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Orbital energy levels, calculated by the semi-empirical SCF-MO-CNDO theory developed pre-
viously, are compared with experimental ionization potentials assuming that Koopmans’ theorem is
valid. Most of the energy levels are in much better agreement with experiment than those calculated
from either the Pople-Segal CNDO/2 theory or the Extended Hiickel Theory. The resuits are used
to assign observed ionization potentials to specific molecular orbitals for molecules for which this
assignment has not been determined experimentally.

Mit unserer SCF-MO-CNDO-Methode berechnete Orbitalenergien werden mit experimentellen
Tonisationspotentialen verglichen. Die Ubereinstimmung ist besser als bei der erweiterten Hiickel-
oder der CNDQ/2-Methode von Pople und Segal.

Les niveaux d’énergie orbitale calculés a 1’aide de la théorie semiempirique SCF-MO-CNDO,
sont comparés avec les potentiaux experimentaux d’ionisation en admettant la validité de le théoreme
de Koopmans. La plupart des niveaux d’énergie sont en meilleur accord avec ’expérience que lesquels
calculés selon la méthode Pople-Segal CNDO/2 ou la méthode d’Hiickel extensé. Puis on a coordonné
les résultats avec des orbitales moléculaires.

A. Introduction

The SCF-MO-CNDO theory is useful for all-valence-electron calculations
when the molecule is too large to be treated by the Roothaan equations [1, 10]
since the three and four centered integrals are removed. Either the parameters
derived theoretically {2—5] or the empirical parameters described in the first two
papers of the series [6, 7] can be used in the SCF-MO-CNDO theory. In paper 11
[7] it was shown that the empirical parameters were better for predicting bonding
energies in molecules. Now we consider their success in determining orbital
energies, that is to say ionization potentials.

The identity between orbital energies and ionization potential depends on the
validity of Koopmans’ theorem, according to which the energy required to remove
an electron from the i orbital of a molecule, leaving the nuclei fixed and the
orbitals unaltered, is given by

I i _Ei (1)
if both the molecular and ionic wave functions satisfy the Hartree-Fock, or the
Roothaan, equations and if differences in correlation energy can be neglected [1].
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E; is the energy eigenvalue of the i orbital, found by solving the secular equations.
Peters [8] has shown that the E; correspond more closely to experimental ioniza-
tion potentials than do energies of localized orbitals.

Cotton’s notation [11] has been used for symmetry groups and their irreducible
representations. For the C,, and D, groups, the assignment of axes is arbitrary,
and standard notation [12] has been used for planar molecules. The only non-
planar molecules of these two symmetry groups considered are C;Hg and B,Hy,
for which the choice of axes is stated later.

B. Experimental Ionization Potentials

Calculated orbital energies are compared with ionization potentials determined
by photoelectron spectroscopy when they are available, and by threshold methods
for other molecules. ‘

Orbital energy levels should be compared with vertical ionization potentials.
If no vibrational structure is resolved, as in electron impact [15, 18], the observed
ionization threshold does not necessarily correspond to either the vertical or the
adiabatic ionization process [15]. If vibrational structure is resolved, as in photo-
electron spectroscopy [9, 13, 147, the peak corresponding to the lowest ionization
energy gives the adiabatic ionization potential, and the most intense peak cor-
responds to the vertical ionization potential. Only in the recent work of Turner
and May [20] were the intensities obtained accurately enough so that vertical
ionization potentials could be determined.

The bonding molecular orbitals of the molecules considered (CO,, OCS,
CS,, NNO) have vertical and adiabatic ionization potentials which differ by a few
tenths of an electron volt [20]. In all other molecules, the ionization potentials
determined by photoelectron spectroscopy are adiabatic.

For molecules with many distinct orbital energies in the range observed by
photoelectron spectroscopy, molecular orbital theory often predicts groups of
orbitals closely spaced in energy, which correspond to a single observed ionization
potential. In such cases it is assumed [21, 22], that the observed ionization
potential corresponds to several ionic states which have not been resolved.

C. Comparison of Calculated Orbital Energies with Ionization Potentials

The energies of occupied molecular orbitals, are listed in Tables {, 2 and 3
for a number of molecules, and compared with experimental ionization potentials.
Results calculated using different sets of parameters are listed in different columns,
which are identified by the symbols listed in Table 4.

