-RAD and G3X-RAD: Modified Gaussian-3 (G3) and Gaussian-3X
(G3X) procedures for radical thermochemistry

David J. Henry, Michael B. Sullivan, and Leo Radom
Research School of Chemistry, Australian National University, Canberra, ACT 0200, Australia

(Received 4 November 2002; accepted 17 December)2002

The G3-RAD, G3X-RAD, GBVP2)-RAD, and G3XMP2)-RAD, procedures, designed particularly
for the prediction of reliable thermochemistry for free radicals, are formulated and their performance
assessed using the G2/97 test set. The principal features of the RAD procedures(@dieeise

of B3-LYP geometries and vibrational frequenci@s place of UHF and UMPR, including the
scaling of vibrational frequencies so as to reproduce ZP\#ighe use of URCCSO) [in place

of UQCISI(T)] as the highest-level correlation procedure, &odthe use of RMR(in place of
UMP) to approximate basis-set-extension effects. G3-RAD and G3X-RAD are found to perform
well overall with mean absolute deviatio$IADs) from experiment of 3.96 and 3.65 kJ mé|
respectively, compared with 4.26 and 4.02 kJnfofor standard G3 and G3X. G3-RAD and
G3X-RAD successfully predict heats of formation with MADs of 3.68 and 3.11 kJfol
respectively(compared with 3.93 and 3.60 kJ mdl for standard G3 and G3X and perform
particularly well for radicals with MADs of 2.59 and 2.50 kJ md| respectively(compared with

3.51 and 3.18 kamol* for standard G3 and G3X The G3MP2)-RAD and G3XMP2)-RAD
procedures give acceptable overall performance with mean absolute deviations from experiment of
5.17 and 4.92 kJ mof, respectively, compared with 5.44 and 5.23 kJmdbr standard GAVIP2)

and G3XMP2). G3(MP2)-RAD and G3XMP2)-RAD give improved performance over their
standard counterparts for heats of formatitMADs=4.73 and 4.44 kJ mof, respectively, versus
4.94 and 4.64 kI mol). G3(MP2)-RAD shows similar performance to @8P2) for radical heats

of formation (MAD =5.10 versus 5.15 kJmot) while G3X(MP2)-RAD performs significantly
better than G3X¥MP2) (MAD =4.67 versus 5.19 kJmot). © 2003 American Institute of Physics.
[DOI: 10.1063/1.1544731

I. INTRODUCTION such as the use of restricted-open-shell methods in place of
unrestricted methods. Recently we introduced the G3-RAD,
An increasingly important application @b initio mo- G3X-RAD, G3IMP2)-RAD, and G3XMP2)-RAD proce-
lecular orbital theory is the calculation of accurate thermo-q,res as part of an assessment of 23 high-level theoretical
chemical properties? The Gaussiam- (Gn) procedures of methods in the computation of heats of formation of small
Curtiss, Raghavachari, Pople, and co-workefrepresenta  gpen-shell system. All four of these procedures were
particular class of theoretical methods that have been devejy nd to give improved performance compared with their
oped to calculate reliable thermochemical data and they pe&tandard G3 counterparts for a test set of 29 small open-shell
form particularly well in this regard. For example, the G3 gystems, for which accurate experimental data are available.

proceduré has been found to give a mean absolute deviatioye present here the formulation and broad assessment of
from experiment of 4.26 kJmot for 299 of the 302 ener- these new G3-RAD-type methods.

gies of the G2/97 test sefThe full G2/97 test set comprises
148 _heats of formation, 8.8_|.0n|zat|on energies, 58 electroql_ THEORETICAL PROCEDURES
affinities, and 8 proton affinities.

A number of modified @-procedures have been pro- An important consideration in any calculation of open-
posed in recent years. These include thB32LYP/MP2/  shell species is the choice of reference wave function. This
CC) method of Bauschlicher and Partrid’@ewhich is a leads to treatments that are referred to as spin-restrigtgd
modified version of G@MP?2) that makes use of B3-LYP/6- spin-unrestrictedU), and spin-projectedP).
31G(d) geometries and zero-point vibrational energies and  Spin-restricted procedures, signified by an R prédiyg.,
replaces QCISO) with CCSOT). Morokuma and RHF, RMB, constrain thew and 8 orbitals to be the same.
co-workerd$**® have developed variants of G2 theds.g., As such, these wave functions are eigenfunctions of the spin-
G2(PU) and G2MRCO)] designed particularly to deal with squared operatqiS?) and lead to pure spin statéoublets,
spin-contaminated open-shell systems. We have also preuriplets, etc). The disadvantage of this approach is that it
ously developed procedures for radical thermochemistryestricts the flexibility in the electronic description and may
[e.g., G2-RADQCISD) (Ref. 16 and G2-RAGB3-LYP) result in unrealistic spin-localization in radicals.

(Ref. 18] that incorporate several of the features suggested Spin-unrestricted procedures, designated by the prefix U
by Bauschlicher and Morokuma, plus additional featurege.g., UHF, UMB, treat thea and 8 electrons independently.
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TABLE I. Principal features of G3, G3//B3-LYP, G3CSD//B3-LYP, G3-RAD, and G3-RAD(H).
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G3

G3/IB3-LYP

G3CCSD//B3-LYP

G3-RAD

G3-RAD()

Geometry
Zero-point energy
Single-point energies

HLC

o0 w>»

UMP2(fu)/6-31GY)
UHF/6-31@2
UQCISD)/6-31G(d)

UMP4/6-31+ G(d)

UMP4/6-31G(2if,p)¢

UMP2(fu)/G3largé

6.386

2.977

6.219

1.185

B3-LYP/6-31G()
B3-LYP/6-31G()°
UQCISD(T)/6-31G(d)
UMP4/6-31+ G(d)
UMP4/6-31G(aif,p)¢
UMP2(fu)/G3largé
6.760

3.233

6.786

1.269

B3-LYP/6-31G()
B3-LYP/6-31G()
UCCSOT)/6-31G(d)
UMP4/6-31+ G(d)
UMP4/6-31G(2if,p)¢
UMP2(fu)/G3largé

6.602

3.207

6.449

1.212

B3-LYP/6-31G()
B3-LYP/6-31G()°
URCCSIOT)/6-31G(d)
RMP4/6-31 G(d)
RMP4/6-31G(2if,p)®
RMP2fu)/G3largé

6.884

2.747

6.561

1.341

B3-LYP/6-31G()
B3-LYP/6-31G()°
URCCSOT)/6-31G(d)
RMP4/6-31 G(d)
RMP4/6-31G(2!f,p)®
RMP2fu)/G3largé

6.450

2.410

6.446

0.996

aScaled by 0.8929.
bScaled by 0.96.
‘Scaled by 0.9806.

d4(6d,7f ) basis functions.
€(6d,10f ) basis functions.
f(5d,7f ) basis functions.

