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6-31G* basis set for atoms K through Zn

Vitaly A. Rassolov,® John A. Pople, Mark A. Ratner, and Theresa L. Windus®
Department of Chemistry, Northwestern University, Evanston, Illinois 60208

(Received 2 February 1998; accepted 15 April 1998

Medium basis sets based upon contractions of Gaussian primitives are developed for the third-row
elements K through Zn. The basis functions generalize the 6-31G and Bs&t&commonly used

for atoms up to Ar. They use six primitive Gaussians fer 2s, 2p, 3s, and 3 orbitals, and a
split-valence pair of three and one primitives for valence orbitals, which ar@nd 5 for atoms

K and Ca, and 4, 4p, and 3 for atoms Sc through Zn. A 6-3IGset is formed by adding a single

set of Gaussian polarization functions to the 6-31G set. They are Cartefiiguetions for atoms K

and Ca, and Cartesiaifunctions for atoms Sc through Zn. Comparison with experimental data
shows relatively good agreement with bond lengths and angles for representative vapor-phase metal
complexes. ©1998 American Institute of Physids$S0021-960608)30428-4

I. INTRODUCTION sets comparable to 6-31G. They chose{G8311/53/41
structure for the atoms Sc—Zn. This designates five contrac-

Virtually all ab initio calculations of properties for mol- tions in thes-space, with 6, 3, 3, 1, and 1 Gaussian primi-
ecules containing more than two atoms require Gaussian bé@ves in each, two contractions in thespace with 5 and 3
sis sets. The optimal basis set should be flexible enough tprimitives, and 2d-contractions with 4 and 1 primitives.
allow realistic calculation of the desired properties, shouldThey also designed larger double zeta and triple‘zets.
equally well describe all parts of the molecule to keep the An alternative way to develop the basis set is based on
calculation balanced, and at the same time it should be ashoosing the set of primitives optimized in the uncontracted
small as possible, because the computational costs risgomic calculations, and choosing contractions afterwards in
sharply with basis set size. a way that ensures wave function flexibility in the valence

The series of split-valence basis setsJKG developed region. The most popular basis sets of this type are based on
in recent yearshas been quite successful in a variety of Wachters primitives, which come from full optimized un-
molecular calculations. In this notation, the intedjenepre-  contracted calculations. This design, although being compu-
sents the degree of contractiémumber of primitive Gauss- tationally much less expensive, does not result in fully opti-
iang for single functions representing the innershell atomicmized sets. This method is useful for very accurate
orbitals. The valence atomic orbitals are covered by innegalculations on small systems. Examples of use of such basis
and outer parts, with contractiodsandK,, respectively. The ~Sets can be found in work by Bauschlicher and co-worRers.
most popular of this series are the small 3-21G and moderatdn alternative method to generate uncontracted primitive ex-
6-31G sets. Both were originally defined for atoms up toPonents is the generator coordinate method used by Jorge
argon. In 1987, the 3-21G set was extended to first-row tran@nd da Silva for heavier elemerftst has few adjustable
sition metals by Dobbs and Hehreyho also reviewed other Parameters and consequently leads to a very large set of not
such basis sets developed prior to that time. 6-31G, howevelully optimized primitives. Such methods can be useful in
is only available for atoms up to argon. atomic and very small molecular ca!culatlons. .

In many molecular environments, the split-valence bases _ 1he goal of the present work is the extension of the
must be augmented by diffuse and polarization functions®-31G basis to the third row atoms K through Zn. Combined
The notation used is— JK+ G** , where+ indicates diffuse  With the large volume of earlier work on molecules with
functions on atoms wittz>2, the first* denotes a single lighter atqms usi.ng the same basis,.this shquld increase the
uncontracted set of polarization functions with angular quanf@nge of inorganic and organometallic chemistry that can be
tum number one higher than that of the highest occupie&'a”dled efficiently by modern quantum-mechanical methods.

atomic orbital(again forZ>2), and the secontlis used for
a similar set of polarization functions on hydrogen and heq;, cOMPUTATIONAL METHODS

lium. Each basis set should be associated with corresponding . ] ]
diffuse and polarization parameters. Before describing the methods used to fix basis param-

