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The performance of G2(MP2) and G2(MP2,SVP) theories for molecules containing third-row nontransition
elements GaKr is assessed. The average absolute deviation from experiment for 40 test energies is 1.92
kcal/mol for both methods compared to 1.37 kcal/mol for G2 theory. Four density functional theories (BPW91,
BLYP, B3PW91, and B3LYP) are also assessed for the 40 test energies and found to have average absolute
deviations of 3.58, 4.75, 2.03, and 2.62 kcal/mol, respectively. The B3APW91 density functional theory gives
the best agreement with experiment in contrast to first- and second-row systems, where B3LYP does better
than B3PW91. Of the four density functional methods, the B3PW91 method gave the best agreement with
experiment for geometries and is about as accurate as second-order perturbation theory.

I. Introduction Il. Theoretical Methods

In a previous paper we extended Gaussian-2 (G2) the¢ory The formulation of G2(MP2) and G2(MP2,SVP) theories for
third-row atoms GaKr.2 The final total energies are effectively ~ the third row is analogous to that of first and second réds.
at the QCISD(T)/6-312G(3df,2p) level, making certain as- The following modifications, which were used in G2 theory
sumptions about the additivity of the corrections. Spimbit for the third row, are incorporated.
corrections for atoms and molecules having both spatially and 1. The MP2 geometry optimizations and the Hartréeck
spin degenerate state® (3P for atoms andIl for molecules) vibrational frequency calculations use the 641(d) basis set of
are included in the G2 energies. G2 theory for the third row Binning and Curtis¥ for Ga—Kr along with 6-31G(d) for first-
was tested on a total of 40 energies (atomization energies,and second-row atoms, referred to overall for simplicity as “6-
ionization energies, electron affinities, and proton affinities) 31G(d)”. The same scale factor (0.8929) is used for the zero-
having well-established experimental values and was found to POINt energies.
have an average absolute deviation of 1.37 kcal/mol. 2. The single-point energy calculations use the 6-311G basis
In this paper, two variants of G2 theory that have been and appropriate suppleme.ntary functions for first- and second-
proposed for first- and second-row elements are assessed ofioW atoms and corresponding sets that were d?vehpe§a—
the 40 test energies used for the third row. In the first variant, KI» referred to overall again for simplicity as “6-311G". The

referred to as G2(MP2) theofythe basis set extensions of G2 Single-point energy calculations are done at the QCISD(T)/6-
theory are obtained using second-order Metllesset pertur- ~ 311G(d.p) and MP2/6-31G(3df,2p) levels in G2(MP2)

bation theory (MP2). In the second variant, referred to as G2- theory? and at the QCISD(T)/6-31G(d) and MP2/6-31G(3df,
(MP2,SVP) theory, the QCISD(T) calculation in G2(MP2) 2P) levels in G2(MP2,SVP) theofy: _

theory is done using the 6-31G(d) basis set instead of the 3. The splitting faptor_of the d-polarization functions for the
6-311G(d,p) basis séf Both of these methods give somewhat 3df basis set extension is 3 rather than the fa}ctor of 4 usgd for
larger average absolute deviations with experiment than G2 first- and second-row atoms. The 3d core orbitals and 1s virtual
theory for first- and second-row molecule$,but provide orbitals are frozen in the single-point correlation calculations.

substantial savings in computational time and disk storage. 4. First-order spirorbit energy correctionsAE(SO), are
Density functional theory (DFT) is developing as a cost- included in the G2 energies for the third row f&rand®P atoms

) . .
effective method for the evaluation of physical properties of and <1 molecyles. yalugs fqr thesg correc’uons arel obtained
molecules. It has been examined for the calculation of _from s_p|n—ork_)|t conﬂguratlon_ Interaction calculaﬂ_oﬁé_. The
geometries and vibrational frequencies of first- and second-row 'rgiltlljgr']c;n hO;sflrsé-eCJr:d]% ru%orgcbzn?mmgl?;#tle:(rors’p‘agg?'r:ir(:or- o0od
molecules and has been found to give results similar to or beneragreement with experimedt P 99
than MP2 theory~® Some of the functionals (B3LYP and . ) )