This allows more flexibility in accommodating the unpaired cluded, by performing the UMP2/G3large single-point calcu-
electroris) and, in the case of the Hartree—Fock wave funcdation with correlation of all electrongfu). Additionally, a
tion, often leads to a lower-energy description of the elecspin—orbit correction is included for atoms. To account for
tronic structure. However, treating the and B electrons remaining deficiencies, a higher-level correctiddlLC) is
separately can lead to spin contaminatiee., mixing of  applied. It has the form-Ang—B(n,—ng) for molecules
higher spin statgssince the wave function is no longer an and—Cng—D(n,—n,) for atoms, where, andn, are the
eigenfunction of(S?). The level of spin contamination is number ofa@ and 3 valence electrons, respectively. The val-
reflected in the deviation of thes?) expectation value from ues of the HLC parameters in standard G3 Are6.386,B
that of a pure spin staté.e., 0.75 for a doublet, 2.0 for a =2.977,C=6.219, andD=1.185 mhartrees. These HLCs
triplet, etc). were derived to give a best fit to 299 of the 302 energies in

A further alternative is to remove higher spin states fromthe G2/97 test setTable | contains a summary of the prin-
the unrestricted wave function by means of a spin-projectiortipal features of the G3 and related procedures.
operator. Spin-projected energies are designated by a P prefix The G3//B3-LYP procedufeis generally similar to the
(e.g., PHF, PMP standard G3 method but makes use of a B3-LYP/6-30G(

It is not clear beforehand which out of R, U, or P is to be geometry and ZPVHEscaled by 0.96 so as to reproduce fun-
preferred. At the HF and MP levels, the differences betweemamental vibrational frequenciesThe HLC parameters
them can be very large. However, at the QC{¥Dand have been redetermined As=6.760,B=3.233,C=6.786,
CCSOT) levels, it has been found that the differences be-and D=1.269 mhartrees. The @3CSD//B3-LYP
tween R and U are generally smdllWhile the standard &  procedurg is a modified G3//B3-LYP method in which the
procedures use energies determined from unrestricted waw¢QCISD(T)/6-31G(d) energy has been replaced by
functions, the @-RAD procedures make use of energies de-UCCSD(T)/6-31G(d) and the HLC parameters recalculated
termined from spin-restricted wave functions, and the modito account for this differenceA=6.602, B=3.207, C
fied G2 procedures of Morokuma and co-workers use spin=6.449, andD =1.212 mhartrees.
projected energies. The &h-RAD-type procedures are designed to give im-

In the present study,ab initio molecular orbital proved performance for radicals compared with their stan-
calculation$® were performed using theaussian 9§8?° AcEs  dard Gh counterparts. The principal features common to all
1,2t andmMoLPRO 2000.6(Ref. 22 computer programs. Unless the members of the GRAD family include (a) the replace-
indicated otherwise, restricted-open-shell reference wavenent of all UMP energies by restricted open-shell Maller—
functions (e.g., RHF and RMPRand the frozen-coréfc) Plesset(RMP) energies,(b) using the URCCSDI) method
approximation were used. Unrestricted-open-shell calculaef MOLPRO rather than UQCISIY) as the ultimate electron
tions are designated wiita U prefix, while correlation of all correlation level, andc) the scaling of vibrational frequen-
electrons in a molecule is denotéd). Because the B3-LYP cies so as to reproduce ZPVEs. The URCCBDprocedure
(Ref. 23 density functional calculations in this study were is a spin-unrestricted CCSD) calculation performed on a
all carried out using the unrestricted procedure, the U in thisestricted open-shell reference wave functidf Additional
case is omitted for simplicity. Zero-point vibrational energy differences relevant to specific G3-RAD-type procedures are
(ZPVE) scaling factors were either standard for the particulamoted below. For all the new methods, we have reoptimized
method or optimized? as noted. the HLC parameters.

Standard G3 theofyincludes a UMP&u)/6-31G(d) op- Standard G3-RAD/ in addition to incorporating the
timized geometry and a UHF/6-31&)( ZPVE (scaled by general features of the rGRAD-type procedures noted
0.8929 so as to reproduce fundamental vibrational frequerabove, differs from standard G3 in that {g uses a
cies. A UQCISD(T)/6-31G(d) base energy is corrected to B3-LYP/6-31G@) optimized geometry and ZPVEscaled
UQCISD(T)(fu)/G3large using a series of additivity correc- by 0.9806 so as to reproduce ZPVES (b) evaluates the
tions at the UMP2 and UMP4 levels. Core-correlation is in-RMP4/6-31G(2if,p) and RMP2fu)/G3large energies using
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TABLE Il. Principal features of G3X, G3¥CCSD), G3X-RAD, and G3X-RAD(4).

G3 for radicals 4851

G3X

G3X(CCSD

G3X-RAD

G3X-RAD(5d)

Geometry
Zero-point energy
Single-point energies

B3-LYP/6-31G(@f,p)
B3-LYP/6-31GH,p)?
UQCISD)/6-31G(d)

UMP4/6-31+ G(d)

UMP4/6-31G(2f,p)®

B3-LYP/6-31G(&f,p)
B3-LYP/6-31G(&lf,p)?
UCCSDT)/6-31G(d)
UMP4/6-31+ G(d)
UMP4/6-31G(aif,p)®

B3-LYP/6-31G(aif,p)
B3-LYP/6-31G(aif,p)?
URCCSOT)/6-31G()
RMP4/6-31 G(d)
RMP4/6-31G(2!f,p)°

B3-LYP/6-31G(alf,p)
B3-LYP/6-31G(aif,p)?
URCCSIT)/6-31G()
RMP4/6-31+ G(d)
RMP4/6-31G(2if,p)°

UMP2(fu)/G3largé UMP2(fu)/G3largé RMP2fu)/G3largé RMP2fu)/G3largd
UHF/G3Xlargé UHF/G3Xlargé RHF/G3Xlargé RHF/G3Xlargé
HLC A 6.783 6.635 6.894 6.522
B 3.083 3.085 2.719 2.498
C 6.877 6.645 6.655 6.550
D 1.152 1.076 1.351 1.047

aScaled by 0.9854.
b(6d,7f ) basis functions.
¢(6d,10f ) basis functions.

d4(5d,7f ) basis functions.
§(5d, 7f,9g) basis functions.
f(6d,10f,159) basis functions.

Cartesian (6,10f ) basis functiong! and (c) includes our  0.9854. In addition, like G3-RAD, all energies are evaluated
redetermined HLC parametersA€£6.884, B=2.747, C using Cartesian (&,10f,15g9) basis sets. The Hartree—Fock
=6.561, andD =1.341 mhartrees), optimized to give a bestcalculation with the G3Xlarge basis set is performed with the
fit to 296 of the 302 energiésin the G2/97 test set. restricted-open-shell formalism and we have redetermined
G3-RAD(5d), introduced for the first time in the present the HLC parameters to minimize the mean absolute devia-
study, differs from standard G3-RAD only in that the tion from experiment for 296 energiésof the G2/97 test
RMP2fu)/G3large calculation is performed using sphericalset (yielding A=6.894, B=2.719, C=6.655, and D
(5d,7f) basis functions rather than Cartesiand(B0f) =1.351 mhartrees).
functions. We have redetermined the HLC parameters to ac- The G3X-RAD(5) procedure, also introduced in the
count for this change, yieldindA=6.450, B=2.410, C present study, differs from G3X-RAD in that the RMR2/
=6.446, andD =0.996 mhartrees. G3large and RHF/G3Xlarge energies are evaluated using
G3X (Ref. 10 is a modified G3 procedure, which makes spherical (%,7f) and (&,7f,9g) basis functions, respec-
use of a B3-LYP/6-31G(@f,p) geometry and ZPVEscaled tively. The HLC parameters ard=6.522, B=2.498, C
by 0.9854 so as to reproduce ZPVEAN additional calcu- =6.550, andD =1.047 mhartrees.
lation is performed at the UHF level, with a modified G3(MP2) (Ref. 6 uses a UMP@u)/6-31G(d) optimized
G3large basis sdtz3Xlarge, to account for deficiencies ob- geometry and a scaldédy 0.8929 UHF/6-31G(d) ZPVE. A
served for species containing second-row atoms. The HL®ase energy evaluated at the UQC(SP6-31G(d) level is
parameters areA=6.783, B=3.083, C=6.877, andD corrected to UQCISDN)/G3MP2large using an additivity
=1.152 mhartrees. The G3RCSD method is a modified approximation at the UMP2 level. The @8P2)//B3-LYP
G3X procedure in which the UQCISD)/6-31G(d) energy  proceduré is generally similar to the standard (G&P2)
has been replaced by UCC8D/6-31G(d) and the HLC method but makes use of a B3-LYP/6-343}(@eometry and
parameters redetermined to give=6.635, B=3.085,C  ZPVE (scaled by 0.96 The HLC parameters have been re-
=6.645, andD=1.076 mhartree&’ The principal features determined asA=10.041, B=4.995, C=10.188, andD
of the G3X and related methods are presented in Table 1l. =2.323 mhartrees. Table Il contains a summary of the prin-
G3X-RAD (Ref. 17 follows G3X in using a cipal features of the G3 and G3X procedures based on re-
B3-LYP/6-31G(Af,p) geometry and ZPVE(scaled by duced Mgller—Plesset order.