The molecular symmetry groups, and the irreducible representation of each
calculated orbital, are listed in the first column on the left. Experimental in-
formation concerning the symmetry of the orbitals is given next to the experimental
potentials. When no such information is available, the experimental ionization
potentials are listed in numerical order, and do not necessarily correspond to
the calculated orbitals in the same rows. Experimental ionization potentials in
parentheses refer to uncertain values.
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Table 1. Comparison of the SCF-MO orbital energies in eV of first row molecules with the experimental

ionization potentials. a) as calculated using the CNDO approximation and empirical bonding parameters

(columns M2, 02, and R2); b) as calculated by different theories (columns MP, OP, and RP). Where
there are no results in the table this is due to lack of convergence to self-consistency

Parameter set M2 02 R2 MP OoP RP Exptl. LP.  Ref
Molecule Orbit.
sym. (1) @ ©)] 4) %) © O @®
H,(D..) o, —1469 —1544 -—1862 —1711 -1860 ~20.09 15.45 [23]
LiH(C,,) c — 809 — 790 — 994 1234 —1321 —13.15 (7.81-791) [24]
BeH,(D,.) g, —1141 —1177 -1343 -1627 —-17.26 —17.89
¢, —1274 -1283 -—1479 -1715 -—1807 -—18.85
BH (D)) e —1211 —1285 —1489 1680 —1794 —19.16 1t.4 [25]
a, —1773 17778 —20.54 -—2456 —2563 —2691
CH(Ty t, —1270 1350 -—1564 —-17.05 —-1834 -—-19.78 12.99 [26, 18]
a, —2351 —2340 -—-2616 —3232 -—33.56 —34.68 (24.00)
NH;(C,,) a; —1245 —1330 —1547 -—1326 —1400 —16.30 10.35 [14]
e —1356 1420 —-1658 —17.75 —1922 -—-2021 14.95

a, —2707 —2671 —3050 —3459 —3589 —37.08
H,0(C,) b, —1411 —1433 —1790 —1411 —1472 —17.83 b, 1261 [26]
a, —1403 —14838 —1725 —1610 —17.11 —19.38 14.23
b, —1468 —1536 —1785 —18.64 —2022 —2144 18.02
a, —3269 —3251 -—3584 -37.87 —39.03 —40.46

HF(C,,,) n  —1619 —1667 —2085 ~1670 —1733 —2128 = 1606 [27]
¢ —1638 —1730 —20.14 —1948 —2075 —23.14 o 1648
¢ ~37.60 —37.88 —4291 ~4087 —41.84 —4555
N,(D,y) 5, —I1357 —1425 —1649 —1534 —1566 —1830 o, 1558  [28]
n, —13.62 —1444 —1634 —18.16 —1940 —2038 n, 16.70
6, —23.15 —2346 —2594 —2203 —2203 -2516 o, 18.80
6, —3023 —2065 3400 —4095 —4187 —43.27
CO(C,,,) ¢ —1320 —1381 —1594 —1456 —1478 —1726 ¢ 1400 [23]
n  —1376 —1440 —1688 —1825 —1952 —21.09 = 1654
¢ —2083 —2053 —2297 -—2162 —2200 —2467 ¢ 19.65
o —3340 —3315 —3650 —4303 —4409 —4533
CO,D,,) 7, —1378 —1455 —1734 —1287 —1388 —1570 =, 1379  [20,29]
m, —1626 —1683 —2051 —21.18 —2229 —2481 =, 17.59
o, —1358 —1455 —1638 —1724 —1823 —2043 o, 1807
6, —2069 —2101 —2326 —21.03 —2181 —2442 g, 19.36
6, —3373 —3381 —3743 —4131 —4234 —43.99
6, —3467 -3446 —3818 —4309 —4406 —4540
NNO(C,,) = —1358 —1581 —1183 —13.14 —1444 7 1290  [20,29]
o —1535 —17.88 —1728 —1821 —2072 & 1640
n —1663 —2018 —2182 —2296 —2544 n 18.14
o 2383 ~2622 —2162 —2267 —2498 & 2008
P —29.54 —3393 —3801 -—39.16 -41.03
p —3433 —3882 —4514 —4622 —48.00
0,(Cy,) a, —1435 —14.59 —1205 —13.13 —14.68 123 [30]
a, —1472 —1520 —1332 —1383 —1735 12.52
b, —1475 —15.20 —1373 —1429 —1771 13.52
b, —16.18 —1685 —2031 2140 —2354 164174
b, —18.11 —18.19 2117 —2214 —24.49
a, —1867 —18.34 ~2173 —2236 —25.73 19.24
a;, —3010 —30.70 2814 ~2840 —32.10
b, —3324 -3332 —3672 3757 —39.90

a;, —3878 —37.88 —-47.55 —4835 —5049
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Table 1 (Continued)

Parameter set M2 02 R2 MP OP RP  Exptl. LP.  Ref.
Molecule Orbital

sym. (1) 2 3 4 &) ©® O O]
C,H,(D.,) -1049 —11.38 —1309 -—1514 -1640 —-1746 =, 1140  [31]