B3PW91) have also been found to give reasonable thermo- Four density functional methods (BPW91, BLYP, B3PW9L,

chemical data with an average absolute deviation of about twice and B3LYP) were asses_sed for the third-row moleculgs. The
that of G2 theorpif a Iargegenough basis set is used. In this BPWO9L1 functional combines the 1988 exchange functional of
paper we assess,four DFT methods (B3LYP, BLYP, B3PW91 Becké? with the correlation functional of Perdew and Waldg.

and BPW91) on the 40 energies used to test G2 theory for theggg;. t‘fénp?ﬂgnéseégm;i _Igcgll ggf:yn glzadfrr:;eizrvtvhe:t fafs
third row. A comparison is also made with MP2 theory and mes. part involv Ingle p :

: : - the exchange functional to accurate computed atomic data. The
experiment for the geometries of the molecules in the test Set'BLYP functional also uses the Becke 1988 part for exchange,
: ~ together with the correlation part of Lee, Yang, and P&ftis

" Work supported by the U.S. Department of Energy, Office of Basic | yp fynctional is based on a treatment of the helium atom and
Energy Sciences, Division of Materials Sciences, under Contract No. W-31- . . .
109-ENG-38. really only treats correlation between electrons of opposite spin.
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TABLE 1: Equilibrium Geometries from Density Functional Theory 2

geometry
molecule symmetry parameter MP2 B3LYP BLYP B3PW91 BPW91 fexpt
GeH,; (*Ay) Tq R 1.542 1.541 1.549 1.536 1.544 1.514
AsH (32) Ceon R 1.546 1.555 1.567 1.547 1.560 1.535
AsH™ (2IT) Cov R 1.545 1.556 1.568 1.548 1.561
AsH; (°By) Co R 1.539 1.555 1.561 1.542 1.555 1.518
A 91.1 90.1 89.8 90.1 89.7 90.7
AsH;" (*Aq) Co R 1.539 1.556 1.563 1.543 1.556
A 91.6 90.3 90.0 90.4 89.9
AsHs (*A1) Csy R 1.536 1.545 1.557 1.538 1.551 1.511
A 91.8 90.8 90.2 90.7 90.1 92.1
SeH @I1) Cov R 1.486 1.496 1.506 1.488 1.499 1.475
SeH" (327) Ceov R 1.502 1.512 1.522 1.502 1514
SeH (=) Cov R 1.491 1.505 1.514 1.496 1.508
SeH (*Ay) Co R 1.48 1.485 1.500 1.482 1.493 1.46
A 91.2 90.5 90.2 90.5 90.1 90.6
SeH" (°By) Co R 1.495 1.505 1.515 1.496 1.508
A 91.9 91.1 90.7 91.1 90.6
HBr (1=*) Ceov R 1.435 1.437 1.452 1.435 1.446 1.414
HBr* (?I1) Cov R 1.467 1.473 1.485 1.466 1.477 1.448
As; (1=t Do R 2.142 2.095 2.127 2.086 2.110 2.103
BBr (3=%) Ceov R 1.893 1.913 1.929 1.903 1.919 1.888
Br, (=) Do R 2.308 2.318 2.351 2.298 2.319 2.281
Bry™ (3[1g) Deoh R 2.235 2.238 2.271 2.215 2.242
BrCl (:=%) Coov R 2.165 2.186 2.214 2.163 2.184 2.136
BrF (:=%) Ceop R 1.784 1.789 1.813 1.775 1.798 1.759
BrF* (3I) Cov R 1.699 1.702 1.740 1.701 1.727
NaBr (=%) Ceop R 2.514 2.476 2.499 2.491 2.503 2.502
NaBrt (2I1) Ceov R 2.901 2.856 2.875 2.892 2.911
BrO (3I1) Ceov R 1.750 1.757 1.785 1.747 1.765 1.717
BrO~ (:=%) Cov R 1.836 1.875 1.900 1.851 1.869 1.814
HOBr (*A") Cs Rogr 1.863 1.867 1.902 1.852 1.880 1.834
Ron 0.979 0.974 0.987 0.972 0.983 0.961
A 101.6 101.8 100.8 102.1 100.9 102.3
HOBr" ((A") Cs Rosr 1.723 1.757 1.800 1.747 1.781
Ron 1.003 0.994 1.007 0.992 1.004
A 110.1 108.8 107.5 108.8 107.6
GaCl (=) Ceov R 2.218 2.248 2.271 2.234 2.250 2.202
GeO (=1) Coov R 1.667 1.647 1.671 1.642 1.664 1.625
GeS (1=1y) Doon R 2.008 2.016 2.040 2.004 2.022
H3CBr (*A1) Cs, Ruc 1.087 1.089 1.095 1.089 1.095 1.082
Rerc 1.948 1.960 1.990 1.948 1.965 1.934
A(HCH) 1111 1111 111.4 111.0 1111 111.2
HCBrt (*A") Cs Rear 2.003 2.034 2.066 2.004 2.024
RerH1 1.452 1.458 1.469 1.451 1.462
Renz 1.088 1.090 1.097 1.090 1.097
Rehs 1.086 1.088 1.094 1.088 1.095
A(H1BrC) 97.3 97.5 96.8 97.1 96.9
A(H2CBr) 102.7 101.9 101.6 102.5 102.2
A(H3CBI) 105.8 105.3 104.8 105.8 105.6
A(H4ACH3) 115 115.6 115.9 115.2 115.5
KrF; (1Ztg) Deoh R 1.917 1.933 1.964 1.903 1.943 1.875