TABLE IIl. Principal features of GAVP2), G3MP2)//B3-LYP, GAMP2)-RAD, G3X(MP2), and G3XMP2)-RAD.

G3(MP2) G3(MP2)//B3-LYP G3MP2)-RAD G3X(MP2) G3X(MP2)-RAD

Geometry
Zero-point energy
Single-point energies

UMP2(fu)/6-31GY)
UHF/6-31G@i)?
UQCISD)/6-31G(d)

B3-LYP/6-31G()
B3-LYP/6-31G()P
UQCISD(T)/6-31G(d)

B3-LYP/6-31G()
B3-LYP/6-31G()"
URCCSOT)/6-31G(d)

B3-LYP/6-31G(&if,p)
B3-LYP/6-31G(aif,p)?
UQCISD(T)/6-31G(d)

B3-LYP/6-31G(&if,p)
B3-LYP/6-31G(aif,p)¢
URCCSOT)/6-31G(d)

UMP2/G3MP2largé  UMP2/G3MP2larg8  RMP2/G3MP2large UMP2/G3MP2larg® RMP2/G3MP2larg®
UHF/G3Xlargé RHF/G3Xlargé
HLC A 9.279 10.041 9.413 9.680 9.556
B 4.471 4.995 3.969 4.715 3.992
C 9.345 10.188 9.438 10.039 9.684
D 2.021 2.323 1.888 2.010 1.970

@Scaled by 0.8929.
bScaled by 0.96.
‘Scaled by 0.9806.

dScaled by 0.9854.
§(5d,7f ) basis functions.
f(5d,7f,9g) basis functions.
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TABLE IV. Heats of formation for the 29 radicals in the G2/97 test set determined with G3, G3-RAD, G3X,
G3X-RAD, and related procedured (H,gg, kJ mol?).

G3// G3- G3- G3X- G3X-
Radical (8@  G3 B3-LYP® RAD(5d) RAD G3x! RAD(5d) RAD  Expt®
-BeH 0.752 3439 3443 345.2 3447 3448 345.2 3450 3418
-CH 0.756 590.4  589.9 591.2 591.2  589.9 591.3 591.6  596.2
:CH,(®B,) 2.015 386.6  386.2 388.8 3895  386.6 388.6 389.8  392.0
-CHs 0.762 1423 1435 144.8 1458  143.9 144.8 146.0  146.4
:NH 2014 3527 3519 354.1 354.6  351.9 354.1 355.1  356.5
-NH, 0.758 186.2  185.4 185.9 187.7  185.4 186.2 188.2  188.7
-OH 0.755  35.1 35.1 35.9 35.8 35.1 36.2 36.5 39.3
:SiH,(®B;) 2.005 3552  354.8 357.8 3595 354.4 357.2 359.3  360.7
-SiH, 0.754 196.2  195.8 197.3 199.7  194.6 196.6 199.2  200.4
-PH, 0763 1364 1356 134.0 1355 1347 133.6 1353 1385
-CN 1.127 446.4 4389 440.9 4419 4385 441.2 4426 4389
-CHO 0.762  40.6 39.3 40.2 41.4 39.3 40.3 42.0 41.8
-NO 0.768  91.2 90.8 88.2 89.6 90.0 88.5 90.4 90.4
:0, 2.037 46 —04 -75 -7.6 00 -7.1 -6.2 0.0
:Si, 2.013 577.4 5778 580.2 581.9 576.6 581.2 581.9  585.3
'S, 2029 1322  133.1 129.8 129.0 130.1 127.0 126.9 128.4
:SO 2.039 7.1 6.3 1.3 1.3 29 -15 -0.8 5.0
-OCl 0.764 1084  111.3 114.1 112.3  107.9 110.4 109.4  101.3
-CCH 1.187 570.3  565.3 566.7 566.6  565.7 567.8 568.1  565.3
-CHCH, 0.935 2950  294.1 296.6 296.6  294.6 296.9 297.2  299.6
-COCH; 0.764 —105 —11.3 —10.1 -94 -11.7 -103 -9.2 -10.0
-CH,OH 0.759 —163 —17.2 —164 —147 -167 —-162 -141 -17.2
-OCH;, 0.758  20.5 18.4 19.6 20.3 18.4 19.3 20.5 17.2
‘OCH,CH, 0.760 —105 -100 -133 -131 -10.0 -136 -129 -155
-SCH, 0.758 121.3  121.3 122.3 1222 1205 1215 121.7 1247
CH,CH, 0.763 120.1 1205 121.8 121.9 1209 1215 121.8 1209
-CH(CHy), 0.763  90.0 90.0 91.5 90.8 90.4 90.9 90.5 90.0
-C(CHy); 0.763  54.4 55.2 56.4 55.7 55.2 55.7 54.3 51.5
-ONO 0.766  33.9 31.4 28.7 32.0 31.0 29.1 33.2 33.1
MAD 3.51 3.18 3.19 2.59 3.18 3.14 2.50
MD -035 -117 -088 —-029 -160 —1.10 —0.27
LD ~7.94 +10.04 +1286 +11.01 -879 +9.14 +8.16

#Spin-squared expectation value at the UMP2 (fu)/6-31)3ével.
PFrom Ref. 4.

‘From Ref. 7.

dFrom Ref. 10.

°From Ref. 5, unless otherwise noted.

A value of 441.4 kJ mol* is recommended in Ref. 37.

The G3MP2)-RAD procedure used in the present study =~ G3-RAD, G3-RAD(H), G3X-RAD, G3X-RAD(X),
is an improved version of the originally reported G3(MP2)-RAD, and G3XMP2)-RAD total energies for all
G3(MP2)-RAD.?* |t continues to make use of a B3-LYP/ atoms and molecules used in this study are available from an
6-31G(d) optimized geometry and ZPV(caled by 0.9806  EPAPS documenit:
However, the improved version of @8P2)-RAD includes
newly optimized HLC parameterdA&9.413,B=3.969,C IIl. RESULTS AND DISCUSSION
=9.438, andD =1.888 mhartrees) that we have obtained Heats of formation at 298 K for the 29 radicals of the
through optimization of 301 energigf the G2/97 test set. G2/97 test set obtained at the G3, G3//B3-LYP, G3-RAD,
G3X(MP2) (Ref. 10 and G3XMP2)-RAD (Ref. 17  G3X, G3X-RAD, G3MP2), G3(MP2)//B3-LYP, GIMP2)-
correspond to modified G3X and G3X-RAD procedures, re-RAD, G3X(MP2), G3X(MP2)-RAD and related levels of
spectively, with reduced Mgller—Plesset order. Like G3X,theory are given in Tables IV and IX, which also include
both of these methods make use of a B3-LYP/6-31d(P) mean absolute deviatiof®MADs), mean deviation$MDs),
geometry and ZPVE(scaled by 0.9854 An additional and largest deviationd.Ds) from experiment. Summaries of
calculation is performed at the Hartree—Fock lefdHF the mean absolute deviations from experiment for these
for G3X(MP2) and RHF for G3XMP2)-RAD] with the  methods are given in Tables V, VII, and X. Tables VI, VIII,
G3Xlarge basis set. As with the new B82)-RAD method, Xl and XII present, for selected methods, calculated energies
we have optimized the HLC parameters for GB¥2)-RAD  that show large deviations=(12.5 kJmol'!) from experi-
so as to give the best fit to 301 enerdlesf the G2/97 ment.
test set, yieldingA=9.556, B=3.992, C=9.684, andD Within the G2/97 test set, the subsets of the 29 heats of
=1.970 mhartrees. formation (AtH,e9 for radicals, the 88 ionization energies
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TABLE V. Summary of mean absolute deviations from experiment (kJ ®dlor G3, G3-RAD, and related
procedures for the G2/97 test set.