—1233 —-1294 1488 —18.12 —1935 -2062 o, 1644
—1820 —18.63 —20.59 -—24.03 -—2527 -2655 o, 1842
—2420 -—2419 -2657 -—-3498 —36.17 -—36.84

CH,(Dy)  ba, —1030 —1111 —1272 ~1386 —1501 —16.60 ba,(m) 1048 [19]

by, —1110 —1195 —1361 —1340 —1454 —1582 12.50
a, —1163 —1236 —1421 —1666 —1784 —19.15 14.39
by, —1473 —1525 —17.77 —2233 —2368 —25.11 15.63
by, —19.14 —1948 —2161 -2497 —2619 —2749 (19.13)
a, —2543 —2512 —2790 —37.16 —3830 —39.06
C,H¢(Dy) ¢, —1132 —1226 —1406 —1374 —14.93 —16.32} a9 [19,26]
a, —1132 —1207 —1376 —1594 —17.02 —1821 :
e, —1418 —1481 —1726 —2063 -21.93 —2341 14.74
4y, —2022 —2052 —2280 —2657 —27.79 —29.07 (20.13)
4, —2604 —2560 —2860 —3813 —3927 —40.08
CiH4(C,) b, —1093 —1193 —1363 —1272 —1388 —1528 [19, 26

b, —1064 —1147 —-1300 —13.78 —14.89 -16.12 } 1107

a, —1096 —1183 —1344 —1342 1455 —15.86
a, —1229 -1317 1525 -1616 —1742 —1891
b, —1272 —-1352 1567 —1810 —19.28 -—20.67
a, —1417 -1481 -1719 -2076 —2200 -—23.40 } 15.17
b, —-1506 —1560 —1824 -—2267 -—2398 —2551 ’
a, —1938 —1976 —2198 -2594 -27.18 —2855 (19.8)
b, -2276 —2276 —2536 —31.80 -—3298 3405

a;, —2762 -2699 -3021 —4186 —4297 —43.68

by, — 882 —1002 —1122 — 9.4 —1025 —1094 120 [25]
b,, —1065 —11.54 —1339 —1456 —1596 —16.70

by, —1272 —13.63 —1550 —1939 —2072 —21.20
a,
b
a

} 13.17

B, H(D24)

-14.07 —1447 —1675 —21.66 2304 -—23.64
w —1720 —1736 -1996 -—2545 —26.87 —27.55
-21.28 —21.16 —2438 —3501 —3640 —36.84

LiF(C,,) n —1010 —1088 —11.02 —1411 —1505 —14.99
o —1014 —1088 —1120 —1417 —1501 —15.37
o —3122 —3175 —3320 —3740 —3838 —38.6l

r, —17.80 —1794 -2297 -—1677 —1677 —-2209 =, 1563 [271
o, —1702 —17.66 —19.68 —2022 -2119 -2272 o, 1735

n, —1942 —1927 -2489 -2045 -2045 —-2577 =n, 1846

6, —3756 —3782 —4320 -36.12 -36.12 —4199

6, —41.26 —4091 —4743 -4431 -4452 -4973

CH,F(C;,) e —1265 —1368 —1602 —1396 —1477 —1757 e 1285 [32]
a, —1411 —1506 —1684 —1861 —19.70 —21.27 a, 14.10
e —1587 —1634 —2038 -—2042 -~21.39 -24.12 (a,) 16.89
a, —2315 -2333 -26.16 —2882 -—29.83 —3205
a, —3687 —37.16 -—4204 -—4347 4440 -47.10

n —1244 —1333 —1531 —1640 -—17.71 —18.58 13.91 [33]
¢ —1281 —13.72 —1531 —1532 ~—1594 —18.15
¢ —2033 —2069 —2274 -—23.81 2490 —2643
¢ —27.86 -—2760 -—3131 -—3755 -—38.64 —39.62

F2(D aob)

HCN(C

oov)
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Table 1 (Continued)

Parameter set M2 02 R2 MP oP RP  Exptl.LP. Rel

Molecule Orbital
sym. (1) () 3 4 %) (©) M ®)

CH,CN(C,,) e —12.49 ~1381 1509 ~—15.89 1222 [34]
a —12.32 —1461 —1529 —17.28
e —14.90 ~20.54 ~2197 —2321
a —18.68 —2043 —21.53 —2288
a —2475 —3424 —3545 —3646
a, —27.62 —39.07 —40.19 —4083