Schder, Horn, and Ahlrichd designed a variety of basis eters, we need to discuss valence atomic orbitals in the third
sets for the first through third row atoms with split valence™®W ©f the periodic table. The inner shells are
(1s,2s,2p,3s,3p), each represented by single 6-Gaussian
Semal ov@ch | contractions. For potassium and calcium, ondyigloccupied
-maill: rassolovi@cnem.nwu.eau H H
Ypresent address: Environmental Molecular Science Laboratory, PacifiIn the atomic ground states. However, as already known for

Northwest National Laboratory, 3335 Q. Ave., MS K8-91, Richland, WA ﬁthium, beryllium, s_odium,_ and _magne_Sium' the valence
99352. p-orbitals play a major role in their chemistry, so we choose
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TABLE |. Dependence of the optimizetti,, coefficients in vanadium on the  TABLE IIl. 6-31G basis set for potassium.
external field strength in the UHF calculation.

a dg d,
Field (a.u d d d E
@w apt i ap3 3.159 4424) 1.828 010-3)
0.03 —-0.2539  0.0910  0.9843 —942.83482877 4.744 3303) 1.399 408-2)
0.04 —-0.1973  0.0807  0.9877 —942.869 61234 1.080 4193) 6.887 129-2)
0.045 —0.1891  0.0801  0.9877 —942.88966316 3.042 3382) 2.369 76Q—1)
0.05 —-0.1887  0.0820  0.9870 —942.91125162 9.724 5861) 4.829 040-1)
0.055 —0.1943  0.0865  0.9856 —942.93421956 3.302 4951) 3.404 79%-1)
6.227 6252) —2.502 976-3) 4,094 637-3)
1.478 8392) —3.315550-2) 3.145 199-2)
) . 4.732 7351) —1.226 387-1) 1.351 558—1)
to classify 4 as valence and define inner and outer parts for 1 751 4951 5.353 648—2) 3.390 500—1)
the 3 1 split, accordingly. Thus for K and Ca, the basis has a 6.922 722 6.193 866-1) 4.629 45%—1)
total of 17 functions. For the transition metals scandium to 2.768 277 4.345 878-1) 2.242 638-1)
zinc, on the other hand,d3orbitals are occupied in atomic 1 184 gop) 1.277 689-2) ~1.221377-2)
ground states and these clearly have to be treated as valencgo79 211 2.098 767 1) —6.900 537—3)
orbitals. They are incorporated in the basis and representedL.763 481 —3.095274-3) 2.007 466—1)
by 3 1 split Gaussians as elsewhere. ;-ggg g;@‘i) ‘g-igi 324‘? g-g% igz‘i)
An important point concerns the nature of the " 442:1; 6598 035:2; 1104 712:1;
d-functions used. Strictly, there are fivel Zatomic orbitals ' ' '
which should be split into a total of ten functions. However, 7.168010-1) —5.237772-2) 3.164 300-2)
a case can be made for using a “Cartesian” set based on six2-337 410-1) —2.798508-1) —4.046 160-2)
3.867 500-2) 1.141 547 1.012 029

primitives {xx,yy,zzXxy,yzzxexp(—ar?). Although this

step increases the number of basis functions by two, it has1.652 100-2) 1.000 000 1.000 000

the advantage of simplifying codin@gome distributed pro-

grams cannot handle pudeGaussians Further it is consis-

tent with the 3-21G basis of Dobbs and Hehre, and with the

polarization functions of 6-316 basis for the first- and gate gradient§2 This program uses spin-restricted open

second-row elements. Thus for the range Sc to Zn, the 6-316hell Hartree—Fock theory (ROHF), whereas spin-

basis will contain a total of 29 functions. unrestricted theoryUHF) was used for lighter elements.
We note at this point that Scfear, Horn, and Ahlrichs do  There is no evidence that this has a significant effect on the

not include any 4 functions in their split-valence basis for final values. Further, theTom-scF program uses pure d-

K—2zn .2 While some valency can no doubt be described usindunctions (based on spherical harmonic¥hus our param-

only 4s and 3 functions, it seems likely thatp!functions

are also needed, particularly for high coordination numbers.

We therefore retain @ functions for all atoms in the range TABLE IV. 6-31G basis set for calcium.

K—-Zn.

