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Summary. Calculations were done on ground and excited states of C,, C5,
C;, N, N#, 0,, O, 05, CO, CO*, CO?**, and CO~ using contracted
well-tempered basis sets. The (14510p) basis sets were augmented with three
d, one or two f, and one g functions. Total energies, orbital energies, and
spectroscopic constants were compared with the best available computational
data.
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Introduction

Recently, we have prepared a new collection of accurate Gaussian basis sets [1].
The new sets, called well-tempered [2], are flexible enough to give the atomic
total energies which, for the first row atoms, differ from the Hartree—Fock
values by less than 0.2 mE, . In the contracted form and augmented with a set of
three 4 functions, these basis sets were used in SCF calculations on the ground
states of several diatomic molecules containing atoms from the first row of the
periodic table (Li-Ne) {3] giving results fairly close to the available Hartree—
Fock data. The remaining discrepancies were atrributed to the lack of f functions
in the basis sets.

The well-tempered basis sets are equipped not only with large-exponent
Gaussians (required for near-Hartree—Fock atomic total energies) but also with
diffuse functions, which bring about acceptable values of atomic excitation
energies without the need for augmenting the basis sets [4]. In molecular
calculations, the well-tempered basis sets should be good candidates for “off the
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shelf”” basis sets to be used in studies on both ground and excited states of
neutral molecules and their positive and negative ions.

Fifteen years ago, Cade and Wahl [5] published a collection of results for
homonuclear diatomic molecules composed of the first-row atoms. The wave-
functions for various electronic states were expanded in terms of a large set of
Slater-type functicns (STF) whose exponents were optimized in the molecular
calculations for the ground electronic states near equilibrium internuclear dis-
tances. These wavefunctions were alleged to achieve true Hartree—Fock accu-
racy. The same basis sets, without reoptimization of exponents, were then used
to obtain the wavefunctions for excited states of the neutral molecules and for
the ground states of positively and negatively charged molecular ions. Due to the
lack of exponent rzoptimization, the values of the total energy for those systems
were believed to be within 5 mE, of the Hartree—Fock values.

In their calculations on heteronuclear diatomic molecules, Cade and Huo [6]
had to restrict the size of the basis sets due to the computer memory limitations.
They estimated that the basis sets used might give total energies as much as 5 to
10 mE, from the Hartree—Fock limit.

Optimization of exponential parameters of STF basis sets in molecular
calculations, perfcrmed by Cade and Wahl [5] and Cade and Huo [6], was
possible due to a small number of individual Slater-type functions which had to
be used for an accurate expansion of wavefunctions. In the case of Gaussian-type
functions (GTF), an accurate basis set requires so many primitive GTFs that
their optimization in molecular calculations is out of the question. We can only
hope that it will be the large number of primitive GTFs, with their exponents
optimized in atomic calculations, which will provide the Gaussian basis sets with
the flexibility required in order to adequately span all regions of the SCF
wavefunctions.

We decided to test the well-tempered basis sets for some of the systems
studied by Cade and Wahl [5] and Cade and Huo [6]. Their results, due to a
careful computaticnal design, became benchmark results for ground and excited
electronic states of diatomic molecules and their ions; they are the only results in
which the same basis sets were systematically used in expanding the SCF
wavefunctions for various electronic states at several internuclear distances.
There are many excellent calculations for diatomics in which Gaussian basis sets
were used; howevar, as none of them studied the basis sets deployed in the
extensive manner of Cade and Wahl [5] and Cade and Huo [6], we did not use
those results for comparison.

Today, numerical Hartree—Fock calculations for closed-shell ground states
of diatomics can be performed [7]; however, the computational effort is still
substantial, especially for open-shell systems {8]. On the other hand, matrix
Hartree—Fock calculations in Gaussian basis sets are very easy to perform; and,
as the present work shows, well-designed standard atomic basis sets are capable
of providing excellent molecular results.
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Calculations

In the present work we studied the following systems (the valence electron
configurations are given in parentheses):

Co['2; (172369)], CI*2 7 (172 362)], C['4,(172362)], C,['Z; (1n2302)],
C [, (173 30Q)], C5 [P, (175 367)), C5 P2 (1z330,)), No['Z ) (362 1n))],
N3 227 (Bo) a8l Nf PI,(302173)], 0,2 (1n8122)], O,['4,(1n 122)],
0,['Z; (1 12)], OF [2M, (14 1x1)], O [A,(1x4 172)], CO['Z *+(1n*562)],
CO*[2Z +(1n%561)], CO*[2M(1n%56?)], and CO**['Z *+(1n*56°)).