FCN(C,) n —1301 —1397 —1618 —1425 —1520 —17.14
¢ —1485 —1590 —1745 —1592 —1651 —19.15
7 —1694 —1754 —2140 —21.55 —2249 -2551
¢ —2063 —21.04 —2350 2287 —2387 —2626
¢ —2867 —2841 —3253 —3737 —3831 —39.92
¢ —3859 —3886 —4360 -4608 —47.14 —4985

The main feature of Table 1 is that the orbital energies calculated using electron
repulsion integrals evaluated from atomic spectra, columns M2, and 02, are in
all cases higher, and in most cases in better agreement with experiment, than those
calculated using theoretical electron-repulsion integrals, column R2. The use of
theoretical electron-repulsion integrals leads to the prediction of ionization
potentials which are too large in molecules, as it does in atoms. If the electron-
repulsion integrals are adjusted to give the correct atomic ionization potentials
and electron affinities, they also give more accurate molecular ionization potentials.

The difference between the two empirical formulae for the inter-atomic electron-
repulsion integrals, y,5, is less significant since the choice affects the orbital
energies by less than 1 eV in most cases. The Ohno formula leads to closer agree-
ment with experiment in a slightly greater number of cases than the Mataga
formula, but this is not conclusive evidence in favour of the Ohno formula. The
results are relatively insensitive to the exact values of the y,5’s, so that the use of
these approximate electron-repulsion integrals does not lead to serious error.

The value of the Slater exponent for hydrogen has even less effect upon the
computed orbital energies, so that no clear choice of Zy could be based on them.
However, since the value 1.2 leads to more accurate bonding energies [7], the
columns M2 and (2 list the orbital energies computed using the best sets of
parameters and the results computed using Zj; = 1.0 are not shown explicitly.

The energies in columns M2 and 02 are compared with orbital energies using
the Pople-Segal bonding parameters MP, OP and RP in Table 1, and with those
calculated from the Extended Hiickel Theory, H2, in Table 2. A comparison of
columns M P and OP with columns M2 and 02 shows that the Pople-Segal bonding
parameters lead to ionization potentials which are much higher than those obtained
with empirical bonding parameters, and are in almost all cases in worse agreement
with experiment. For many bonding and anti-bonding molecular orbitals, the
effect of using the Pople-Segal bonding parameters is greater than that of using
theoretical electron-repulsion integrals, since the ionization potentials of these
orbitals in columns MP and OP are higher than the corresponding ones in
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Table 2. Comparison of semi-empirical and Hartree-Fock orbital energies

Orbital energy

Ref.

CHL(T)

NH,(C3,)

H,0(C,,)

HF(C,,,)

HCI(C,,,)

NZ(Dcoh)

CO(C,,)

CO2(Dyp)

NNO(C,,)

CoHy(Dery)
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[35]
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[38]

[35]

[35]

[33]

351

(391

f40]

Exptl. LP.
12.99
(24
10.35
14.95
b, 12.61
14.23
18.02
b4 16.06
o 16.48
T 12.80
c 16.28
Gy 15.58
7, 16.70
a, 18.80
o 14.00
T 16.54
o 19.65
m, 13.79
m, 17.59
G, 18.07
o, 19.36
n 12.90
o 16.40
n 18.14
o 20.08
T, 11.40
a, 16.44
G 18.42

by(m) 1048
12.50
14.39
15.63
(19.13)

n, 15.63
o, 17.35
i 18.46

u
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Table 3. Comparison of orbital energies (in eV) in different MO theories for molecules with not all first