2The 6-31G(d) basis set is used. Bond angles in degrees, bond lengths in angstroms, MP2/6-31G(d) results fr&tafegBces for experiment
are given in ref 2¢H1 is attached to Br, H2 is trans to H1, and H3 and H4 are equivalent.

energies in the original G2 test set of energies of systems TABLE 2: Average Absolute Deviations for Bond Angles
containing first- and second-row elemehtsThese give a  and Bond Lengths'

functional that is a linear combination of HartreBock method bond lengths bond angles
exchange, 1988 Becke exchange, and various correlation parts: B3LYP 0.030 053
This idea was introduced by Beckewho obtained parameters BLYP 0.048 0.95
by fitting to the molecular data. This is the basis of the B3PW91 B3PW91 0.020 0.48
functional. The B3LYP functional is constructed in a similar BPW91 0.034 1.00
manner, although the parameters are the same as in B3PwW91.  MP2 0.022 0.42
The DFT energies are calculated using the 6-8G{3df, a Average absolute deviations with experiment of geometries in Table

2p) basis sétat the MP2(full)/6-31G(d) geometries reported 1. Bond lengths in angstroms, bond angles in degrees.
previously? Scaled HF/6-31G(d) zero-point energies and spin
orbit corrections from ref 2 are added to the density functional
energies for calculation of reaction energies. We also calculated
geometries of the molecules with the four DFT methods using
the 6-31G(d) basis set for comparison with experiment. Allof ~A. Geometries. The optimized geometries from the density
the DFT calculations as well as those for the G2 methods were functional theories are listed in Table 1, and the corresponding
done with the Gaussian 94 computer progfdm. average absolute deviations from experiment are given in Table