As the initial basis sets we used the contracted well-tempered sets designated
(7s6p3d) which were fully described and compared with other contraction
schemes in our previous work [3]. These basis sets were augmented by one f, two
f, and two f plus one g functions, giving (7s6p3dlf), (7s6p3d2f), and
(7s6p3d2f1g) basis sets, respectively. The structure of the contracted (7s6p3d2f)
basis sets is given in Table 1. Table 2 collects the values of the exponential
parameters in the well-tempered pool [1]. (Note that even though there are
fifteen exponents in the pool, only fourteen of them are used to span the s space,
cf. Table 1.) The expansion coefficients of the first two s contracted functions
were taken from the expansion of the ls atomic orbital in the ground state; the
coefficients of the third s contracted function were taken from the 2s atomic
orbital. (For the values of the coefficients see our compilation [1].) As shown in
Table 1, the exponential parameters of the three d and of the two f functions in
the (7s6p3d2f) basis set were taken from the exponent pool. The shell structure
of the basis set wi'l result in computer time savings if a properly coded integral
program is available. The exponents of the single fand g functions were usually

Table 2. Values of the exponential parameters

C N 0
£ 107248.11 168738.77 213517.27
(s 17276.407 25391.428 35589.708
{5 3779.8010 5642.9789 8047.2010
s 1000.7633 1486.2202 2116.2738
{s 315.15754 459.83176 644.59271
{e 114.98112 164.60066 226.37633
&, 45.408915 64.118667 86.862138
s 18.705757 26.219014 35.220425
o 7.8380371 10.943127 14.627215
(o 3.3261120 4.6320492 6.1719131
tn 1.3699729 1.9109974 2.5476189
{12 0.57908665 0.80546771 1.0715909
{13 0.24205384 0.33620454 0.44624576
[P 0.10107327 0.13996031 0.18548085

{is 0.040473775 0.056451111 0.077157035
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adjusted to approximately satisfy, in a single-function environment, the need for
different values of the exponential parameters for ¢ and m spaces [5].

The molecular SCF calculations were done at a few points around the
minimum of the SCF total energy curve; in this set we always included the
internuclear distance for which details of the wavefunctions had been published
[5, 6].

We used the SPDFG [9] integral package to evaluate the integrals over
Cartesian Gaussians. The open-shell Hartree—Fock equations were solved using
the formalism of Carb6 and Riera [10]. All computations were performed on the
Amdahl 5870 and FPS 164 processors at the University of Alberta.

Results
C,, Cf, and C;

In the calculations on various electronic states of C,, Ci, and C; we used the
(7s6p3d), (7s6p3d1f), and (7s6p3d2f) basis sets. The exponential parameter of
the single f function in the (7s6p3d1f) set was optimized in calculations on the
'2; state at r = 2.3481 a,; the value adopted in all calculations was {, = 1.0847.
The values of total and orbital energies are compared in Table 3 with the results
of Cade and Wahl [5]. The values of the spectroscopic constants, obtained via
polynomial fitting, are collected in Table 4.

Addition of a single, energy-optimized, f function to (7s6p3d) has the
greatest effect (3 mE,) for the system C,['Z (1n} 363)] for which the optimiza-
tion was done. The single f function lowers the total energy most for the
calculations performed at the same distance at which the exponential parameter
was optimized (2.6mE, for CF[*M,(1723¢3), and 20mE, for
C; [’Z} (1mn330})]). The improvement of the total energy for the remaining
systems, calculated at r =2.5876 a,, is smaller and varies from 1.2 mE, for
CH[*1,(1nL302)] to 0.7mE, for C,[>X; (1n23032)]. The basis set (7s6p3d1f)
performs very well: except for C,['2/ (1n369)] and C,[*°X; (1n2302)] the total
energies are lower than the values obtained by Cade and Wahl.

When the energy-optimized single f function is replaced by two f functions
(with their exponential parameters taken from the well-tempered exponent pool,
see Table 1), the values of total energy become slightly lower, usually by
0.1 mE,. The (7s6p3d2f) total energies are better than the ones calculated by
Cade and Wahl for all the systems, although the differences are smaller than
1 mE,. The only exceptions are Cj[*M,(1n.302)], C;[*Z}(1n}30})], and
C; [°I,(1n}302)] for which Cade and Wahl’s STF basis set gives total energies
4.8, 8.5, and 17.5 mE,, above our (7s6p3d2f) values, respectively.

The values of the spectroscopic constants change but slightly upon adding
one or two f functions to the initial (7s6p3d) basis set. The equilibrium
internuclear distances are shortened (by about 0.001 a,) and the harmonic
vibrational frequencies are increased. Replacing the single, optimized f function
by two unoptimized f functions often lengthens the bond length insignificantly
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Table 3. Total and orbital energies® and differences of total and orbital energies® for C,, C5, and