Our procedure for obtaining 6-31G parameters is similar ds do
to that used for second-row elemefifswith a few differ-  3.526 4864) 1.813 501—3)
ences. We have minimized the total energy of selected state%295 5083) 1.388 493-2)
: 10 o 1.206 0203) 6.836 162—2)
using the ATOM-SCF program,- modified by us to allow
2 ) . 3.396 83%2) 2.356 188—1)
variation of exponents and contraction coefficients at thg jq¢ 56 Q) 4.820 639—1)
same time, and to use the modified Powell method of conjuz 92 1021 3.429 819 1)
7.063 0962) 2.448 225-3) 4.020 371-3)
TABLE Il. The UHF energies of atoms K through Zn with UHF wave ég;g égéﬂ i;gé 2%:3 i;gg g%:ig
functions. 2.001 6381) —4.316 965-2) 3.367 983-1)
Ao 631G 6310 7.970 279 —6.126 995—1) 4.631281-1)
3.212 059 —4.487 540-1) 2.257 532 1)
K(2S) —599.119 027 -599.119 261
Gy e e aemm msws umer
Sc@D) —759.674 203 —759.677 039 : : -
Ti(F) 848327 855 848,333 176 2.160 390 3.150 338-2) 1.959 781-1)
V(*F) —042.787 478 —942.792 465 9.878 99¢-1) —5.526 518-1) 4.35793%-1)
CID) - 1043.191 917 1043.194 561 4.495 170-1) —5.437 997-1) 3.996 452—1)
Mn(°S) ~1149.722 055 —1149.722 555 1.87387¢-1) —6.669 342-2) 9.71363¢-2
FeCD) —1262.266 962 —1262.269 260 1.032271 —4.439720-2) —4.298 621-1)
Ni(3F) —1506.609 605 —1506.612 758 6.513 100—2) 1163010 9.705 933-1)
Cu(®D) —1638.639 638 1638.641 169