I1l. Results and Discussion
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TABLE 3: G2(MP2) and G2(MP2,SVP) Energies (Hartrees)
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species G2(MP2) G2(MP2,SVP) species G2(MP2) G2(MP2,SVP)
Ga —1923.240 93 —1923.241 73 SeH —2401.165 67 —2401.164 81
Ga" —1923.023 07 —1923.024 47 Seq —2400.805 04 —2400.804 12
Ge —2075.359 94 —2075.360 40 HBr —2573.166 46 —2573.165 85
Ge" —2075.073 73 —2075.074 20 HBr —2572.742 43 —2572.741 56
Ge —2075.403 01 —2075.403 10 GeO —2150.591 58 —2150.591 36
As —2234.250 29 —2234.250 30 GeS —2870.966 23 —2870.968 15
Ast —2233.895 25 —2233.895 43 As —4468.643 14 —4468.643 93
Se —2399.923 68 —2399.923 30 BrCl —3032.277 84 —3032.278 61
Set —2399.572 93 —2399.572 72 BrF —2672.252 99 —2672.253 29
Br —2572.529 09 —2572.528 91 BrF —2671.825 05 —2671.824 11
Brt —2572.101 18 —2572.100 48 BrO —2647.593 59 —2647.594 26
Br- —2572.650 16 —2572.649 49 Bro —2647.683 48 —2647.683 72
Kr —2752.172 63 —2752.172 06 HOBr —2648.249 46 —2648.249 00
Krt —2751.664 95 —2751.662 52 HOBr —2647.859 75 —2647.859 48
GeH, —2077.796 97 —2077.794 43 BBr —2597.293 90 —2597.293 34
AsH —2234.849 70 —2234.849 30 NaBr —2734.512 41 —2734.512 12
AsH* —2234.500 44 —2234.500 25 NaBr —2734.204 04 —2734.203 98
AsH; —2235.458 44 —2235.457 61 Br —5145.127 91 —5145.127 15
AsH,*" —2235.116 56 —2235.116 00 Bt —5144.744 09 —5144.746 72
AsHs —2236.075 84 —2236.074 58 CkBr —2612.382 62 —2612.380 76
SeH —2400.541 50 —2400.540 88 ChkBrt —2612.634 94 —2612.632 65
SeH" —2400.183 57 —2400.182 97 GacCl —2383.084 75 —2383.086 52
SeH" —2400.621 22 —2400.620 65 Krg —2951.468 47 —2951.467 94
TABLE 4: Deviation of Calculated Atomization Energies &D) from Experiment (kcal/mol)?
species expt G2(MP2) G2(MP2,SVP) B3LYP BLYP B3PW91 BPW91
GeH, 270.5 3.4 1.9 2.8 —2.8 —-0.4 —6.3
AsH 64.6 —-2.2 —-25 3.0 3.2 0.6 0.2
AsH; 131.1 -05 —-1.0 6.2 5.9 2.0 1.0
AsHs 206.0 -1.7 —-25 4.0 3.0 —-1.2 —-2.9
SeH 74.3 -0.1 —-0.5 1.6 1.5 0.5 0.4
Seh 153.2 -11 -1.7 -11 -1.7 —2.4 —-3.1
HBr 86.5 -0.2 —0.6 -18 —2.2 —-1.6 —-1.8
GacCl 109.9 0.7 13 21 2.1 —-0.7 0.2
GeO 155.2 3.2 2.2 —-3.0 8.0 —5.7 5.6
As; 91.3 -1.9 —-1.4 1.1 9.4 —4.4 3.2
BrCl 51.5 0.1 0.0 —-3.2 —0.6 -0.5 3.2
BrF 58.9 0.8 0.3 —2.7 3.9 —-2.5 4.7
BrO 55.3 -13 -1.8 1.6 11.3 2.0 12.5
Br; 45.4 —-1.4 -1.9 —4.0 —-1.6 -15 2.0
BBr 103.5 —-1.7 -1.3 —6.2 —4.4 —-3.5 —0.6
NaBr 86.2 0.0 -0.2 —5.4 —-6.9 —4.4 —55
CHsBr 358.2 —0.6 —0.8 —-25 —5.8 —0.5 -1.9
GeS 191.7 4.0 4.5 —6.0 —2.0 —-0.5 5.9
KrF; 21.9 2.3 0.6 4.6 24.2 4.3 24.7

aDensity functional results calculated with the 6-313(3df,2p) basis at MP2(full)/6-31G(d) geometries. Spambit corrections and scaled
HF/6-31G(d) zero-point energies from ref 2 are included in the DFT enefgee ref 2 for experimental references.

2. The B3PW91 method gives the best agreement with for BPW91. For bond lengths the BLYP and BPW91 func-

experiment, having an average absolute deviation from experi-tionals have average absolute deviations from experiment of
ment of 0.020 A for bond lengths and 0°%4®r bond angles.
This is about the same as MP2/6-31G(d), which is 0.022 A for deviations range from 0°20 —1.9° for BLYP and from—0.1°

bond lengths and 0.42for bond angles. The range of the

B3PW91 deviations for bond lengths is 0.037+©.017 A,
with the maximum deviation (0.037 A) occurring for BrOThe

B3PW91/6-31G(d) bond lengths are all longer than experiment

with the exception of two molecules, Aand NaBr. This is

similar to MP2/6-31G(d) which overestimates all of the bon

lengths. The B3PW91 bond angle deviations range frahil®
to —1.4°, with the maximum deviation-{1.4°) occurring for

AsHs.

to —2.0° for BPWOL1.