row-atoms
Parameter set M2 02 H2 Exptl. L.P. Ref.
SiH,(T,) t —~12.08 ~12.67 —14.79 122 [51]
a, —18.09 —18.15 —21.18
GeH(T)) t —12.12 —12.75 —14.97 12.3 [51]
a, —17.78 —18.14 —22.07
SnH,(T,) t —11385 —1542 —14.54
a, —16.22 —2043 —20.02
PH,(Cs,) a —12.18 —12.75 —11.85 102 [52]
e —12.31 —13.02 —15.04
a, —20.88 ~20.76 —21.78
AsH,(C3,) a; —11.72 —12.17 -10.70 10.6 53]
e —11.89 —12.52 —14.43
a, —18.20 —18.10 —20.78
SbH;(C5,) a, —11.42 —11.86 —10.27
e —11.62 —12.18 —14.29
a; —18.28 —18.13 —19.67
H,S(C,,) by —11.64 —11.79 —12.40 1042 [19]
b, —12.66 —13.35 —15.87 12.62
a, —12.6t —13.25 —13.75 14.82
a, —21.61 —21.58 —23.29 20.12
H,Se(C,,) b, —11.81 —11.97 —11.68 9.88 [54]
b, —12.59 —13.25 —15.55
a, —12.59 —13.19 —13.27
a, -20.83 —20.85 —22.91
H,Te b, —11.74 -11.85 ~11.04 9.14 [34]
b, —12.33 -12.92 —15.19
a, —1237 —12.87 —12.90
a, —19.83 —19.85 —21.69
HCI(C,,) T —13.18 —13.46 —15.04 T 12.80 [271
I —14.07 —14.79 -16.59 G 16.28
o —24.87 —25.07 —26.19
HBr(C,,) T —12.09 —12.28 —13.10 i 11.87 [27]
I ~-13.22 —13.86 —15.11 o 1531
o —23.58 —23.69 —24.76
HI(C,,) n —12.08 —12.19 —12.67 T 10.75 [27]
c —12.68 —13.25 —14.82 c 14.03
o —20.32 ~20.38 —22.00
OCS(C,,) n —11.71 —12.26 —13.14 A 11.27 [20, 297
T —14.76 —15.36 —17.76 T 15.60
a ~12.97 —13.8¢ ~14.67 I 16.04
o —18.77 -19.32 —18.40 I 18.00
¢ —24.05 —23.89 —24.25
[ —33.71 —33.58 —34.37
CS,(D) T, —10.93 —11.33 —12.24 7, 10.11 [20, 29]
7, —-12.73 —13.28 —14.18 T, 12.92
G, —12.01 —12.59 -13.48 a, 14.49
g, —17.70 —18.23 —15.72 o, 16.19
oy —-21.35 -21.52 —21.64 (17.05)
o, —2542 —25.08 —26.97
(& T —11.31 —11.82 ~13.65
4 —-11.49 —11.94 —12.13
G —18.46 —18.66 —16.96
o —23.77 —23.52 —25.71
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Table 3 (Continued)

Parameter set M2 02 H2 Exptl. L.P. Ref.
SOL(C,,) a, —12.30 —12.69 —~13.03 12.32 [19]
b, —1271 —13.09 -17.07
a, -13.31 ~13.33 —17.23 13.17
b, —15.06 —15.30 —18.00
b, —1532 —15.42 —~17.86 16.42
a; —15.99 —15.66 —~17.89
ay —21.59 —21.58 —19.72 (20.07)
b, —32.63 —32.34 —~32.64
a, —33.72 —33.15 —~34.82
Cly(D,,) n, —13.05 —13.16 —~13.80 m, 1150 [27, 497
7, —14.81 —14.70 ~16.05 =, 1411
o, —13.46 —13.94 —~16.42 g, 15.94
g, —23.61 —23.74 —22.04 o, 20.61
G, —26.98 —26.79 —28.62
Br,(D,,) x, —~11.74 —11.83 ~1198 n, 1071 271
7, —13.21 —13.12 —~14.01 r, 1252
G, —12.11 —1253 —~14.36 g, 14.44
o, —2225 —22.37 ~2047
a, —2512 —24.94 —-26.96
(D) 7, —11.79 —11.86 ~11.72 7, 9.65 271
. —13.01 —12.95 —13.46 r,  11.28
G, —-11.47 —11.85 ~13.94 L 12.79
o, —19.23 —19.31 ~18.40
a, —21.55 —2145 ~23.53
CIF(C,,) T —14.44 —14.34 —14.78 <127 [50]
n —17.24 —-17.11 ~20.97
g —15.14 —15.64 ~20.09
4 —25.82 —25.65 —24.80
4 —38.16 —37.98 ~40.10
BrF(C,,) n —13.20 —12.94 —1291 <119 [50]
n —16.29 —16.14 ~20.92
4 —14.14 —14.59 —19.52
[ —24.37 —24.07 —23.62.
o —37.25 —37.04 —39.95
IF(C,,) n —13.65 —1345 —12.58 <105 [501
T —15.72 —15.57 —20.88
o —13.25 —13.67 —18.88
I —21.63 —21.39 —21.99
4 —36.49 —36.31 —39.63
BrCl(C,,,) n —1229 —12.35 —~12.53 111 [50]
n —14.00 —13.92 —-15.40
g —12.70 —13.15 —15.46
g —22.84 —2294 -21.32
4 —26.02 —25.84 —27.83
ICI(C..,) n —12.40 —12.46 —12.24 n 10.55 [49]
i3 —13.84 —13.76 —15.29 n 12.16
G —12.35 —-12.77 -15.26
4 —20.52 —20.54 —19.67
4 —25.04 —24.97 -26.70
IBr(C,,,) n —11.76 —~11.85 —11.84 n 10.23 [49]
n —13.14 —13.06 —13.75 n 11.64
o —11.77 —-12.17 —14.15
o —20.12 —20.18 —19.14
4 —-23.96 —23.88 —25.55
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Table 3 {Continued)