(IEs) and the 58 electron affinitigE€As) will best reflect the

G& G3//B3-LYP*  G3(CCSD//B3-LYP®  G3-RAD(5d) G3-RAD
Heats of formation 3.93 3.89 3.91 4.01 3.68
Nonhydrogens 7.20 6.90 6.78 6.75 6.61
Hydrocarbons 2.85 2.38 2.30 2.30 2.51
Subst. hydrocarbons 2.34 2.93 2.71 3.59 2.95
Inorganic hydrides 3.64 3.26 3.05 3.03 2.98
Radicals 351 3.18 351 3.19 2.59
lonization energies 4.73 4.60 4.69 4.23 4.34
Electron affinities 4.10 3.97 4.06 3.91 3.90
Proton affinities 5.48 5.10 5.10 5.44 5.52
All 4.26 4.14 4.14 4.10 3.96
*From Ref. 4.
From Ref. 7.
‘From Ref. 8.

energies that use the calculated energies of the atoms which,

performance of the various methods for describing radicalsfor the molecules in the G2/97 test set, are all open-shell.
However, it should be noted that the heats of formation of
the closed-shell species will also be affected by the RAD-A. G3-RAD and G3-RAD (5d)

type modifications since these are derived from atomization

TABLE VI. G3, G3//B3-LYP, G3-RADO5d), and G3-RAD calculated ener-
gies with deviations from experiment 8f12.5 kJ mot * for the G2/97 test

set.

Deviation from expf

The heats of formation of the 29 radicals in the G2/97
test set, calculated at the G3-RAR{band G3-RAD levels,
are compared with G3 and G3//B3-LYP results in Table IV.
G3-RAD (MAD=2.59kJmol!) (Ref. 33 performs
slightly better than G3 and G3//B3-LYP (MAB3.51 and
3.18 kI mol !, respectively for radical heats of formation,
while G3-RAD(5d) (MAD=3.19 kimol!) shows similar

G¥  G3//B3-LYP G3-RAD(S) G3-RAD  performance to G3//B3-LYP. Baboet al” have noted that
Heats of formation the improved geometries and zero-point energies obtained at
CoFy 20.5 18.0 18.2 18.0 B3-LYP/6-31G({) lead to the better overall performance of
Na, 16.7 18.0 18.7 154 G3//B3-LYP compared with standard G3. They find that at
(C:HéIZCHC' 5’; 1;5 143'3? 113'3? G3//B3-LYP, 27 of the 299 energies examined in the G2/97
qug 13.8 79 43 0.8 test set differ by more than 4 kJ mdl from those obtained
CS, 13.8 12.5 8.9 76 at G3. Of these, 18 show improved agreement with experi-
SiCl, 0.0 —-8.4 —13.4 -11.1 ment at G3//B3-LYP and these include the heats of formation
SiFy —4.6 —9.2 —87 —16.9 of the -CN, :0,, and-CCH radicals. We similarly note an
gg :;'(1) :ig'g :EZ __1;'3 improved agreement with experiment for G3-RAD and
CF230 142 _146 _141 _150 G3-RAD(5d) compared with standard G3 for heats of for-
SO, ~159 ~10.9 _97 _122 mation of radicals, partly due to improved geometries and
PF; -20.1 -243 -22.4 —24.6 ZPVEs obtained at B3-LYP/6-31@J.
lonization energies The largest differences in radical heats of formation
B,F, 29.3 28.9 259 245 between G3-RAD(8) and G3-RAD on the one hand,
BF, _46 _159 ~139 130 and G3//B3-LYP on the other occur foD,(~7 kJmol 1),
BCl, -4.6 ~18.4 :SO (5.0kdmol?), :SiH, (4.7 kJmol'?), :Si, (4.1kJ
Be -13.4 ~146 -13.6 -145 mol™ 1), :S, (4.1 kImor't), and-SiH; (3.9 kImor'1). For
Mg —134 —14.6 —14.0 —15.4 the triplet radicals;O,, :SO, and:S, quite large differences
S;HE?H :122 _i'? (2)'8 1; are observed between the component energies obtained with
023 _16.7 o1 23 23 UMP (as in G3//B3-LYR and RMP{as in G3-RAD(%l) and
CH,F —20.9 ~15.9 ~16.3 ~163 G3-RAD]. While there is significant cancellation in the ad-
-CN -255 —27.6 -16.9 -17.0 ditivity scheme, a residual difference of5kJmol ! re-
Electron affinities mains: for_ each of these radicals. The use of thd,16f)
‘NH 176 18.4 15.7 158 combination for both the RMP4/6-31G42,p) and
.CH, 117 12.6 1.6 10.4 RMP2(fu)/G3large single-point calculations in G3-RAD
-Li -121 -13.4 -12.2 -12.3 generally leads to better agreement with experiment, in par-
‘Na -151 —-16.3 —-16.4 —-16.2 ticular for :SiH,, :Si,, :S,, and-SiH;.

@Deviation= Experiment- Theory.

bFrom Ref. 4.
‘From Ref. 7.

Three of the radicals in the G2/97 test set exhibit sig-
nificant spin-contamination-*CN, -CCH, and -CHCH,).
G3//B3-LYP, G3-RAD(%l), and G3-RAD give similar heats
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of formation for these radicals, and show significant im-second-row atoms. Scalar relativistic effects were found to
provement over standard G3, largely due to the improvednake a contribution to the TAE of4 kJmol * for six of
geometry and ZPVE obtained with B3-LYP/6-31d}( the molecules in Table VI (&,, CCl,, AICl;, SiCl,,
A summary of the overall performance of the SiF,, and PE). However, with a modified G3 procedure
G3-RAD(5d) and G3-RAD procedures is included in Table which includes a scalar relativistic correctidiG3(rel)],
V, where they are compared with G3, G3//B3-LYP, andKedzioraet al3*found only a relatively small change in per-
G3(CCSD//B3-LYP. G3-RAD gives the lowest overall mean formance between G&:l) and G3 and concluded that the
absolute deviation from experiment of 3.96 kJmglwhile  HLC generally compensates for scalar relativistic effects
the G3-RAD(H) procedure also performs well with an which tend to be systematic. On the basis of CBS-QB3 cal-
overall MAD of 4.10 kJmol . Curtisset al* report that the  culations, Montgomenet al®® have questioned the experi-
standard G3 method gives an overall MAD of mental heats of formation of &£,, CH,—CHCI, and CFO
4.26 kImol L. In comparison, the G3//B3-LYFRef. 7) and  and the ionization energy ofB,.
G3(CCSD//B3-LYP (Ref. 8 procedures both give MADs of The G3//B3-LYP, G3-RAD(8), and G3-RAD energies
4.14 kJmot *. listed in Table VI are generally very similar and tend to show
As noted above, G3-RAD performs well for radical jmprovement over standard G3. Significant improvements,
heats of formation (MAB-2.59 kImol™). G3-RAD(5d)  related to the better geometries and ZPVEs obtained with
(MAD =3.19 kImol %) performs slightly less well but im- B3| yp/6-31G(l), are observed for the heats of formation
proves on standard G3 and @XSD//B3-LYP. Similarly, 4 c,cl,, AICI,;, and SQ, and the ionization energies of
G3-RAD gives improved overall performance for .the heatsC2H5OH, CH,CI, :0,, and CHF.” However, Baboukt al’
of formation (MAD=3.68 kJ moTl) compared with the  hnie that B3-LYP/6-31G{) poorly describes the Jahn—Teller
standard G3 procedures, whl|le G3-RAD(Sdoes slightly  gistorted electronic states of the cations of;BBCls, and
less well (MAD=4.01 kmol ). CH,, which in turn leads to large deviations from experi-