B. Energies. The G2(MP2) and G2(MP2,SVP) energies at
0 K (Ep) are listed in Table 3. First-order spiorbit corrections
from ref 2 are included in the energies. The atomization
d energies, ionization energies, electron affinities, and proton
affinities were calculated from these energies. The deviations
from experiment for these quantities are listed in Tables 4 and
5. Also listed in these tables are the deviations from experiment

0.95 and 1.00, respectively, for bond angles. The bond angle

The B3LYP/6-31G(d) method has an average absolute of these energies calculated using the four DFT methods. The
deviation from experiment of 0.030 A and 0°38r bond lengths . ¢ . )
and bond angles, respectively. The deviations range from 0.061different types of reactions are summarized in Table 6. The
to —0.026 A for bond lengths and from0.1° to —1.3 for
bond angles. For bond lengths the other two methods, BLYP believed to be reliable ta-1 kcal/mol, which is adequate to
and BPW91, have average absolute deviations from experimentudge the accuracy of these methods. However, it should be
of 0.048 and 0.034 A, respectively. The bond length deviations noted that, due to the sparsity of data, the test set is smaller
range from 0.089 te-0.003 A for BLYP and 0.068 to 0.001 A

average absolute deviations of the various methods for the

set of test energies were chosen in ref 2 from experimental data

than used for the first- and second-row eleméfts.
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TABLE 5: Deviation of lonization Potentials (IP), Electron Affinities (EA), and Proton Affinities (PA) from Experiment
(kcal/mol)2

species expt G2(MP2) G2(MP2,SVP) B3LYP BLYP B3PW91 BPWO1
P Ga 138.3 -16 20 2.3 -1.2 3.1 2.0
Ge 182.1 -26 26 -0.5 ~4.6 15 0.3
As 225.7 -2.9 -3.0 -3.2 -6.6 0.0 -1.8
Se 224.9 -4.8 -4.9 5.1 1.8 2.7 1.4
Br 272.4 -3.9 -36 2.7 -1.4 1.6 -0.1
Kr 3228 -43 -3.1 -1.2 —6.4 -1.2 -35
AsH 222.3 -3.2 -33 -0.9 -5.6 15 -0.4
AsH, 217.8 -3.2 -3.4 15 -3.0 2.9 1.1
SeH 227.0 2.4 2.4 2.9 -0.8 1.3 -0.1
SeH, 228.0 -1.7 -16 -0.4 -4.3 -1.0 2.6
HBr 268.9 -2.8 -26 -1.0 ~5.4 -1.3 -3.1
Br, 242.6 -1.7 -3.9 -3.8 -10.3 -3.7 -9.1
HOBr 245.3 -0.8 -0.9 -1.9 -8.1 -2.9 -6.8
BrF 2716 -3.1 -23 2.4 -9.2 -3.3 -7.7
NaBr 191.6 1.9 1.7 6.3 3.1 49 3.9
EA Ge 28.4 -1.4 -16 -0.6 -3.4 1.8 1.5
Br 77.6 -16 -1.9 0.7 2.2 -0.1 -1.0
Bro 54.4 2.0 1.7 -1.7 -5.9 -3.2 -5.2
SeH 51.0 -1.0 -1.0 0.6 -1.9 -0.5 -0.9
PA Br- 322.6 1.4 1.4 -1.2 -1.4 1.1 1.7
CH3Br 157.3 1.1 0.8 1.0 25 2.2 3.6

aDensity functional results calculated with the 6-33G(3df,2p) basis at MP2(full)/6-31G(d) geometries. Spambit corrections and scaled
HF/6-31G(d) zero-point energies from ref 2 are included in the DFT enerfyiee ref 2 for experimental references.

TABLE 6: Average Absolute Deviations from Experiment (kcal/molp

property G2 G2(MP2,SVP) G2(MP2) B3LYP BLYP B3PWO1 BPWO91
Do 124  (52) 142 (45) 144  (40) 332 (6.2) 530 (242) 206-57) 450 (24.7)
EA 087 (21) 157 €19 150 (20) 092 +1.7) 337 (59) 139 (3.2) 215 (5.2)
IP 1.81 (32) 276 (49) 272 (48 240  (6.3) 479 +103) 220  (49) 292 +9.1)
PA 035 (0.5 1.10 (14) 122  (14) 106  (1.4) 198 (25) 162  (22) 264  (3.6)
IE,EA,PA 148 (3.2) 237 (49) 235 (48 199  (6.3) 425  (103) 199  (49) 275  (9.1)
total 137 (52) 1.92 (49) 192 (48 262  (6.3) 475 (242) 203 (5.7) 358 (24.7)

aMaximum deviation in parentheses.