Parameter set M2 02 H2 Exptl. L.P. Ref.
CH,Cl(Cs,) e ~11.81 —1241 —14.11 e 11.42 [32]
a, —1221 —12.97 —15.63 a, 12.07
e —14.18 —14.79 —16.06 e 13.02
ay —21.64 —22.02 —21.56 a, 18.71
a, —26.03 —25.98 —-27.52
CH;Br(C;,) e —~11.19 —11.61 —12.68 e 10.69 [32]
a, —11.46 —12.16 —14.22 a, 11.62
e —13.76 —14.43 —15.58 e 12.94
a; —21.16 —21.51 ~20.90 ay 19.13
a, —~2522 —25.09 —26.54
CH,I(C,,) e —11.30 —11.64 —1235 e 9.80 [32]
a —10.99 —11.64 —13.89 a, 11.22
e —13.57 —14.24 —15.51 e 13.14
a, - 18.98 —19.26 —19,55 a, 19.76
ag -24.02 —23.91 ~2513
CICN(C,,,) n —12.30 —13.08 —14.47
G —12.87 —13.69 —14.88
n —14.40 —14.93 —15.77
o —19.48 —20.00 —-17.70
a —2583 —26.08 ~25.79
o - 28.68 —28.38 —29.99
BrCN(C,,) = ~12.40 —13.19
¢ —12.81 —~14.29
Fi4 —14.16 —15.21
4 —19.63 —16.87
T —24.75 —24.67
4 —28.00 —-29.71
ICN(C,,) o —11.68 —12.36 —14.14
n ~11.92 —1242 —~12.78
4 —13.35 —13.90 —15.15
a —1841 —18.83 —-16.64
a —22.00 —22.12 —22.41
a —28.03 —2773 —29.42
Table 4
Parameter set for computation of molecular properties
1. H2 Extended Hiickel Theory Zy; = 1.2
2. R2 Bonding parameters f3 derived from the hydride
02 energies [7] (empirical), Zy = 1.2, the inter-
M2 atomic y,y derived from the Roothaan integral

formulae (theoretically) and the Ohno [7] and
Mataga [7] formulae respectively

3. RP The bonding parameters 83 derived from Pople
op and Segal [3] (theoretical), Zy = 1.2, the inter-
MP atomic y,g derived from the Roothaan, Ohno

[7] or Mataga [7] formulae

{7 Theoret. chim. Acta (Berl.) Vol. 11
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column R2. The energies of lone-pair or non-bonding orbitals, such as the a,
and b, orbitals of ammonia and water respectively, are relatively insensitive to
changes in the bonding parameters. The reason for this difference is clear if the
orbital energy is expressed in terms of the orbital coefficients.

E = chfichkt- ()
k.l

The only terms in the summation which depend on the bonding parameters are
those involving matrix elements F,; between orbitals on different atoms, and these
terms are only significant if the coefficients of atomic orbitals in at least 2 atoms in
the molecular orbital are large, i.e., if the orbital is a bonding (or anti-bonding)
orbital.

Pople and Segal [3, 4] evaluated neither the electron-repulsion integrals, nor
the bonding parameters, empirically. Orbital energies calculated with all the para-
meters used by Pople and Segal are listed in column RP, and are generally in
worse agreement with experiment than those calculated using either empirical
bonding parameters, or empirical electron-repulsion integrals. The only empirical
parameters used by Pople and Segal are the local terms of the diagonal core
Hamiltonian matrix elements, Uy and U,,, which are evaluated from atomic
spectra [4]. Table 1 shows that this degree of empiricism is not adequate for the
calculation of accurate orbital energies.

The column H?2 lists orbitals energies calculated using the Extended Hiickel
Theory [55]. On the whole, the EHT orbital energies are less accurate than the
SCF-MO-CNDO energies in columns M2 and 02 although they are quite accurate
for a few molecules, such as N, and CO. The results for the hydrides, and especially
hydrogen, however, shows that the EHT is unreliable.

The semi-empirical orbital energies of some small molecules are compared
in Table 2 with approximate Hartree-Fock orbital energies from exact SCF-MO
calculations with extended basis sets [35, 36—40]. If Koopmans’ theorem is
assumed to be valid, the overall accuracy of the semi-empirical orbital energies is
comparable with that of the Hartree-Fock orbital energies. Of course, the latter -
are far closer to exact solutions of the Hartree-Fock equations, but they are not
always in good agreement with measured ionization potentials, since Koopmans’
theorem does not hold exactly. In cases where the semi-empirical orbital energies
arein better agreement with ionization potentials, the errors due to the approximate
solution of Roothaan’s equations partially cancel those due to Koopman’s theorem.