G3-RAD(5d) and G3-RAD differ only in the use of \,ant for the ionization energies of these species. The devia-
spherical (%l,7f ) versus Cartesian (§10f ) basis functions tions from experiment for IBF;) at G3//B3-LYP,

for the RMP2fu)/G3large single-point energy. The improved G3-RAD(5d) and G3-RAD are—15.9, —13.9, and—13.0
performance of G3-RAD over G3-RAD(H for heats of for- | 5 =124 for IBCH,) are —11 3 118 and—12.2
mation suggests that thecﬂﬂOf ) _comb!natlon adds greater kJmol !, respectively. These are significantly larger than the
flexibility to the underlyingsp basis. This appears most Pro- Jeviations with standard GG-4.6 and— 3.3 kJmol %, re-

nounced for second-row species. The MAD from experimen : . .
. . I hich MP2/6-31 . W
for the heats of formation of the 50 second-row species forgpecnve y, which uses /6-31@) geometries. We are

: : 1 ) i unable to calculate the ionization energy of BGit the
G3-RAD is 5.0kJmal", while fo'r G3//.B3 LYP and G3-RAD(5d) and G3-RAD levels, because of a basis func-
G3-RAD(5d) a value of 5.6 kJmol* is obtained. One no-

table exception to this trend is the heat of formation of,SiF tion limit. (<256) in ACES 1. The B3-LYP/6-31Gd) geom-

: L etry and ZPVE also lead to significantly larger deviations
where G3-RAD gives a significantly poorer result than bothfr - xperiment  for  G3/B3-LYP.  G3-RAD nd
G3//B3-LYP and G3-RAD(H) (Table VI). In comparison, G‘; . AS 5pde E; f° the heats of formation of S'al
the MADs from experiment for the heats of formation of the S'F- O((ZI Z:I\Iéa uesd gr the e:;s 0 dor”.‘t";‘] |otn % deGS
98 first-row species for G3//B3-LYP, G3-RAD, and IF, -OCl, CIF;, and Pk than observed with standar '

G3-RAD(5d) are 2.9, 2.9, and 3.2 kJ mdl, respectively. The rngSt s(;gnificant imprO\éement obser\///ed for the
G3-RAD(5d) and G3-RAD perform particularly well G3-RAD(5d) and G3-RAD procedures over G3//B3-LYP is

for ionization energies with MADs of 4.23 and for the ionization energy of theCN radical. As shown in
4.34kJmol !, respectively. Both RAD procedLJres also 1able 1V, all three procedures provide reasonable and quite

show a slight improvement over G3//B3-LYP for electron similar values for the heat of formation of th€N radical.
affinities, with MADs of 3.91 and 3.90 kJmot, respec- However, all three procedures give quite poor results for the
tively, compared with 3.97 kJ mo. heat of formation of CN. The G3-RAD(H) and GS-.RAD
Table VI presents energies from the G2/97 test se¥alues @Ho=1766.5 and 1767.7 kimol, respectively
that show deviations from experiment12.5kJmofl  aré in somewhat closer agreement with experimeyt
(~3.0 kcalmol 1) for one or more of G3, G3/B3-LyP, =1750.5kimol’) (Refs. 36 and 37than the value ob-
G3-RAD(5d), or G3-RAD. Such deviations from experi- tained at G3/B3-LYP §:Ho=1775.5kJmol%). In com-
ment are observed for 19 energieine AH g values, eight  Parison, the GECCSD//B3-LYP values for the heats of for-
IEs, and two EAs at G3, 17 energiessix AH g values, mation of -CN and CN are 437.1 and 1766.9 kJ md|,
seven IEs, and four EAst G3//B3-LYP, 15 energieseven  respectively, in reasonable agreement with our G3-RAD(5
A¢H g values, six IEs, and two EAsat G3-RAD(5) and and G3-RAD values. This suggests that the use of COT$ED
14 energies(six A¢H,qg values, six IEs, and two EAsat rather than QCISOY) in the additivity scheme leads to im-
G3-RAD. proved performance by these procedures for the energy of
Twelve of the thirteen heats of formation with large de-the CN' cation.
viations in Table VI are found for nonhydrogen species. As we have noted above, the heats of formation of the
Kedzioraet al3* note that scalar relativistic effects can make closed-shell species will also be affected by the RAD-type
a significant contribution to the total atomization energymodifications since these are derived from atomization ener-
(TAE), particularly for nonhydrogen species containinggies that use the calculated energies of the atoms, which for
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the molecules in the G2/97 test set are all open-shell. We findABLE VIl. Summary of mean absolute deviations from experiment
that the difference between U and R foIIowing additivity for (kI molYy for G3X, G3X-RAD, and related procedures for the G2/97 test
first-row atoms is generally about 0.5 kJ mblwhile for

second-row atoms this increases tdl.5+ 0.5 kJ mol .38 G3X G3X
The effect of these differences is most evident in the heats of G3X* G3X(CCSD® -RAD(5d) -RAD
formation of GCl,, AICI3;, and SiC}j. The use of the oas of formation 3.60 3.60 3.60 311
(6d,10f ) combination for the MP@ull)/G3large energy in Nonhydrogens 6.11 6.11 5.69 4.77
G3-RAD leads to improvements for the heats of formation of Hydrocarbons 2.47 2.34 2.30 2.47
AICI; and CS but larger deviations for £, and SiF. The Subst. hydrocarbons  2.63 2.97 3.10 2.55
replacement of QCISO) with CCSIO(T) also contributes to ~ No'9anic hydrides 339 3.35 2.97 3.14
. Radicals 3.18 3.35 3.14 2.50
the Improvement observed for &S lonization energies 4.48 4.60 4.05 4.13
The improved performance of G3-RAD over standardglectron affinities 4.10 4.22 3.74 3.81
G3, particularly for radical heats of formation, can be attrib-Proton affinities 5.06 5.06 5.02 5.07
uted partly to the use of B3-LYP/6-31@) geometries and Al 4.02 3.97 3.85 3.65

ZPVEs, partly to the use of RMP energies versus UMP enaco et 10,
ergies in the additivity scheme and partly to the use of Carbrrom Ref. 11.
tesian (@1,10f ) versus spherical (& 7f ) basis functions for

the MPZfu)/G3large single-point energy. The energies ob-

tained with QCISIHT) and CCSDT) are generally very

similar. However, in some specific examples the inclusion Ofgives the lowest overall mean absolute deviation from ex-