C; (in Ey)
Basis E; la, 1o, 20, 20, Iz, 30,
C,l'Z }F(1nf30D)] r=2.3481 a,
STF¢ —75406200 —11.3598 —11.3575 —10613 —0.5172 —0.4579
(7s6p3d) 0.002957 —-0.0014 -0.0014 —0.0017 —0.0004 0.0004
(7s6p3dlf) —0.000025 —0.0001 —0.0001 —0.0001 —0.0001 —0.0001
(7s6p3d2f) —0.000054 —0.0001 —0.0001 —0.0001 0.0000  —0.0001
G’z (1n2362)] r =2.5876 a,
STF¢ —75515220 —11.3446  —11.3430 —1.0461 —0.5871 —0.4600  —0.4575
(7s6p3d) 0.000776 -0.0008 —0.0008 0.0015 0.0007 —0.0380 0.0006
(7s6p3dlf) 0.000089 —0.0003 —0.0003 0.0023 0.0009  —0.0382 0.0011
(7s6p3d2f) —0.000014 —0.0002 —0.0003 0.0024 0.0008  —0.0382 0.0011
C,['4,(1n2362)] r=2.5876 a,
STF¢ —75476550  —11.3466 —11.3450 —10461 —0.5871 —0.4600 —0.4575
(7s6p3d) 0.000761 —0.0025 —0.0025 —0.0028 —0.0015 —0.0006 —0.0019
(Ts6p3dif) -—0.000079 —-0.0020 -0.0020 —-0.0019 —0.0014 —0.0008 —0.0014
(Ts6p3d2f) —0.000165 —0.0020 —0.0020 —0.0019 —0.0014 —0.0008 —0.0014
G ['Z; (1n2362)] r=2.5876 a,
STF* —75438500 —11.3487 —11.3471 —1.0487 —0.5880 —0.4227 —0.4586
(7s6p3d) 0.000462 —0.0045 —0.0045  —0.0048  —0.0031 -0.0015  —0.0036
(7s6p3dif) —0.000555 —0.0039 —0.0039  —0.0038 —0.0029 —0.0019 —0.0030
(7s6p3d2f) —0.000629 —-0.0039 —0.0039  —0.0038 —0.0029 —0.0019 —0.0030
G P11, (173 369)] r=2.3481 a,
STF® —74.991960 —11.7742  —11.7720 —14518 —0.8631 —0.8493
(7s6p3d) 0.001337 —0.0005 —0.0005  —0.0008 0.0006 0.0016
(7s6p3d1f) —0.000776 0.0006 0.0006 0.0006 0.0008 0.0009
(7s6p3d2f) -—0.0003873 0.0007 0.0007 0.0007 0.0008 0.0009
G [41,(1n},362)] r=2.5876 a,
STF* —75.047030  —11.7628  —11.7612 —1.4493 —0.9405 —0.8679 —0.8139
(7s6p3d) —0.003958 0.0080 0.0080 0.0079 0.0060 0.0053 0.0051
(7s6p3dlf) —0.004700 0.0084 0.0084 0.0086 0.0060 0.0050 0.0054
(7s6p3d2f) —0.004810 0.0085 0.0084 0.0087 0.0060 0.0048 0.0054
G 22} (1nd3e )] r=2.3481 a,
STF° —75.556700 —10.9660 —109633 —0.7191 —0.2159 —0.1189 —0.1974
(7s6p3d) —0.006490 —0.0277 —-0.0276  —-0.0203 —0.0173 —0.0181 —0.0166
(7s6p3dlf) —0.008413 —0.0268 —-0.0267 —0.0190 —0.0171 —0.0184  —0.0160
(Ts6p3d2f) —0.008498 —0.0267 —0.0267 —-0.0190 —0.0171 —0.0184  —0.0160
Cy [P, (173362)] r =2.5876 a,
STF® —75.563270  —10.9657 —109640 —0.6735 —0.2541 —0.1061 —0.1213
(7s6p3d) —0.016660 —0.0503 —0.0504 —0.0436 —0.0331 —0.0321 —0.0345
(7s6p3dlf) —0.017474 —0.0498 —0.0499  —0.0428 —0.0330 —0.0322 —0.0339
(7s6p3d2f) ~0.017541 —0.0499 —0.0500 —0.0428 —0.0330 —0.0322 —0.0339

= The STF reference values of total and orbital energies are printed in italic
b The differences of total and orbital energies are defined as E;(basis) — Er(STF reference)

°[s]
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Table 4. Spectroscopic constants* of C,, C5, and C5

Basis M E; r. w, WX, B, o, K,
Cl'ZF (1n}302)]

(7s6p3d) 4 --75.4032595 2.3417 1901.5 12.81 1.830 17.18 12.78

(7s6p3dlf) 4 --75.4061949 2.3411 1907.8 12.64 1.831 17.05 12.87

(7s6p3d2f) 4 --75.4062751 2.3410 1905.9 12.73 1.831 17.14 12.84

STF® 5 —75.40591 2.3407 1904.8 12.25 1.831 17.14 12.83

G327 (In2362)]

(76p3d) 4 755155317  2.5275 16756 8229  1.571 1324 9.925

(7s6p3dlf) 4  --755162586  2.5265  1679.6 8368  1.572  13.23 9.973

(7s6p3d2f) 4  --75.5163606  2.5265  1679.4 8390 1572 1324 9971
C,l'4,(1n%362)]

(7s6p3d) 5 754763261 25490  1637.1 8223 1544 1291 9.474

(Ts6p3dlf) 5 —754771952  2.5478 16414 8318 1546 1292  9.525

(7s6p3d2f) S 754772797 25479 16409 8375 1546 1295 9.519
Gl'5; (1n2302)]

(7s6p3d) 5 754381217  2.5705  1598.8 8.134 1518 1286  9.037

(7s6p3d1lf) 5 —~754391525  2.5692  1603.5 8217  1.520 1287  9.090

(7s6p3d2f) 5 754392258  2.5693  1602.5 8255 1520 1291 9.078
G5 [P, (17330 )]

(Ts6p3d) 5 749964180 24850 15852  13.95 1625  19.19 8.884

(7s6p3dlf) 5 749989499 24836 15930  13.94 1627  19.08 8.971

(7s6p3d2f) 5 --749990652 24840  1589.5  14.01 1626  19.17 8.932
G P0,(1n} 36 )]