Table 3 lists the orbital energies for molecules which contain atoms heavier
than neon. SCF-MO-CNDO calculations for these molecules have only been
made with empirical bonding parameters and electron-repulsion integrals, since
empirical parameters have been shown to be better for molecules containing only
light atoms in Table 1. The accuracy of the computed orbital energies is about
the same for both sets of molecules, for both the SCF-MO-CNDO theory and
the EHT.

In summary, therefore, the best of the semi-empirical theories considered is
the SCF-MO-CNDO theory, with empirical electron-repulsion integrals and
bonding parameters.
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Some additional features of the orbital energies and ionization potentials are
discussed below for specific molecules.

Hydrogen

In Table 1 the computed ionization potential is most accurate if y,5 is given
by the Ohno formula (it is independent of the Slater exponent of the atomic
orbitals).

Lithium Hydride

No experimental value for the ionization potential of LiH is known. A rigorous
upper bound, and a probable lower bound, for the energy of LiH* have been
calculated exactly by Browne [24], using a generalized valence-bond wave
function. Such a calculation was possible for this ion because it contains only three
electrons. These bounds have been combined with the experimental energy of
LiH to give the ionization potential within the limits given in the table. The
ionization potentials calculated using the SCF-MO theory with empirical bonding
parameters and electron-repulsion integrals are in good agreement with the value
from the ab initio calculation.

Methane

The approximate value 24 ¢V for the second ionization potential was deter-
mined by Collin and Delwiche [18], using mass spectrometry, and is considered
uncertain by the authors. An earlier value of 19.42 eV, based on the electron
impact spectrum [32], has been shown to correspond to an autoionization
level [18]. This conclusion has been confirmed by photoelectron spectroscopy,
since no second ionization potential is observed for CH, below 21.21 eV [26].
It is probable, therefore, that the true second ionization potential is within 1 eV
of the value (23.4 to 23.5 eV) predicted by the semi-empirical SCF-MO-CNDO
theory. In the absence of the extension of photoclectron spectroscopy to higher
incident photon energies, this conclusion would be supported if the predicted
second ionization potentials for SiH,, GeH, and SnH,, which are in the range
observable at present by photoelectron spectroscopy, were shown to be accurate.

Ammonia and Related Molecules

The highest occupied molecular orbital is the lone pair on nitrogen, so that its
computed energy is insensitive to changes in the bonding parameters. For PH;,
AsH, and SbHj, the two highest molecular orbital energies are predicted to be
so close together that the photoelectron spectra should be examined to see how
many distinct ionization potentials can be resolved. The two peaks may be further
apart than predicted, however, since their spacing is seriously under-estimated
in ammonia.

Water and Related Molecules

The order of the computed orbital energies depends on the choice of parameters.
The b, orbital, a Ione pair on the oxygen atom, is, in fact, the highest since the
first ionization potential is much sharper than the next two in the photoelectron
spectrum [26]. For H,S, H,Se and H,Te, on the other hand, the b, orbital is

17*
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predicted to be the highest for all parameters tried. This is consistent with ex-
periment for H,S, for which Al-Joboury and Turner [19] assigned the first ioni-
zation to a non-bonding orbital.

Carbon Dioxide and Related Molecules

All the calculations predict that the highest o, orbital energy of CO, is higher
than one or both = orbital energies, in disagreement with the experimental order
of ionization potentials, which is based on the emission spectrum of the CO3 ion
[43]. Complete SCF-MO calculations give the correct order of orbital encrgies
with an extended basis set [35], but not with a minimum basis set [44], so that the
decrease of energy associated with improved flexibility of the wave function is
greater for the ¢, orbital than for the n-orbitals. The incorrect order of orbital
energies in the semi-empirical theory, consequently, may also be due to the use
of a minimum basis set.

For OCS and CS,, the predicted order of orbital energies is again in disagree-
ment with the experimental order, which is based on the similarity of the photo-
electron spectra to that of CO,, and the absence, as in CO,, of a Rydberg series
converging to the second ionization potential [29]. No complete SCF-MO
calculations have been made for these molecules, but it can be assumed that the
source of error is the same.

For NNO, which is isoelectronic to CO,, the second ionization potential has
been found to correspond to a o-orbital by photoelectron spectroscopy, so that
both the semi-empirical and the complete SCF-MO theory are in agreement with
experiment. The actual inversion of orbital energies on going from CO, to NNO
may be due of the fact that the removal of the centre of symmetry allows mixing g
and u orbitals, which causes a greater separation of the energetically closer o-
orbital energies than the m-orbital energies. This mixing effect is absent in the
symmetric CO, and CS,, and small in OCS, but is evidently important in NNO.