CCSOM), as i_n the RA_D—type procedures, leads to improvedperiment of 3.65 kJmol* while the G3X-RAD(5I) proce-
agreement with experiment. dure also performs well with an MAD of 3.85 kJ mdl
Curtiss et al® report an overall MAD of 4.02 kJ m(‘)éll1
for the G3X procedure while the G3XCSD procedur
B. G3X-RAD and G3X-RAD (54) gives a value of 3.97 kJmot. G3X-RAD performs par-
G3X, G3X-RAD(&d), and G3X-RAD heats of forma- ticularly well for heats of formation overall with an MAD
tion for the 29 radicals in the G2/97 test set are included irof 3.11 kJmol!, while G3X, G3XCCSD, and
Table IV. Curtisset al1° report that the MAD from experi- G3X-RAD(5d) each give MADs of 3.60 kJ mot.
ment for G3X for the 29 radicals of the G2/97 test setis As noted by Curtissetal,’® the most signifi-
3.18 kImoll. G3X-RAD (MAD=2.50 kJmol') (Ref. 33  cant improvement for G3X compared with G3 is found
shows improved agreement with experiment over G3X whilefor the heats of formation of the nonhydrogen species.
G3X-RAD(5d) (MAD=3.14 kJmol1) gives similar per- They find that both the improved geometries obtained with
formance to G3X. |In addition, G3X-RAD and B3-LYP/6-31G(aif,p) and the inclusion of the HF/G3X
G3X-RAD(5d) show a slight improvement over G3-RAD large correction for second-row atoms lead to the improved
and G3-RAD(4), respectively. The G3X-RAD(®) and performance of G3X over standard G3 but that the latter of
G3X-RAD radical heats of formation are generally slightly these is the more important. We also observe significant
higher than those determined at G3X. overall improvement in the heats of formation of the nonhy-
Not surprisingly, the largest differences betweendrogen species in going from G3-RAD and G3-RAB}50
G3X-RAD(5d) and G3X-RAD on the one hand, and G3X G3X-RAD and G3X-RAD(), respectively.
on the other occur for the same group of radicals as noted in  In a similar manner to G3-RAD@® and G3-RAD,
the previous sectionSiH,(®B,), +SiHs, :0,, :Siy, :S,, and  G3X-RAD(5d), and G3X-RAD differ only in the use of
:S0O. Again, the differences observed f@,, :S,, and:SO  spherical (%,7f ) or (5d,7f,9g) versus Cartesian (§10f )
are largely due to the use of RMP versus UMP energies ior (6d,10f,153) basis functions for the single-point energies
the additivity scheme. As for G3-RAD, the use of the evaluated at RMR2u)/G3large and RHF/G3Xlarge. As in
(6d,10f ) combination for both the RMP4/6-31G42,p), the case of G3-RAD, the improved performance of G3X-
RMP2full)/G3large and RHF/G3Xlarge calculations in RAD for heats of formation suggests that thed(80f,159)
G3X-RAD generally leads to improvements over G3X andcombination adds greater flexibility to the underlying sp ba-
G3X-RAD(5d), in particular for:SiH,, -SiHz, and:Si,. sis, particularly for species containing second-row atoms.
G3X, G3X-RAD(5d), and G3X-RAD give quite similar The MAD from experiment for the 50 second-row species is
results for the heats of formation for two of the three highly4.00 kimol'? at G3X-RAD while this increases to
spin-contaminated radicalSCHCH, and-CCH. The differ-  4.60 kI mol'! at G3X-RAD(5d) and 4.76 kJ mol* at G3X.
ence for-CN radical is slightly larger (4.1 kJmot), with This effect is particularly noticeable in the heat of formation
the G3X result being in closer agreement with the experi-of AlF;, for which G3X-RAD shows significant improve-
mental value used in the G2/97 test set and the G3X-RADment over G3X and G3X-RAD(®) (Table VIII). G3X-RAD
result in closer agreement with the experimental value recalso shows improved agreement with experiment for the
ommended by Berkowitet al®’ heats of formation of the 98 first-row species (MAD
Table VIl presents a summary of the mean absolute=2.75 kJmol!) compared with G3X-RAD(8) and G3X
deviations from experiment for G3X, G3®CSD, (MADs=3.07 and 3.08 kJmot, respectively.
G3X-RAD(5d), and G3X-RAD. The G3X-RAD procedure While we have determined the HLCs for G3X-RADI(p
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TABLE VIII. G3X, G3X-RAD (5d), and G3X-RAD calculated energies with  also contributes to the improved agreement with experiment
deviations from experiment of12.5 kJ mol * for the G2/97 test set. for the heat of formation of CSand the ionization energy
of -CN.

The G3X-RAD procedure shows improved performance

Deviations from expt.

G3xX? G3X-RAD(50) G3X-RAD in almost all categories compared with standard G3X,

Heats of formation most noticeably for the subset of 29 radical heats of forma-

'(\':alz: 12-8 13-2 122 tion. We therefore recommend the G3X-RAD procedure

Cf_'::CHCI 149 130 141 for_rellable thermochemical prediction, particularly for

cs, 138 91 80 radicals but more generally for closed-shell molecules

cos 13.4 10.9 78 as well. While the performance of G3X-RAD for the predic-

AlF, 12.6 11.7 3.3 tion of thermochemical values of nonhydrogen species

CF,0 —14.6 —147 —16.6 is slightly better than for standard G3X, this remains a
lonization energies category for which occasional large deviations from experi-

B,F, 28.9 27.7 26.0 ment are observed.

CH,F —-12.1 -125 —-12.7

Be -15.1 -13.6 -147

Mg —15.5 —-14.1 —-15.6 C. G3(MP2)-RAD

BF, -15.9 -13.4 -12.6

-CN -27.2 —-16.5 —-16.3 Heats of formation for radicals calculated at (GIP2)-
Electron affinities RAD are compared with G{E/IE’Z) and G3MP2)//BS-_LYP

‘NH 176 155 15.4 values in Table IX. The radical heats of formation ob-

-CHs 13.8 13.6 12.2 tained with G3MP2), G3(MP2)//B3-LYP, and G3MP2)-

-Li -13.8 —-12.4 —-125 RAD are generally very similar. However, the use of
‘Na —-17.0 —165 —16.4 B3-LYP/6-31G(d) geometries, in GBP2)//B3-LYP and
*Deviation—Experiment Theory. G3(MP2)-RAD, leads to significant improvements in the

PFrom Ref. 10. values for the heat of formation ofCN, :0,, and-CCH

compared with G@VIP2). The radical heats of formation
displaying the largest differences between(k&B2)-RAD

and G3X-RAD using 296 of the energies in the G2/97 tesand G3IMP2)//B3-LYP occur for :Si,, :S,, and :SO.
set, we note that Curtisst al° have determined the HLC Again, for :0,, :SO, and:S, quite large differences are
for G3X using the larger G3/99 test set. However, they havebserved between the component energies obtained
indicated that determination of the HLC parameters for G3Xwith UMP [as in G3MP2)//B3-LYP] and RMP [as in
with the G2/97 test set gives almost identical values to thos&3(MP2)-RAD].
determined with the G3/99 test set. They also report that the The mean absolute deviations from experiment for
overall MAD for G3X for the smaller G2/97 test set is al- the G2/97 test set for GBIP2)-RAD are compared
most the same as that for the larger G3/99 test set on whichith the MADs previously reported for GBIP2),°
the HLC was determined. G3(MP2)//B3-LYP,” and GZMP2,CCSD//B3-LYP (Ref. 8

Table VIII presents energies from the G2/97 test set foiin Table X. G3IMP2)-RAD performs slightly better overall
G3X, G3X-RAD(5d), and G3X-RAD that show the largest than G3MP2), G3(MP2)//B3-LYP, and G3MP2,CCSD//
deviations from experiment£12.5 kJmol ). Many of the  B3-LYP, with a MAD of 5.17 kJmal®. Similar perfor-
energies with large deviations from experiment listed inmance to GEMP2)//B3-LYP and G3MP2,CCSD//B3-LYP
Table VI [G3//B3-LYP, G3-RAD(%l), and G3-RAD are is observed for heats of formation overall (MAD
also noted to have large deviations at G3X, G3X-RAD, and=4.73 kJmol'!). However, significant improvements are
G3X-RAD(5d). However, many of the heats of formation observed for electron affinitie§MAD =5.81 kJmol'1).
and ionization energies listed in Table VIII show a slight G3(MP2)-RAD performs slightly better than GBIP2)
improvement over the corresponding G3//B3-LYP,for proton affinities (MAD=3.98kIJmol! versus
G3-RAD(5d), and G3-RAD valuesTable VI). The devia- 4.27 kmol'!) but not quite as well as GBIP2)//B3-LYP or
tions from experiment in the electron affinities of Table VIIl G3(MP2,CCSD//B3-LYP (MADs=3.72 kJmol %),
are generally similar to or slightly greater than the corre- Table XI presents energies from the G2/97 test set
sponding G3//B3-LYP, G3-RAD(#), and G3-RAD values with deviations from experiment of=12.5kJmol?!
of Table VI. for G3(MP2), G3(MP2)//B3-LYP, and GBMP2)-RAD. The