(7s6p3d) 4 —75.0626639 28207  1230.1 8288 1261  12.90 5.350

(Ts6p3dlf) 4  --75.0632627 28189 12329 8372 1263 1295 5374

(Ts6p3d2f) 4  --75.0633927 28192 12320 8324 1262 1297 5.365
Gy 22 (1nd30l)]

(7s6p3d) 5 755632002 23531 19351  10.20 1812 1482 1324

(7s6p3dlf) 5 755651210 23524 19403  10.15 1813 1473 1331

(7s6p3d2f) S --75.5652052 23523 19397  10.25 1813 1477 1330

STF* 5 —-75.56515 23518 19398  10.29 1814 1504 1329
C; [*11,(17}303)]

(7s6p3d) 4 —75.5888509 24239 18539  9.049 1708  13.63 1215

(7s6p3dlf) 4  —75.5897963 24230 18583 9.142 1709 1359 1221

(7s6p3d2f) 4 ~-75.5898776 24228  1858.3 9209 1709 1361 1221

2 The units are; atomic units for E and r,; cm™! for w,, w,x,, and B,; 1 x 103 cm™! for a,;
1 x 10*3 dynefem for x,

®M denotes the method used to arrive at the values of spectroscopic constants: D = Dunham
analysis; E = experimental; decimal digit = degree of polynomial used in fitting

<[]

(by about 0.0001 a,). Dupuis and Liu [11] used a fairly large STF (7s5p3d1f)
basis set in studies on C,['Z} (1n}369)] and C; [2Z ] (1n}30})]. We used their
values of total energy in order to evaluate the values of spectroscopic constants
which, virtually undistinguishable from our values, are given in Table 4. Dupuis
and Liu built their basis set starting from an augmented basis set of Clementi
and Roetti [12]; the exponential parameters of the most diffuse functions were
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then optimized in the molecular calculations. It is evident from Table 4 that their
STF (7s5p3d1f) basis set is as good as out GTF (7s6p3d1f) basis, in which all
exponents, except for that of f function, were optimized by minimizing the
atomic total energy.

Compared with experiment [13], the ground states of both C, and C; are
incorrectly predicted on the Hartree—Fock level. The total energies of the states
arising from the 1n2 3632 valence configuration of C, fall below the energy of the
experimentally determined ground state 'X;; for the negative ion C;, the
’,(1n;302) state has lower energy than the experimental ground state
2XF(1n330}). Inclusion of electron correlation is necessary to remedy the
situation [14].

N,, NF, and N3

The value of the exponential parameter of the single f function, {, = 1.241, was
obtained by minimizing the total energy of N,['X /] at r =2.068 a,. The same
value was used in all calculations. The exponents of the two f functions were
taken equal to the exponents {;; and {,, from the exponent pool (cf. Tables 1
and 2). The exponential parameter of the g function was set equal to that of the

Table 5. Total and orbital energies* and differences of total and orbital energies® for N, N5, and
N; (in E,)

Basis Er lo, lo, 20, 20, 3, 1z,
No{'ZF(BeZlni) r=2.068 a,
STF¢ —108.992800  —15.6820 —15.6783 —1.4736 —0.7780 —0.6350 —0.6154
(7s6p3d) 0.003041 —0.0011 —0.0012  -0.0020 —0.0002 —0.0009 0.0002
(7s6p3dif) 0.000058 0.0002 0.0001 0.0001 0.0001 0.0004 0.0000
(7s6p3d2f) —0.000172 0.0002 0.0001 0.0001 0.0001 0.0004 0.0000
(7s6p3d2flg)  —0.000470 0.0003 0.0002 0.0002 0.0001 0.0004 0.0000
NHF¢ —0.001008 0.0001 0.0001 0.0002  —0.0001 0.0002  —0.0002
NF[2Z ) (Bollnd) r=2.113 a,
STF* —108.403700  —16.1827 —16.1800 —18807 —1.1569 —1.1235 —1.0237
(7s6p3d) 0.004437 —0.0016 —0.0016 —0.0026 —0.0006 —0.0012 0.0002
(7s6p3d1f) —0.000091 0.0000 0.0000 0.0001  —0.0001 0.0001  —0.0002
(7s6p3d2f) —0.000318 0.0001 0.0001 0.0001  —0.0001 0.0001  —0.0002
(7s6p3d2flg)  —0.000553 0.0002 0.0002 0.0002  —0.0001 0.0001  —0.0003
N; [*,(3021x3)] r=2222 a,
STF° —108.427000 —16.1805 —16.1782 —1.8644 —1.2062 —1.0349 —1.0289
(7s6p3d) 0.002678 —0.0011 —0.0011  —0.0021 —0.0003 —0.0010 0.0003
(7s6p3dif) —0.000064 0.0002 0.0002 0.0001 0.0000 0.0001 0.0000
(7s6p3d2f) —-0.000218 0.0003 0.0002 0.0002 0.0001 0.0002 0.0000
(7s6p3d2flg)  —0.000369 0.0003 0.0003 0.0003 0.0001 0.0002 0.0000

2 The STF reference values of total and orbital energies are printed in italic
b The differences of total and orbital energies are defined as Er(basis) — Er(STF reference)

15]
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Table 6. Spectroscopic constants* of N,, N5, and N5

Basis M®  E; r. o, w,x, B, a, K

N[ 2 (307 1ny)]