zZn(*s) —1777.482 753 —1777.483 106 2.601 000-2) 1.000 000 1.000 000
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TABLE V. 6-31G basis set for scandium. TABLE VII. 6-31G basis set for vanadium.
a dg d, a dg d,
3.908 8984) 1.803 263—3) 4.735 43%) 1.784 518-3)
5.869 7923) 1.380 769-2) 7.110 7873) 1.366 754—2)
1.336 9103) 6.800 396—2) 1.619 5913) 6.736 122-2)
3.766 0312) 2.347 099-1) 4.563 3792) 2.330 552—1)
1.204 6792) 4.815 690-1) 1.460 6062) 4.806 316-1)
4.098 0321) 3.445 652—1) 4.975 7911) 3.474802-1)
7.862 8522) 2.451 863-3) 4.039 530-3)
6.000 9351) 1.238 242-1) 1.349838-1) 23028210 3.207 248-2) 3.104 061-2)
2.225 8881) ~4.359 890-2) 3.424793-1) (4145911 1.245942-1) 1.347 741-1)
8.885 149 ~6.177 181-1) 4623113-1) 27641010 —3.482171-2) 3.437279-1)
3.609 211 ~4.432828-1) 2177524-1) 11114781 —6.167 374-1) 4.628 75¢-1)
4543113 —4.509 844—1) 2.135 547-1)
2.984 35%1) —2.586 302-3) ~6.096 652—3)
9.542 383 7.188 424-2) -2.628884-2) 37640501 —3.233199-3) —6.494056-3)
4.056 790 2.503 266-1) 5.001001-2)  1.2282381) 7.130 744-2) —2.753454-2)
1.704 703 ~2.991 008-1) 3.798097-1)  5-233366 2.543826-1) 5.516 284-2)
7.062 340-1) ~7.446 818-1) 5170883-1) 2208950 -2.933 8871) 3.879672-1)
3.634 120-1) ~1.909 410-1) 1.803 840—1)
1.065 609 6.482 978-2) —2.938 440-1)
7.632 000-2) ~1.170 806 0.847930-1)  2439130-1) 3.06113Q-1) 8.005 458-2)
9.147 600-2) —1.154 890 9.877 399-1)
2.959 400-2) 1.000 000 1.000 000
3.431 200-2) 1.000 000 1.000 000
aqy dd
1.114 7011) 8.747 672—2) aqg dq
2.821043 3.795 635 1) 1.605 02%1) 8.599 89¢-2)
8.196 200-1) 7.180398-1) 4.160 063 3.802996-1)
1.243 265 7.127 699-1)
2.214 680—1) 1.000 000
3.442 770-1) 1.000 000
TABLE V1. 6-31G basis set for fitanium. TABLE VIII. 6-31G basis set for chromium.
01 dS dp o ds dp
4.315 29%4) 1.791 872-3) 5.178 9814) 1.776 182-3)
6.479 5713) 1.372 392—-2) 7.776 8493) 1.360 476—2)
1.475 67%3) 6.762 830—-2) 1.771 38%3) 6.706 925—2)
4.156 9912) 2.337642-1) 4.991 5882) 2.323104-1)
1.330 0062) 4.810 696—1) 1.597 9822) 4.802 410-1)
4.527 2221) 3.462 280-1) 5.447 0211) 3.487 653-1)
8.746 8262) 2.431 008-3) 4.017679-3)  1.064 3283) 2.399 669—3) 3.986 997-3)
2.079 78%2) 3.233027-2) 3.113966-2)  2.5321382) 3.194 886-2) 3.104 662—2)
6.687 9181) 1.242 520—1) 1.349077—-1)  8.160 9241) 1.250 868—1) 1.350 518—1)
2.487 3471) —3.903 905 2) 3.431672-1) 3.048 1931) —3.221 866—2) 3.448 865—1)
9.968 441 -6.171 789-1) 4.625 760—1) 1.229 4391) —6.172284-1) 4.628571-1)
4.063 826 —4.473097-1) 2.154608-1)  5.037722 —4.525936-1) 2.110 426-1)
3.364 3631) —2.940 358-3) -6.311620-3)  4.1562911) —3.454 216-3) —6.722 497-3)
1.087 56%1) 7.163 103-2) —2.697 638—2) 1.367 6271) 7.218 428-2) —2.806 471-2)
4.628 225 2.528 915-1) 5.316847-2) 5844390 2.544 826-1) 5.820 028-2)
1950 126 2,066 401-1) 3845549-1) 2471609 —2.934534—1) 3.916 988-1)
8.094 520 1) ~7.432 215-1) 5.127 662—1) 411'852 2837 ) :1'3483 ‘l‘gf\?: B i-ggg ggg: 3
3.204 740-1) ~1.853 520—1) 1.811 135-1) : : :
1.224 148 6.351 465 2) —2112070-1)  Lo7l464 5.892 249-2) —1.930100-1)
6.055 800—1) 2.976 055—1) 9.605 620—2)
4.842 630-1) 3.151 404-1) 7771998-2)  gerliog 5 1147508 9.817 6081
8.409 600—2) ~1.162 595 9.898 214-1) ' ' :
3.203 600-2) 1.000 000 1.000 000 3.645900-2) 1.000.000 1.000 000
aq dg ay dyg
1.369 08%1) 8.589 418-2) 1.8419301) 8.650 816—2)
3.513 154 3.784 67+ 1) 4.812 661 3.826 699-1)
1.040 434 7.161239-1) 1.446 447 7.093 772-1)
2.869 620—1) 1.000 000 4.004 130-1) 1.000 000
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TABLE IX. 6-31G basis set for manganese.

TABLE XI. 6-31G basis set for cobalt.

Rassolov et al.