The largest differences between G3X on the oneenergies listed are generally very similar.(@®2)//B3-LYP
hand and G3X-RAD(H) and G3X-RAD on the other, and G3MP2-RAD show improved performancécom-
for the energies listed in Table VIII, occur for the heats ofpared with GBMP2)] for the heat of formation of SO
formation of CS, COS, and All, and the ionization energy and the ionization energies 00, and CHF, due largely
of -CN. to the improved B3-LYP/6-31@&) geometry and ZPVE

The improved values at G3X-RAD, compared used in these procedures. However, as noted above,
with G3X, for the heats of formation of GS COS, and B3-LYP/6-31G()performs poorly for the BGI , BF;", and
AlF; are due largely to the use of thed/0f ) combination.  CH," radical cations, leading to poor ionization energies for
Again, the replacement of QCISD) with CCSOT) BCl3, BF;, and CH,.
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TABLE IX. Heats of formation for the 29 radicals in the G2/97 test set determined witMB3, G3(MP2)-RAD, G3X(MP2), G3X(MP2)-RAD, and related
procedures £ H g5, kJ mol't).

G3(MP2)// G3(MP2)- G3X(MP2)-

Radical (892 G3(MP2° B3-LYP* RAD G3X(MP2* RAD Expt®
-BeH 0.752 353.5 353.5 355.0 354.4 355.4 341.8
-CH 0.756 588.7 587.9 587.8 587.9 588.3 596.2
:CH,(®B,) 2.015 386.2 385.3 386.7 385.8 387.1 392.0
‘CH, 0.762 143.1 143.9 144.0 144.3 144.2 146.4
:NH 2.014 3515 349.8 350.4 349.8 351.0 356.5
‘NH, 0.758 186.2 184.9 184.2 184.9 184.7 188.7
-OH 0.755 34.7 33.9 34.4 34.7 35.2 39.3
:SiH,(°B,) 2.005 348.9 347.3 350.9 346.9 350.6 360.7
-SiH; 0.754 192.5 191.6 193.4 190.4 192.5 200.4
‘PH, 0.763 133.1 131.8 129.9 130.5 129.3 138.5
‘CN 1.127 445.2 436.4 437.7 436.0 438.2 488.9
-CHO 0.762 39.7 37.7 40.0 385 40.5 41.8
‘NO 0.768 91.6 90.0 90.0 89.5 90.4 90.4
:0, 2.037 8.4 1.7 -1.3 25 -0.3 0.0
:Sip 2.013 573.6 572.8 577.4 572.0 575.7 585.3
'S, 2.029 126.4 125.9 119.1 122.6 116.2 128.4
:SO 2.039 9.6 7.1 11.0 2.9 6.4 5.0
-OCl 0.764 110.5 111.7 114.7 108.8 111.2 101.3
-CCH 1.187 568.2 562.3 562.2 563.2 563.7 565.3
*CHCH, 0.935 294.1 292.5 293.1 293.3 293.7 299.6
-COCH; 0.764 —10.0 -11.7 -9.1 -11.3 -9.1 —10.0
-CH,OH 0.759 -15.1 -16.3 -15.4 -15.5 -15.0 -17.2
-OCH; 0.758 22.2 19.2 20.0 19.7 20.1 17.2
‘OCH,CHjz 0.760 -84 -9.2 -12.8 -84 -12.7 -15.5
-SCH; 0.758 119.7 118.8 119.6 118.4 118.9 124.7
-CH,CH; 0.763 120.9 120.9 121.0 121.3 120.9 120.9
‘CH(CHy)» 0.763 90.8 90.4 90.7 90.8 90.3 90.0
‘C(CHa)3 0.763 55.6 55.2 56.9 55.6 55.2 51.5
-ONO 0.766 38.1 347 37.2 34.7 37.6 33.1
MAD 5.15 4.94 5.10 5.19 4.67
MD —0.40 -211 —1.47 -231 -1.75
LD +11.72 -13.39 +13.39 -13.81 +13.60

aSpin-squared expectation value at the UMP2/(6u31G(d) level. 9From Ref. 10.

From Ref. 6. °From Ref. 5, unless otherwise noted.

‘From Ref. 7. fA value of 441.4 kJ mol* is recommended in Ref. 37.

The largest differences between @W2)//B3-LYP  G3(MP2)-RAD, compared with G@VP2)//B3-LYP in
and G3MP2)-RAD for the energies listed in Table Xl are A;H,qg(CS;) and IE-CN), and the larger deviation from ex-
seen for the heats of formation of €Sand SQ and the periment forA;H,qeg(SO,) are largely due to the replacement
ionization energy of-CN. The improvements observed at of QCISD(T) by CCSIOT) in the additivity scheme.

TABLE X. Summary of mean absolute deviations from experiment (kJ Molor G3(MP2), G3(MP2)-RAD, G3X(MP2), G3X(MP2)-RAD, and related
procedures for the G2/97 test set.

G3(MP2,CCSD//
G3(MP2)? G3(MP2)//B3-LYP? B3-LYP® G3(MP2)-RAD G3X(MP2)¢ G3X(MP2)-RAD
Heats of formation 4.94 4.73 4.77 4.73 4.64 4.44
Nonhydrogens 8.87 8.33 8.33 8.11 7.74 7.66
Hydrocarbons 2.93 3.14 2.97 3.33 3.01 2.99
Subst. hydrocarbons 3.10 2.93 2.97 3.00 3.01 2.82
Inorganic hydrides 4.31 3.89 3.93 3.48 4.23 3.70
Radicals 5.15 4.94 5.15 5.10 5.19 4.67
lonization energies 5.90 5.73 5.86 5.70 5.69 5.31
Electron affinities 6.11 6.02 6.15 5.81 6.32 5.86
Proton affinities 4.27 3.72 3.72 3.98 3.30 3.33
All 5.44 5.23 5.31 5.17 5.23 4.92
#From Ref. 6.
From Ref. 7.
‘From Ref. 8.

dFrom Ref. 10.
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TABLE XI. G3(MP2), G3(MP2)//B3-LYP, and G3MP2)-RAD calculated
energies with deviations from experiment®f12.5 kJ mot * for the G2/97
test set.

B3-LYP/6-31G(&lf,p) and partly due to the HF/G3Xlarge
correction for second-row atom$.