(Ts6pld)° 4  --108.9856230  2.0167 27463 1075 2114  13.61  3L11
(7sSpld)® 4 —108.9833634 20259 27235  10.14 2095 1330  30.60
(7s6p2d)° 4  --108.9910881 20152 27281  10.60 2117 1374  30.70
(Ts6p2d)® 4 —108.9904493 20136 27326 1069 2121 1374  30.80
(7s6p3d) 4  —108.9923890 20146 27235 1066  2.118  13.83  30.60
(Ts6p3dlf) 4  —108.9954254 20142 27308 1069 2119 1375  30.76
(Ts6p3d2f) 4  —108.9957090 20137 27317 1078 2120 1377  30.78
(Ts6p3d2flg) 4  --108.9958633 20138 27307 1073 2120 1377  30.76
STF® D 20134 27296 8378 2121 1347  30.73
N3 [PZ7 (3o} 1nd)]
(7s6p3d) 4 —108.4033806 20410  2560.7 1312 2064 1561  27.05
(7s6p3dlf) 4  -—108.4079581 20408  2568.6  12.87 2064 1550  27.22
(7s6p3d2f) 4  —-108.4082644 20401  2569.1  13.03 2066 1556  27.23
(7s6p3d2flg) 4  —108.4084694  2.0403  2568.1  13.06 2065 1554  27.21
N7 [211,(302 In3)]
(Ts6p3d) 4  —108.4292206 21352 23298 1098  1.886  13.78  22.39
(7s6p3dlf) 4  —108.4321036  2.1343 23385 1106  1.888 1372  22.56
(7s6p3d2f) 4  —108.4322955  2.1339 23382 1118  1.888  13.77  22.55
(7s6p3d2flg) 4  —108.4324296  2.1340 23375 1109 1888 1375  22.54

ab See Table 4 for notation

¢ {, = 1.034 (optimized)

47, =0.8055 1,

e {{,}={1.542, 0.650} (optimized)
f {Cd} = {1.911, 0.8055} = {Cu, Clz}
g[16]

single f function ({, =1.241). In Table 5 we compared the total and orbital
energies with the results of the calculations done by Cade and Wahl, who used
STF basis set [5], and with the results of the numerical Hartree—Fock (NHF)
calculations done by Laaksonen et al. [7].

Addition of a single f function is necessary to secure convergence of the orbital
energies. Except for N,['Z (303 1n2)], our GTF (7s6p3d1f) basis gives the total
energies slightly lower than the STF values of Cade and Wahl. The single f
function improves the total energy by about 3 mE, . Replacing the single f function
by the set of two f functions (unoptimized exponents) lowers the total energy insig-
nificantly, by less than 0.3 mE,,. Adding the single g function to the (7s6p3d2f)
improves the total energy by less than 0.3 mE, . This still leaves a difference of
0.538 mE,, between our best (7s6p3d2f1g) result and the numerical Hartree—Fock
value of the total energy. The difference may be diminished by about 0.16 mE,
when a molecular-energy-optimized value of {, is used. The atomic total energy
of N(“S) in the (7s6p3d) basis, —54.400862 E,, {3], is about 0.07 mE, above the
Hartree—Fock value, — 54.400934 E, [15]; therefore a major part of the remaining
difference in the molecular total energies may be of atomic origin.

The values of the spectroscopic constants in Table 6 are close to the
converged values already at the level of the (7s6p3d) basis set. Addition of f
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functions always slightly shortens the bond length, while addition of the single g
function leaves the bond length essentially unchanged. The differences between
the (7s6p3d2f1g) values and the ones reported by Cade et al. [16] (especially for
,.x,) may be attributed to different methods of analysing the potential energy
curve.

For N,['ZF(3¢21n})] we also tested performance of the (7s6p) basis set
augmented with only one or two d functions, rather than with the three we
routinely used. The single d function with {, = 1.034, optimized in molecular
calculations, brings about errors of about 10 mE,, in the total energy, 0.003 a, in
r., and 26 cm~! (or 1%) in the vibrational frequency. The results obtained with
{,=0.8055, taken out of the exponent pool, are worse: the total energy and r,
are further away from the converged values, while w, is closer to the best value.
When two d functions are used the results are of good quality, regardless
whether the values of the exponents were optimized in the molecular calculations
or whether they were taken from the exponent pool; furthermore, the results are
rather close to the best values.

0,, O5, and O5

The value of the exponential parameter of the single f function was adjusted in
the molecular calculations on O,[*Z; (1n 1n2)]; the value {, = 1.652 was used in
all calculations. Using the GTF (7s6p3d1f) basis set we obtain total energies
better than the ones reported by Cade and Wahl (Table 7). Replacing the single
f function with the set of two f functions results in improvement of the total
energies by about 0.2 mE,. The STF basis set of Cade and Wahl, optimized in
0,, is able to represent the wavefunction of O; quite well, contrary to the
situation found in C; (cf. Table 3).

In the calculations on O,*2; we added one g function to the (7s6p3d2f)
basis. The total energy varied very slowly with the exponential parameter {, of
the (7s6p3d2flg) basis set. For all calculations we adopted the value of
{, =2.55, close to {,;, which happens to give the total energy close to the best
value. Taking into account the defect in the atomic total energy of about
0.11 mE,, we may expect that the (7s6p3d2f1g) value is at least 0.5 mE, above
the Hartree—Fock limit.