a ds d, a dg d,
5.634 7144) 1.771 580-3) 6.614 89%4) 1.759 787—-3)
8.460 9483) 1.357 081-2) 9.9330713) 1.348 162-2)
1.927 32%3) 6.690 60%5—2) 2.262 8163) 6.649 342—-2)
5.432 3482) 2.318541-1) 6.379 1542) 2.307 939-1)
1.739 90%2) 4,799 046—1) 2.044 1222) 4.792 919-1)
5.936 00%1) 3.495737-1) 6.982 5381) 3.514 097-1)
1.165 4123) 2.388 751-3) 3.977 318-3) 1.378 8413) 2.376 276—3) 3.971 488-3)
2.7732762) 3.181 708—2) 3.103112-2) 3.282 6942) 3.167 450—2) 3.108 174-2)
8.947 2781) 1.254 670-1) 1.351894—1) 1.060 9462) 1.262 888—1) 1.357 439-1)
3.348 2561) —2.955 431-2) 3.457 387-1) 3.983 27%1) —2.584 552—-2) 3.476 827—1)
1.354 0371) —6.175 160-1) 4.629 20%—-1) 1.618 6221) —6.183491-1) 4.626 340—1)
5.557 972 —4.544 458-1) 2.090 592-1) 6.667 788 —4.567 008—1) 2.051 632-1)
4.5835321) —3.665 856—23) —6.887 578—3) 5.452 35%1) —3.993 004—3) —7.290 772-3)
1.518 7771) 7.231971-2) —2.846 816—2) 1.829 78381) 7.409 663—2) —2.926 027—-2)
6.500 710 2.544 486-1) 6.031 832—2) 7.867 348 2.542 006-1) 6.564 150—2)
2.751 583 —2.910 380-1) 3.938961-1) 3.340534 —2.921 657-1) 4.000 652-1)
1.145 404 —7.359 860—-1) 5.013769-1) 1.393 756 —7.318 708-1) 4,950 236—1)
4.536 870—-1) -1.997 617-1) 1.792 264-1) 5.513 260—-1) —2.040 784—-1) 1.758 240-1)
1.757 999 5.628 572-2) —5.035024-1) 2.151 947 5.379 843-2) —2.165 496—1)
6.670 220—-1) 2.897 491-1) 2.345011-1) 8.110 630-1) 2.759971-1) 1.240 488-1)
1.051 290-1) —1.140 653 9.1415%1) 1.210170-1) —1.129 692 9.724 064-1)
3.841 800—-2) 1.000 000 1.000 000 4.303 700—-2) 1.000 000 1.000 000
Qg dd [ ] dd
2.094 355%1) 8.672 702—-2) 2.559 3061) 9.004 748—-2)
5.510 486 3.841 883 1) 6.800 990 3.9317303-1)
1.665 038 7.069 07+ 1) 2.051 647 6.976 844-1)
4.617 330—-1) 1.000 000 5.556 710—-1) 1.000 000
TABLE X. 6-31G basis set for iron. TABLE XII. 6-31G basis set for nickel.
a ds d, a dg d,
6.113 2624) 1.766 111-3) 7.139 63%4) 1.753 008-3)
9.179 3423) 1.353 038-2) 1.072 0844) 1.343122-2)
2.090 85713) 6.673 128—-2) 2.442 1293) 6.627 041-2)
5.892 4792) 2.314 828-1) 6.884 26%2) 2.302 508—-1)
1.887 5482) 4,797 058—1) 2.206 1582) 4,790 186—1)
6.444 6291) 3.501 976—-1) 7.539 3781) 3.523 444-1)
1.259 9803) 2.438 014—-3) 4.028 019-3) 1.492 5323) 2.370 714-3) 3.967 554—-3)
2.998 7612) 3.224 048-2) 3.144 647-2) 3.554 0182) 3.160 566—2) 3.109 479-2)
9.684 9171) 1.265 724-1) 1.368 317—-1) 1.149 5342) 1.266 33%—1) 1.359517-1)
3.631 0201) —3.139902—-2) 3.487 236—1) 4.322 0431) —2.417 037-2) 3.485 136—1)
1.472 9961) —6.207 593-1) 4.617 931-1) 1.759 7101) —6.187 77%—-1) 4.625 498-1)
6.066 075 —4.502914-1) 2.043 058—-1) 7.257 765 —4.576 770-1) 2.035186—1)
5.043 48%1) —3.873 256—-23) —7.017 128-3) 5.9352611) —4.162 002—-3) —7.421 452-3)