Sulphur Dioxide and Ozone

No experimental information is available concerning the assignment of ioni-
zation potentials to specific orbitals, so that the predicted order cannot be verified.
For SO,, a good fit is obtained if the first two observed ionization potentials are
assumed to be three incompletely resolved peaks, and the third observed peak to
correspond to three unresolved energy levels. The fourth observed ionization
potential at 20.07 eV is considered uncertain by Turner [19], but its existence is
supported by the theoretical prediction of an orbital at —21.6 eV,

Ethylene

The b,, orbital, which has its nodal plane in the plane of the nuclei, is the
n-orbital of chemistry [45, 46], and has been shown experimentally to be the
highest occupied orbital [19]. It is correctly predicted to be the highest with
empirical bonding parameters, but not with the Pople-Segal bonding parameters.

The fifth ionization potential is considered uncertain by Turner [19], but
agrees well with the energy of the b, , orbital, computed using empirical parameters.
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Ethane

There are four calculated orbital energies (columns M2 and 02) higher than
—21.21 ¢V, and three observed ionization potentials [26] in this range. Good
agreement of the computed energies with experiment is obtained only if it is
assumed that the observed first ionization potential corresponds to the two
highest orbital energies, which are not resolved. It is clear from the observed photo-
electron spectrum [267] of C,H, that two peaks as close as the predicted orbital
energies either would not be resolved, or would be interpreted as the vibrational
structure of a single peak. Dewar and Klopman [21] have made the same
assumption in order to fit calculated orbital energies to the observed ionization
potentials.

Propane

The irreducible representations are labelled assuming that the z-axis is the
twofold symmetry axis, and the x-axis is normal to the plane of the three carbon
atoms. The first three observed ionization potentials are assumed to correspond
to seven calculated orbital energies. Dewar and Klopman [21] also calculated
seven orbital energies above —16¢V.

Diborane

The irreducible representations are labelled assuming that the z-axis lies along
the boron-boron line, and the x-axis connects the two bridge hydrogens. The
atomic orbitals on the bridge hydrogens participate in the a, and b, orbitals,
which provide the bridge bonding corresponding to the “three centre bonds™ in
the localized-orbital description [47] of B,Hg.

Halogens

The o -orbital is predicted to be the highest occupied orbital in F, and I,
according to the semi-empirical SCF-MO-CNDO theory, and the second highest
in Cl, and Br,, whereas the photoelectron spectra [27] show that it is below one
orbital in F,, and both in the other halogens. Complete SCF-MO calculations
for F,, using either an extended [40] or a minimum [48] basis, predict the correct
order of orbital energies, so that the error in the semi-empirical theory must be
due to either the CNDO approximation or the choice of parameters. The orbital
energies calculated with Pople-Segal bonding parameters are in the correct order,
but are in error by several eV as for other molecules.

Interhalogens

For the interhalogen molecules, the highest o-orbital energy in the SCF-MO-
CNDO theory is also higher than one or both-orbital, energies, in disagreement
with the experimental observation of spin-orbit splitting of the first two ionization
potentials of IC] and IBr [49].

For CIF, BrF,IF and BrCl, experimental ionization potentials have not been
determined, but upper bounds to the first ionization potential, determined from
appearance potentials in halogen mixtures [50], are listed.
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Methyl Fluoride

Frost and McDowell [32] list the third ionization potential as a, in their
table, but their accompanying text indicates that this is a misprint, and that the
third highest orbital has e symmetry, as in the other methyl halides, and in agree-
ment with all versions of MO theory considered.

Hydrogen Cyanide and Methyl Cyanide

The computed orbital energies indicate that the first two ionization potentials
may be too close to be resolved. This prediction could be verified by determining
how many distinct ionization potentials are resolved in the photoelectron spectra,
which have not yet been observed.

D. Conclusions

The SCF-MO-CNDO theory leads to the prediction of fairly accurate ioni-
zation potentials when empirical electron-repulsion integrals and bonding para-
meters are used and is definitely more reliable than the EHT. The theory is, of
course a drastic semi-empirical approximation to the complete SCF-MO theory
in which an extended basis set is used and all the electron-interaction integrals are
evaluated explicitly; even in this theory the ionization potentials are not predicted
exactly (Table 2) due to errors in Koopman’s Theorem. It is therefore not surprising
that some of the predicted orbital energies in the semi-empirical SCF-MO theory
are in error or even in the wrong order for a given molecule.

The computed orbital energies provide support, but not conclusive evidence,
for a given assignment of the ionization potentials of a molecule when this order
has not been determined experimentally.
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