The behavior of the potential energy curves near minima (Table 8) is quite
well represented with the (7s6p3d) basis set. Addition of the single f function
improves the total energy by 3.3 to 5.7 mE,; the bond lengths are shortened by
about 0.04 a,. Replacement of the single f function by two f functions lowers the
total energy by about 0.2 mE; and increases the bond length by 0.0004 to
0.0009 a,.

Replacing the three d functions with two d functions whose exponents (1.652
and 0.962) were adjusted in O, 32 calculations at r = 2.282 a, results only in
minor deterioration of results, uniform for all systems. However, using only one
d function causes significant worsening of results; furthermore, some systems
(e.g., OF) are affected more than others.
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Table 7. Total and orbital energies® and differences of total and orbital energies® for O,, O, and
O; (in E,)

Basis Ey lo, lo, 20, 20, 30, Iz, Iz,
0,327 (Ix31=))] r=2282a,
STF¢ —149.665900 —20.7296 —20.7286 —1.6488 —1.0987 —0.7358 —0.7052 —0.5319
(7s6p3d) 0.003394 —0.0013 —0.0014 —0.0025 —0.0008 —0.0014 0.0000 —0.0007
(7s6p3d1f) —0.000504 —0.0003 —0.0003 —0.0006 —0.0003 —0.0001 —0.0003 —0.0004
(7s6p3d2f) —0.000721 -0.0002  —0.0003 —0.0005 —0.0002 0.0000 —0.0003 —0.0004
(7s6p3d2flg)  —0.001019 —0.0002  —0.0002 —0.0004 -0.0002 0.0000 —0.0004 —0.0003
0,['4,(1z} 1n2)] r=2297 a,
STF° —149.617200 —20.7388 —20.7378 —1.6468 —1.1054 —0.7375 —0.7058 —0.4893
(7s6p3d) 0.003400 -0.0010  —0.0010 —0.0022 —0.0017 —0.0015 0.0003  —0.0005
(7s6p3d1f) —0.000373 0.0000 0.0000 -0.0003 —0.0002 —0.0002 0.0000 —0.0002
(7s6p3d2f) —0.000602 0.0001 0.0000 —0.0002 —0.0001 —0.0001 0.0000 —0.0001
O,['ZF(1nd1ad)] r=2318 a,
STF* —149.568300 —20.7483 —20.7473 —1.6418 11132 —0.7387 —0.7048 —0.4487
(7s6p3d) 0.003336 —0.0010  —0.0011 —0.0024 —0.0007 —0.0014 0.0001  —0.0007
(7s6p3d1f) —0.000346 0.0000 —0.0001 —0.0006 —0.0001 0.0000 —0.0002 —0.0004
(7s6p3d2f) —0.000599 0.0000  —0.0001 —0.0004 —0.0001 0.0002 —0.0002 —0.0003
OF [P, (Inj 1n})] r=2.122 a,
STF° —149.225700 —21.2705 —21.2689 —2.2236 —1.5266 12320 —1.1901 —0.9688
(7s6p3d) 0.004024 -0.0016  —0.0015 —0.0028 —0.0006 —0.0015 0.0004 —0.0008
(7s6p3d1f) —0.001049 0.0000 0.0001 0.0000 0.0001 0.0002 0.0001  —0.0001
(7s6p3d2f) —0.001254 0.0001 0.0001 0.0002 0.0001 0.0002 0.0002 0.0000
Oy [P, (17 1x2)] r =2.400 a,
STF* —149.642700 —20.2877 —20.2871 —11865 —0.7260 —0.3150 —0.3062 —0.0888
(7s6p2d) 0.001724 —0.0066  —0.0065 —0.0060 —0.0044 —0.0046 —0.0033 —0.0030
(7s6p3d) 0.001355 —0.0065 —0.0065 —0.0060 —0.0045 —0.0047 —0.0033 —0.0030
(7s6p3d1f) —0.001873 —0.0058 —0.0058 —0.0047 —0.0040 —0.0036 —0.0037 —0.0029
(7s6p3d2f) —0.002117 —0.0058 —0.0058 —0.0046 —0.0040 —0.0035 —0.0037 —0.0028

2 The STF reference values of total and orbital energies are printed in italic
® The differences of total and orbital energies are defined as Eq(basis) — E1(STF reference)
[l