1.683 9291) 7.196 598—-2) —2.877 660—2) 2.002 1811) 7.425111-2) —2.953410-2)
7.192 086 2.556 59t 1) 6.181 383—-2) 8.614 561 2.541 366-1) 6.731 852—-2)
3.053 420 —2.882 837-1) 3.954 946-1) 3.660 531 —2.903477-1) 4.016 660—1)
1.273 643 —7.342822-1) 4,989 059-1) 1.528 111 —-7.302121-1) 4,926 628—1)
5.040 910-1) —2.049 353-1) 1.791 251-1) 6.040 570—-1) —2.076 057—-1) 1.756 893—-1)
1.950 316 5.694 869-2) —4.593 796—1) 2.379 276 5.157 888-2) —1.887663—1)
7.367 210-1) 2.882915%5-1) 2.852 139-1) 8.858 390—-1) 2.707 611-1) 1.015199-1)
1.141770-1) —1.138 159 9.076 485-1) 1.285 290-1) —-1.124 770 9.790 906-1)
4.114 800—-2) 1.000 000 1.000 000 4,519 500-2) 1.000 000 1.000 000
aq dg aq dg
2.314 9941) 8.876 93%5—2) 2.819 1411) 9.098 881—-2)
6.122 368 3.896 319-1) 7.523 584 3.958 2(48-1)
1.846 601 7.014816-1) 2.271 228 6.947 1584-1)
5.043 610-1) 1.000 000 6.116 030—-1) 1.000 000
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TABLE XllI. 6-31G basis set for copper. TABLE XIV. 6-31G basis set for zinc.
a ds d, a dg d,
7.679 4384) 1.748 161-3) 8.240 0944) 1.743 329-3)
1.153 0704) 1.339 602-2) 1.237 25%4) 1.335966—2)
2.626 57%3) 6.610 885%5—2) 2.818 3513) 6.594 36%5—2)
7.404 9082) 2.298 265—1) 7.9457172) 2.294 151-1)
2.3735282) 4.787 67%—1) 2.547 2322) 4.785 453-1)
8.115 8181) 3.530 739-1) 8.713 8801) 3.537 758-1)
1.610 8143) 2.364 05%5—-3) 3.963 307—3) 1.732 5693) 2.361 459-3) 3.963 125-3)
3.836 3672) 3.153635%5-2) 3.110 223-2) 4,127 1492) 3.150 177-2) 3.113411-2)
1.241 7382) 1.269 452-1) 1.361 350-1) 1.336 7802) 1.272774-1) 1.363931-1)
4.674 6781) —2.262 840-2) 3.492 914-1) 5.038 585%1) —2.145928-2) 3.501 266—1)
1.906 5691) —6.192 080—1) 4.624 780—-1) 2.058 3581) —6.197 652—-1) 4.623179-1)
7.871 567 —4.585 393-1) 2.020 102-1) 8.505 940 —4.590 180-1) 2.004 99%-1)
6.445 7321) —4.33107%-3) —7.523 72%-3) 6.936 4921) —4.440 098-3) —7.689 262—3)
2.18521721) 7.412 307-2) —2.975 687-2) 2.362 0821) 7.505 253-2) —2.997 982-2)
9.405 343 2.5421081) 6.849 654—2) 1.018 4711) 2.533111-1) 7.082 411-2)
3.999 168 —2.874 848-1) 4.027 141-1) 4.334 082 —2.881897-1) 4.046 141-1)
1.670 297 —7.291 436-1) 4.908 490—-1) 1.810918 —7.267 052-1) 4.882 32%—1)
6.596 270—-1) —2.113 951-1) 1.759 268-1) 7.148 410-1) —2.133 439-1) 1.751 970-1)
2.600 088 5.027 5772) -1.702911-1) 2.823 842 4.898 543-2) —1.586 763—1)
9.630 940-1) 2.650 040-1) 9.310138-2) 1.039 543 2.5927931) 8.379 327-2)
1.361 610—1) —1.120 155 9.814 336-1) 1.432 640-1) -1.115711 9.840 5471)
4.733200-2) 1.000 000 1.000 000 4.929 600—-2) 1.000 000 1.000 000
@y dg aq dq
3.085 3411) 9.199 90%—-2) 3.370 7641) 9.262 648-2)
8.264 985 3.98502%1) 9.061 106 4.002 986-1)
2.495 332 6.917 8971) 2.738 383 6.896 608-1)
6.676 580—1) 1.000 000 7.302 940-1) 1.000 000