The largest differences between GQB¥2) and
G3X(MP2)-RAD for radical heats of formation occur for
:S,, and-OCH,CHj5. As noted for GBVIP2)-RAD, signifi-

Deviation from expt

G3MP2°  G3(MP2//B3-LYP®  G3(MP2)-RAD

Heats of formation

cant differences are observed between the component ener-
gies obtained with UMPas in G3XMP2)] and RMPJ[as in

CS 22.2 21.8 18.0
c,Cly 20.9 192 187 G3X(MP2)-RAD] for :0,, :SO, and:S,.
CH,=CHClI 18.4 18.4 18.6 A summary of the performance of G8MP2) and
CoF,y 18.0 18.8 19.8 G3X(MP2)-RAD is included in Table X, along with that for
cos 14.2 15.5 12.8 G3(MP2) and related procedures. GBP2)-RAD gives the
222 1133'51 11?;‘; 1141'% best overall performance of the procedures listed in Table X,
AlCI, 125 109 97 with a mean absolute deviation from experiment of
Li, 12.1 12.6 13.4 4.92 kdmot t. Improvements compared with GBMP2) are
:SiH, (°By) 11.7 13.4 9.8 observed for heats of formation (MADA4.44 kmol?),
55'2| L7 12.6 11.0 ionization energies (MAB:5.31 kdmoi'!) and electron af-
'SOC ~92 ~105 ~134 finities (MAD=5.86 kJmol !). The MAD for proton affini-
o, -16.3 -10.5 —-14.4 _ I
.BeH 117 117 131 ties (3.33 kI mal~) is close to that observed for GBMP2).
CF,0 ~16.7 ~155 ~155 It is pleasing to see the significant improvement in the radi-
CIF, -18.0 -19.7 -21.2 cal heats of formation, with an MAD of 4.67 kJmdl.
PFR; —-21.8 —-23.0 —-21.9 G3X(MP2)-RAD performs better than GBIP2)-RAD for al-
lonization energies most all the categories in Tablg X.
B,F, 29.7 29.3 26.1 Table Xl presents energies from the G2/97 test set
'S 15.1 13.4 117 with deviations from experiment of=12.5kJmol ! for
-Na 13.4 12.6 13.9 G3X(MP2) and G3XMP2)-RAD. Large deviations from ex-
BCls —38 ~180 periment are observed for 29 energies at @3R2) (13
BF, -38 -18.8 -17.9 . . . )
0, _167 P 54 A¢H,gg values, eight II_Es, and eight EAbut j_ust 20 energies
.CN —197 —247 ~17.0 at G3X(MP2)-RAD (nine A¢H,gg values, six IEs, and five
Be —226 -23.8 -23.2 EAs).
CHgF —226 —-17.6 —-17.0 The largest differences between GB¥2) and
Electron affinities G3X(MP2)-RAD for the energies listed in Table XIl occur
‘NH 18.8 18.8 17.4 for the heat of formation of CS the ionization energies of
-B 18.8 18.0 19.6 CeHsNH, and -CN, and the electron affinities oPO and
:C 15.1 14.2 17.3 -SCH,CH;. As noted in the previous section, the inclusion
% ﬁ'g EZ gi of CCSIOT) in place of QCISIT) leads to improved values
-Na —27.2 —28.9 —28.3 f0r AfHZQS(CSZ) and IH'CN)
L —31.4 ~326 316 The significant improvement in the ionization energy of

@Deviation=Experiment-Theory.

PFrom Ref. 6.
‘From Ref. 7.

D. G3X(MP2)-RAD

G3X(MP2) and G3XMP2)-RAD heats of formation

CsHsNH, and the electron affinity of thd?O radical appears

to be due to the use of RMP energies versus UMP energies in
the additivity scheme. Th¢S?) values for GHsNH," and

‘PO at the UMP2/6-31GY) level are 1.153 and 0.855, re-
spectively, reflecting significant spin contamination. The
large difference between the previously reported G3R2)
value and the current G3KIP2-RAD value for
EA(-SCH,CH3) may be attributed to different states being

for the 29 radicals in the G2/97 test set are included in Tableised for the SCH,CH; radical. We have calculated the elec-
IX. G3X(MP2)-RAD shows improved agreement with ex- tron affinity for the A” ground state of theSCH,CHjz radi-

periment compared with G3XIP2) (MAD =4.67 versus

cal, whereas it appears that it was previously calculated for

5.19 kd mol ) for the A;H,qg values for radicals, in accord the higher energyh’ state'® The deviation from experiment

with our previous findings’® In particular, G3XMP2)-

at G3X(MP?2) for EA(-SCH,CH,) reduces to-4.1 kmol !

RAD shows improved agreement with experiment for allwhen calculated for thA” state, in close agreement with our
three of the highly spin-contaminated radicals in Table IX. ING3X(MP2)-RAD value.

our previous study/ we found G3XMP2)-RAD and

G3X(MP2)-RAD shows improved performance in al-

G3(MP2)-RAD to give very similar performance. How- most all categories over the standard G3-type procedures

ever, for the 29 radicals of the G2/97 test set, @3R2)-

based on reduced Mgller—Plesset order, particularly for radi-

RAD shows a significant improvement compared withcal heats of formation. We therefore recommend @3R2)-
G3(MP2)-RAD.*® The largest improvements occur for RAD as an economical procedure for reliable thermochemi-

:SO (4.6 kamott) and-OCI (3.4 kIJmolt), which can be

cal prediction, particularly for radicals but more generally for

attributed partly to the improved geometries obtained withclosed-shell molecules as well.
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TABLE XlI. G3X(MP2) and G3XMP2)-RAD calculated energies with de-
viations from experiment o&12.5 kJ mot* for the G2/97 test set.

Deviation from expf

G3X(MP2P G3X(MP2)-RAD
Heats of formation
CS, 23.4 19.1
C,Cl, 19.7 20.8
CH,=CHCI 18.0 18.6
cos 15.9 12.9
CS 15.1 11.8
C,F, 14.6 17.8
:SiH, (°B;) 13.8 10.1
Na, 13.8 14.1
:Si 13.4 9.6
Li, 134 13.4
-BeH —-12.6 —13.6
BF; -13.0 -10.6
CR,0 -18.0 -16.7
lonization energies
B,F, 305 27.8
-Na 13.4 13.7
'S 13.0 11.2
CHz;F —-12.6 —-12.7
CgHsNH, -13.0 -8.1
BF; —-18.0 -17.7
Be —24.3 —23.7
-CN —24.3 —-16.5
Electron affinities
:NH 18.8 16.9
-B 18.8 19.4
:C 15.1 17.1
-PO 13.4 3.7
C, 13.0 11.6
*SCH,CH;,4 —-12.6 -3.0
-Na —29.2 —28.7
-Li —-33.0 —-32.1

#Deviation= Experiment- Theory.

PFrom Curtisset al, Ref. 10.

‘This value refers to theA’ state of -SCH,CH;. A deviation of
—4.6 kJ mol'! is obtained for the EA calculated for the grouAt state of
*SCH,CHj; (see text

IV. CONCLUSIONS

We have developed and assessed modifications of the

G3, G3X, G3MP2), and G3XMP2) methods with the aim

G3 for radicals 4859

dard RAD methods, best overall results are obtained
with G3X-RAD, with a mean absolute deviatioiMAD)
from experimental results of 3.65kJmd| followed

by G3-RAD (MAD=3.96kJmoll), G3X(MP2)-RAD
(MAD=4.92kJmol!) and G3MP2-RAD (MAD
=5.17 kJmol!). G3X-RAD performs particularly well
for heats of formation, showing an MAD of 3.11 kJ mél
G3X(MP2)-RAD is quite cost effective with an MAD
for A{H,eg Of 4.44kJmoltl. G3-RAD and G3X-RAD
give good results for radical heats of formation, with
MADs of 2.59 and 2.50 kJmol, respectively, while the
MADs for G3(MP2)-RAD and G3XMP2)-RAD are 5.10
and 4.67 kJmol!, respectively. The G3-RAD@ and
G3X-RAD(5d) procedures, which use spherical Gaussians
(5d,7f) or (5d,7f,99) in the G3large or G3Xlarge calcula-
tions rather than the Cartesian Gaussiansl,16f) or
(6d,10f,15g) that are used in G3-RAD or G3X-RAD, per-
form less well for the calculation of heats of formation than
the latter methods.
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