CO, CO*, CO**, and CO~

As mentioned in the Introduction, the STF results of Cade and Huo [6] for
heteronuclear diatomics are of poorer quality due to basis set incompleteness.
This is manifested in Table 9, where already our (7s6p3d) basis set gives better
total energies. Using a large STF (6s4pldlf) basis Green [17] obtained
—112.78924 E, for the total energy of CO at r =2.132 a, (the improvement of
0.13 mE,, over the result of McLean and Yoshimine [18] was due to a larger ¢
space used by Green).
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Table 8. Spectroscopic constants® of O,, O35, and O;
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Basis M®  E. 7, @, ®,x, B, o, K,
0,32 7 (1n} 1n3)]
(7s6pld)° 5 —149.6637252 2.1847 2010.5 9.664 1.577 12.27 19.05
(7s6p2d)¢ 5 —149.6676143 2.1789 2003.5 9.557 1.585 12.22 18.91
(7s6p3d) 5 --149.6682237 2.1787 1999.2 9.385 1.586 12.11 18.83
(7s6p3dlf) 5 —149.6726217 2.1747 2011.5 9413 1.592 12.17 19.07
(7s6p3d2f) 5 —149.6727743 2.1750 2006.5 9.245 1.591 12.14 18.97
O,['4,(1} 123)]
(Ts6pld)° 5 —149.6165347 2.1854 2000.7 9.678 1.576 12.33 18.86
(7s6p2d)¢ 5 —149.6204022 2.1797 1993.5 9.566 1.584 12.28 18.73
(7s6p3d) 5 —149.6210123 2.1795 1989.4 9.408 1.585 12.17 18.65
(7s6p3dlf) S —149.6253462 2.1754 2001.6 9.438 1.591 12.23 18.88
(7s6p3d2f) 5 —149.6254988 2.1758 1996.5 9.269 1.590 12.20 18.78
O,['Z}(1ng1n2)]
(7s6pld)* 5 —149.5701386 2.1858 1991.7 9.699 1.576 12.40 18.69
(7s6p2d)d 5 —149.5740015 2.1800 1984.2 9.583 1.584 12.34 18.55
(7s6p3d) 5 —149.5746154 2.1798 1980.2 9.427 1.584 12.24 18.48
(7s6p3dlf) 5 —149.5789446 21757 19925 9573 1590 1230 1871
(7s6p3d2f) 5 -149.5791022 2.1761 1987.1 9.290 1.590 12.27 18.61
OF [P (175 1m )]
(7s6pld)° 5 —149.2249432 2.0115 2519.0 11.38 1.860 13.34 29.90
(7s6p2d)¢ 5 —149.2319057 2.0045 2502.7 10.93 1.873 13.47 29.51
(7s6p3d) 5 —149.2331056 2.0033 2495.1 10.88 1.876 13.45 29.34
(Ts6p3dlf) 5  —149.2388092  2.0007 2511.8 1102 1881 1347 2973
(7s6p3d2f)y 5 -149.2390144 2.0004 2507.4 11.04 1.881 13.58 29.62
O3 2l (1} 1n3)]
(7s6pld)° 5 —149.6392860 2.4292 1451.0 7.447 1.276 11.11 9.921
(7s6p2d)? 5 —149.6411585 2.4237 1446.0 7.495 1.281 11.27 9.852
(7s6p3d) 5 —149.6415377 2.4230 1450.4 7.615 1.282 11.14 9.913
(7s6p3dif)y 5 --149.6446755 24176 1459.5 7.497 1.288 11.08 10.04
(7s6p3d2f) 5 -149.6449314 2.4187 1457.4 7.414 1.287 10.98 10.01

b See Table 4 for notation
€L, =107={,

4{¢,} ={1.652,0.692} (adjusted in molecular calculations)

Table 9. Total and orbital energies® and differences of total and orbital energies® for CO, CO*,
CO?*, and CO~ (in Ey)

Basis E; lo 20 3¢ 40 1z 56
CO['Z *(1n*50%)] r=2132a,

STF¢ —112.786000  —20.6612 —11.3593 15192 —08024 —0.6377 —0.5530
(7s6p3d) —0.001066 —0.0030 —0.0029 —0.0038 —0.0029 —0.0023 —0.0026
(7s6p3dlf) —0.003998 —0.0034 —-0.00i0 —0.0025 —0.0021 —0.0026 —0.0019
(7s6p3d2f) —0.004165 —0.0034 —0.0010  —0.0025 —0.0021 —0.0026 —0.0019
STF¢ —0.003240 —0.0038 —0.0007 —0.0018 —0.0016 —0.0023  —0.0010
NHF* —0.004950 —0.0033 —-0.0007 —0.0023  -0.0021 —0.0027 —0.0019
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Table 9 (continued)
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Basis Er lo 20 30 40 1n 5o
CO*+[2X+(1=%56 ")) r=2.107 a,

STF® —112.291500 —21.0851 —11.8654 —19217 —11658 —10214 —11222

(7s6p3d) —0.005729 0.0098 0.0095 0.0096 0.0086 0.0076 0.0042

(7s6p3d1f) —0.009238 0.0111 0.0111 0.0116 0.0100 0.0071 0.0052

(7s6p3d2f) —0.009411 0.0111 0.0112 0.0117 0.0100 0.0071 0.0052
CO™*[2I{ 1750 )] r=2350 a,

STF* —112.230400 —21.1442 —11.8647 —19008 —12269 —10773 —0.9438

(7s6p3d) —0.007799 0.0117 0.0103 0.0112 0.0099 0.0092 0.0060

(7s6p3d1f) —0.010249 0.0127 0.0116 0.0126 0.0109 0.0088 0.0065 -

(7s6p3d2f) -0.010434 0.0127 0.0116 0.0127 0.0110 0.0088 0.0066
CO**['Z+(1r%5¢%) r=2132a,

STF® —111.228900  —21.5893 124743 —23584 —15716 —1.4466

(7s6p3d) —0.014408 0.0129 0.0246 0.0160 0.0143 0.0098

(7s6p3dlf) —0.019163 0.0139 0.0268 0.0182 0.0157 0.0089

(7s6p3d2f) —0.019350 0.0139 0.0269 0.0183 0.0157 0.0089

2 The STF reference values of total and orbital energies are printed in italic

b The differences of total and orbital energies are defined as Er(basis) — E+(STF reference)
cle]

4017

(M

In the calculations with a single f function at each atom we used the values
of the exponential parameters which had been optimized in the corresponding
homonuclear molecules, namely (= 1.0847 for carbon and {;=1.6520 for
oxygen. The presence of a single f function improves the total energy by 2.4 to
4.8 mE,,. Using the values of exponents optimized by minimizing the total energy
of CO results in an insignificant improvement of the energy by about 0.049 mE, .
Two f functions cause an additional energy gain of about 0.2 mE,.