eters are optimized for pure functions, even though the final

basis is specified with Cartesian functions.

ception of K@S), these states have a fully occupied 4s or-

The functional form of the 6-31G set orbitals is defined bital. Optimization on such states may lead to the lack of

as

¢k|(r):§1 dir,i9i (i ,r)
(1)

n1:n2:n3:6; n4:3; n5:1,

wherel=s or p, the exponents o and p primitives are
constrained to be equal to each other in the same dhell,
goes from 1 to 5, and(«,r) are normalized Gaussian-type
functions. The elements Sc—Zn also havype functions of
the same form

n+1

Pra(r) = ;1 diqiOi(@gq,i r)-

Since all these elements have a vacaptrdolecular orbital
in the Hartree—Fock function, all,, andds, coefficients are
initially constrained to be zero. All remaining andd coef-

diffuse d-type primitives which was shown by Hay to be
important for the description o§'d"~* and s°d" states'®
The use of CW/{S) state for parameter optimization, how-
ever, had only a minor effect on the basis set. The largest
difference was in the outermodttype primitive, which has
the value of 0.562 588 2 in the Cif) optimized set, com-
pared to 0.667 657 5 for C#HD) optimization. Nevertheless,
for systems in which configurations with highdrelectron
occupation play an important role, the use of 6+& type
set, which is 6-31G augmented with the set of diffuse func-
tions, may be desirable. These additional diffuse functions
require further study.

The 3s inner orbital required a special consideration.
The comparison ofl;¢ coefficients reveals different node
structure for the different atoms. All transition metals have a
(1,2,3) structure for the Sorbital. This notation indicates
that the orbital has the firgt;5 coefficient of one sign, the
next two have different sign, and the last three have their
signs equal to the first. Thes3orbital of Ca has (3,3) node
structure, and 8 orbital of K has (2,4) structure. Each node
structure often supports a local minimum, since the transition

ficients are optimized to give the lowest ROHF energy forfrom one structure to the other goes through the loss of one
high spin, high orbital angular momentum states, namelyrimitive at the transition point. We performed optimization

K(2S), Ca(®S), ScfD), Ti(°F), V(*F), Cr(°D), Mn(®s),
Fe®D), Co(*F), Ni(°F), Cu(®D), and Zn{sS). With ex-

at different node structures ofdrbital for all atoms, choos-
ing at the end the one corresponding to the global minimum.
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The different node structures lead to differences in thelABLE XV. Dependence of the optimized polarization exponent for vari-
ROHF energies of the order,LlH ous molecules. All geometries are optimized on the 6-31G level.

The basis functions corresponding to the dtomic or-

) ) ’ ] X . Molecule Polarization exp. Recommended exp.
bitals cannot be determined in this way, since these orbitals
are unoccupied in all the atomic states considered. Exponents Kz0 0.0808
S . KOH 0.0598
and s-coefficients have been found but the inner thdag KE 0.0801 0.2
coefficients are indeterminate. We made an attempt to opti- k¢ 0.1933
mize these by studying an excited state, as was done for KH 0.2589
lighter elements. Such a procedure encountered two major c
. L . aCHs), 0.4458
problems. First, the proximity of many excited states to each  c4oH), 0.0815
other made convergence in some cases very difficult to caR, 0.1081 0.2
achieve. When the convergence was forced by a variety of CaO 0.1641
techniques, the resultingp4functions did not demonstrate a CaH 0.2404
CaCl, 0.1655

consistent trend across the row. Therefore, we decided to use
the ground state UHF energy in the presence of the external Sck 0.4034 0.8
electric field as an optimization criterion. The UHF energy

was chosen over ROHF for purely technical reasons, and we
used thesAUSSIAN-94 program for these calculatioffsThe VFs 0.5503

TiF, 0.5150 0.8

uniform external field is the simplest form of the simulation xg:O)ﬁ g‘ggg 08
of a bonding molecular environment. The field dependence
of the optimizedd,, coefficients on vanadium revealed a CrFs 0.5895 0.8
parabolic dependence with zero derivative around 0.045 a.u. Cr(CO) 0.8216
of field strength. The data is shown in Table I. A similar MnH(CO)s 1.0213 0.8
extremum in zinc was founc_i for the field of about 0.055 a.u. Fe(CO)s 10795 0.8
We, therefore, chose the field of 0.045 for all atoms. The  cqp, 0.8090 0.8
UHF energies obtained with 6-31G basis sets are shown in  coH(cCO), 1.2060
Table Il, and the basis sets themselves are in Tatlles NiF » 081 0.8
XIV). They can be also downloaded through the Northwest- Ni((230)2 0.8900 '
ern University Chemistry Department server.