1. G2(MP2) and G2(MP2,SVP) Theorieshe G2(MP2) and maximum deviation of-5.7 kcal/mol (GeO). Thirteen B3LYP
G2(MP2,SVP) atomization energies have average absoluteatomization energies deviate by more than 2.3 kcal/mol from
deviations from experiment of 1.44 and 1.42 kcal/mol, respec- experiment, with a maximum deviation for Ask6.2 kcal/mol).
tively, compared with 1.24 kcal/mol for G2 theory. Three The BLYP and BPW91 atomization energies have maximum
atomization energies deviate by more than 2.3 kcal/mol (0.1 geviations of 24.2 and 24.7 kcal/mol, respectively (for §rF
eV) from experiment at the G2(MP2) level [GgkB.4), GeO o . o
(3.2), and Ge$(4.0)], and three deviate by more than 2.3 kcal/ The DFT ionization energies, electron affinities, and proton
mol from experiment at the G2(MP2,SVP) level [AsHZ.5), affinities in Table 5 have average absolute deviations from
AsHz (—2.5), and Ge$ (4.5)]. Two atomization energies €xperiment of 1.99, 4.25, 1.99, and 2.75 kcal/mol for the
deviate by more than 2.3 kcal/mol from experiment at the G2 B3LYP, BLYP, B3PW91, and BPW9L1 functionals, respectively.
level [GeH, (5.2) and Bs (2.4)]2 The B3PW91 and B3LYP functionals perform the best of the

The G2(MP2) and G2(MP2,SVP) ionization energies, electron four DFT methods for these energies and are actually slightly
affinities, and proton affinities have average absolute deviations better than G2(MP2,SVP) or G2(MP2) theory. The B3PW91
from experiment of 2.35 and 2.37 kcal/mol, respectively, functional does better than B3LYP on ionization energies (2.20
compared with 1.48 kcal/mol for G2 theory. Ten of these vs 2.40 kcal/mol), but worse than B3LYP on electron affinities
energies, all ionization energies, deviate by more than 2.3 (0.1(1.39 vs 0.92 kcal/mol) and proton affinities (1.62 vs 1.06 kcal/
eV) kcal/mol from experiment at both the G2(MP2) and G2- mol).

(MP2,SVP) levels. At both levels the ionization energy of Se - .
has the largest deviation-@.8 kcal/mol and—4.9 kcal/mol, The overall average absolute deviation from experiment (for

respectively). Gaussian-2 theory deviates from experiment by &/l Properties) is 1.92 kcal/mol for both G2(MP2) and G2(MP2,-
more than 2.3 kcal/mol in only two cases, the ionization energies SVP), compared with 1.37 kcal/mol for G2 theory (see Table
of Se (-2.5) and Kr (3.2). 6). The B3PW91 method has an overall average absolute

2. Density Functional TheoryThe DFT atomization ener- deviation of 2.03 kcal/mol. This_ is almost as good as G2(MP2)
gies in Table 4 have average absolute deviations from experi-and G2(MP2,SVP) theory and is due to the good performance
ment of 3.32, 5.30, 2.06, and 4.50 kcal/mol for the B3LYP, of B3PW91 for dissociation energies and ionization energies.
BLYP, B3PW91, and BPW91 methods, respectively. The The B3LYP functional has an overall average absolute deviation
B3PW91 functional performs the best of the four DFT methods from experiment of 2.62 kcal/mol, while the pure density
for atomization energies, although not as good as G2(MP2, functional methods, BLYP and BPW91, have the largest errors,
SVP) or G2(MP2). Eight B3PW91 atomization energies deviate with average absolute deviations of 4.75 and 3.58 kcal/mol,
by more than 2.3 kcal/mol (0.1 eV) from experiment, with a respectively.
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