While the values of the orbital energies of CO X+ are close to the results of
the numerical Hartree—Fock calculations [7], the error in total energy is still
about 0.79 mE,,. This discrepancy will be significantly reduced if one g function
is added and the Hartree—Fock atomic basis set is used. Feller et al. [19] used a
large GTF (19s10p4d2f) basis set contracted to (10s6p4d2f) to obtain the total
energy of —112.7903 E,,.

The values of the spectroscopic constants are compared in Table 10 with the
ones derived from the results of McLean and Yoshimine [18] and the ones
reported by Huo [20]. The agreement is very good; the smaller number of points
on the McLean and Yoshimine’s potential energy curve as well as their distribu-
tion around the minimum affect the values of w, and w,x,. As in the previous
cases, the (7s6p3d) basis provides results fairly close to the best data.
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Table 10. Spectroscopic constants® of CO, CO*, CO?*, and CO~

Basis Mt E; r, o, X, B a

CO['Z +(1n*50%)]

(7s6p3d) 6 —112.7887513 2.0836 2424 8 12.70 2.022 15.19 23.75
(7s6p3dlf) 6 —112.7917297 2.0830 2429.1 11.25 2.024 15.07 23.84
(7s6p3d2f) 6 —112.7919103 2.0828 2427.7 11.38 2.024 15.09 23.81
STF* 4 —112.7908542 2.0832 2445.1 13.60 2.023 15.33 24.15
STF¢ D 2.081 2431.0 11.69 2.027 15.25 23.86
CO+[2Z *(1n%50 )]
(7s6p3d) 6 —112.3014519 2.0350 2619.1 13.19 2.120 15.59 27.71
(7s6p3dlf) 5 —112.3049901 2.0349 26229 13.10 2.120 15.52 27.79
(Ts6p3d2f) 5 —112.3051819 20346  2621.1 1308 2121 1553  27.75
CO+[2(173502)]
(7s6p3d) 5 —112.2395814 2.2898 1778.2 11.76 1.675 16.98 12.77
(7s6p3dlf) 5 —112.2421317 2.2879 1788.2 11.69 1.677 16.82 12.92
(7s6p3d2f) 5 —112.2423046 2.2881 1786.0 11.72 1.677 16.85 12.89
CO*H['Z +(17%569)]
(7s6p3d) 5 —111.2490455 2.0404 2463.6 26.56 2.109 22.64 24.52
(7s6p3d1f) 5 —111.2537301 2.0410 2463.3 26.56 2.108 22.57 24.51
(7s6p3d2f) 5 —111.2539283 2.0408 2461.1 26.63 2.108 22.63 2447

b See Table 4 for notation
°[18]
9120]

Conclusions

The present study indicates that moderately large Gaussian basis sets, used
without reoptimization of exponents in molecular calculations, are capable of
surpassing the Slater-type basis sets whose exponents were optimized in molecu-
lar environment. The Gaussian basis sets work especially well for the ionized
species. Their flexibility is achieved due to the large number of primitive
Gaussian functions which are deployed in the valence region; the same flexibility
may be achieved in Slater-type basis sets provided a large number of functions
is used. Thus, until a computationally fast algorithm for the evaluation of
molecular integrals over Slater-type functions is developed, Gaussian-type func-
tions will remain the preferred basis functions for molecular calculations.

The present Gaussian basis sets still have to be improved if better agreement
with the numerical Hartree—Fock results is sought. According to the results for
the molecular ground states we deduce that the (MsNp) basis sets have to be
augmented by three d, two f, and one g functions to enable approaching
near-Hartree—Fock quality for the wavefunction. The judgment about perfor-
mance of the present basis sets in calculations for excited states will have to be
deferred until corresponding numerical Hartree—Fock results become available.

The set of three d and two f functions (cf. Table 1) provide the diverse
exponents needed to adequately span the ¢ and = spaces without the need for
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exponent reoptimization. Furthermore, such a large set of auxiliary functions
may be required in order to avoid the differential effects which arise when a
single function, optimized in molecular calculations at a fixed internuclear
distance, is used at other molecular geometries. Results for O, and N, seem to
indicate that for rudimentary studies on molecular geometries, the (7s6p2d)
basis set may provide results of acceptably good quality.

The accurate, near-Hartree—Fock wavefunctions which may be obtained
with the primary (7s6p) basis sets constitute a reliable starting point for
post-Hartree—Fock studies which are clearly needed whenever, as in many of the
cases studied here, the ground states are incorrectly identified and molecular
geometries are incorrectly predicted at the Hartree—Fock level. However, in the
calculations involving electron correlation, the correlating functions should
include more than the few d, f, and g functions which were found to be adequate
for the SCF wavefunction [21, 22].
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