The 6-31G polarization sets are obtained by adding a  CuYF 0.2235 08
single polarization function to the split-valence 6-31G sets Cuf 0.8067
described above. Such functions add flexibility to the basis  znF, 0.4965 0.8

set in the region of chemical bonds. For K and Ca atoms wé
used a single set of six uncontracted Cartesignnctions.
The use of Cartesiam-functions is consistent with the
6-31G" set for second-row elements. For atoms Sc througt®ptimal d- and f-functions for different compounds are
Zn we chose a set of 10 Cartesifsfunctions. The alterna- given in Table XV, and the UHF energies obtained with
tive would be a set of seven pufefunctions. The Cartesian 6-31G" basis sets are shown in Table II. They are lower than
representation adds three exypafunctions to the valence the 6-31G energies for two reasons. First, the Cartedian
space, but it has the advantage of simpler coding. This bringgndf-type Gaussians contain functions of lower angular mo-
the number of basis functions to a total of 23 for K and Ca,mentum. These functions improve the description of the oc-
and to 39 for Sc through Zn. cupied orbitals. Second, unlikerom-scF, the GAUSSIAN 94

The value of the polarization function exponent was op-Program does not impose the angular symmetry on atomic
timized by m|n|m|z|ng the energy of f|uorides' Carbony|S, Ol’bitals. Th|S |eadS to the Contamination $)f0|’bita|s W|th
and carbonyl hydrides. We have also performed thed-functions, andp orbitals with f functions, which further
f-function optimization on diatomic hydrides. Unfortunately, lowers the energy for atoms not fistate.
in many cases this resulted in either too diffdsiinctions,
probably associated with the Rydberg states of the molecule,
or too tlghtf—functlons,.when -th(-a|r main roIe.was the im- Ill. PERFORMANCE
provement of the B orbital. This is because higher angular
momentum functions do not significantly contribute to the = We have performed a number of geometry optimization
bonding in diatomic hydrides. The fluoride compoundscalculations with the 6-31Gbasis set for the molecules for
somewhat underestimated the optimal value of the polarizawvhich there is experimental data on their geometric param-
tion exponent by drawing it towards the fluorine core. Theeters in the gas phase. The results are summarized in Table
carbonyl compounds give the most realistic values of theXVI. The overall discrepancy between experimental values
polarization exponents. The optimized values of polarizatiorand those calculated with the 6-31Get is rather significant.
exponents were averaged to a single value of 0.2 for th&he bond lengths are strongly overestimated ixn KaO,
d-function exponent for K and Ca, and to 0.8 for the and F¢CO)s molecules. In order to analyze the discrepancy,
f-function exponent for atoms Sc through Zn. The values ofve performed additional calculations in these cases.
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TABLE XVI. Calculated and experimental equilibrium geometries. Bond the molecules gives an agreement with experiment similar to
lengths are given in angstroms, angles are in degrees. that for the molecules with second-row eleméhts.

Molecule Point group ~ Parameter 6-31G  6-31G Expt.

IV. CONCLUSIONS

K2 r(K K) 4192  4.202 3.923
KOHP C.., r(K 0) 2263  2.244 2.212 The 6-31G polarization basis set has been extended to
r(OH 0.951  0.944 0.91 elements K through Zn. It can be used both in the Cartesian
KCI® r(keh 2845 2777 279 or spherical harmonic representation of the basis functions of
Cag rCaQ 2226 2.038 1822 higher angular momentum. The Hartree—Fock calculations
TiCl° Tq r(Ti Cl) 2.202 2.202 2.170  on a sample set of molecules shows that for single bonded
vocCly Ca, r(v o) 1518  1.490 1570  metal-ligand systems the agreement with experimental ge-
r(veh 2162 2.138 2142 ometries is similar to that for the second-row atoms. The
CrCO)S o, Ar(g:VCC)I 1.1562 1_1553 11;'32 agreement is worse for multiple bonded systems, often due
r(CO 1137  1.119 116  to the shortcomings of the Hartree—Fock model.
MnH?2 r(MnH)  1.789  1.789 1.731
Fe(CO)s° Dan ro(Fe O  2.050  2.035 1.807  ACKNOWLEDGMENT
reqFe O 1.830  1.859 1.827 ) i i L
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