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It is shown that diamagnetic shielding o and diamagnetic susceptibility x¢
provide necessary but not sufficient conditions which approximate molecular
wavefunctions should satisfy. Hence they represent minimal requirements for
acceptable qualitative description of electrons in molecules. Some current
semiempirical methods are examined by using o and x? tests. It appears
that the MINDO/3 and MNDO schemes do not perform well for N, O and
F atoms. The origin of discrepancies in the calculated o values lies in the
use of inadequate orbital screening constants £ The role of other one-electron
properties in improved parametrization of the semiempirical procedures is
briefly discussed.
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1. Introduction

Methods currently in use in molecular quantum mechanics are widely different
in levels of sophistication and accuracy. The ab initio methods with explicit
account of correlation effects yield results of high quality for small molecules.
However, in large systems one has to resort to approximate and simplified
procedures which gain in feasibility by sacrificing some accuracy. Approximate
(semiempirical) methods should be as simple as possible and yet they have to
reproduce the main features of the electronic structure of molecules. Quantitative
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appraisal of molecular wavefunctions calls for suitable criteria. It is well known
that total molecular energy, required by the variation theorem to be at minimum,
is not a very stringent condition. Namely, the changes in wavefunctions of the
first order affect the total energy only in the second order. Substantially better
probes are provided by some one- and two-electron properties [1]. They
“measure” wavefunctions in different molecular segments. Consequently, testing
a particular approximate scheme requires a careful scrutiny of the details of the
electronic charge distributions or, in other words, calculations of a number of
molecular properties. In this paper we address the question of finding suitable
criteria which give insight into qualitative features of approximate wavefunctions.
We shall not dwell, of course, on the spatial symmetry and/or permutational
requirements for electrons, which certainly have to be built in the acceptable
wavefunctions. Instead, an attempt is made to establish criteria which define the
lowest threshold in quality of the calculated wavefunctions. If such criteria
(properties) exist and the applied methods do not perform in a satisfactory
manner, it follows that the underlying assumptions of the approximate schemes
are either wrong, inadequate or badly balanced. A closer look will eventually
lead to a remedy of the shortcommings and to the improved methods. Since a
lower threshold in quality is desired, the corresponding gauge properties should
not critically depend on the finer details of the molecular wavefunctions. In
particular, they should be rather insensitive to the correlation of electrons.
Namely, the semiempirical methods are usually based on the simplified Hartree-
Fock hamiltonian and do not involve correlation effects. Hence, if the experi-
mental data are to be used in qualitative examination of the approximate
wavefunctions, the desired properties should be one-electronic in nature. The
latter do not strongly depend on the correlation [2], the dipole moment being a
notable exception [3]. Anticipating results of the present study, one can say that
the diamagnetic shielding of the nuclei and the Langevin diamagnetic susceptibil-
ity are properties par excellence in determining minimal criteria for acceptable
molecular wavefunctions. They provide necessary but not sufficient conditions
which good atomic and molecular wavefunctions should satisfy.

2. Selection of qualitative tests for molecular wavefunctions

Perusal of the ab initio results shows that the diamagnetic shielding of the nuclei
(Lamb term) o and Langevin’s diamagnetic molecular susceptibility x“ are
practically unaltered by inclusion of correlation effects [4-6]. Furthermore, they
are not very sensitive to details of calculations at the SCF level either, because
widely different basis sets give virtually the same o and y? values. They can be
also quite well reproduced by simple formulas based on the independent atom
model (IAM). Let us consider first Lamb’s term o“. It was shown by Ramsey [7]
that the average diamagnetic shielding

o (A) = (e/3mc?)0]1/r4|0) (1)
can be expressed in an extremely simple form:
oa(A)= oo (FA)+(*/3mc*) Y’ Zp/ Ran (2)
B
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where o4 (FA) denotes the free atom value of atom A and the prime signifies
that B # A. The remaining symbols are the well known fundamental constants.
It is obvious that the formula (2) corresponds to the IAM or promolecule model
where the neutral and spherically symmetric atoms are centered at the equilibrium
positions. Ramsey’s formula yields reasonable estimates of the diamagentic shield-
ing [8-12] despite the oversimplified physical picture. The free-atom values
g2 (FA) are well described by the atomic Hartree-Fock results. If the
intramolecular charge migration is allowed for, the formula (2) takes a form:

USV(A) = (32/3”’02) [2 (fAMQ;\/ nA[J.)—*_%, QB/RAB] (3)

where Q;‘ and Q4 are gross orbital and gross atomic electron populations,
respectively. The main quantum number of the corresponding AO is denoted by
na, and £,, is the screening constant. In development of the formula (3) it was
tacitly assumed that the monopole approximation for the calculation of the 1/r
expectation values holds to a good accuracy. A careful analysis of the DZ ab
initio and semiempirical results has conclusively shown that this supposition is
justified [13]. Finally, it should be pointed out that the inner-shell electrons were
treated as highly localized and nonpolarizable cores possessing maximal electron
occupancy permitted by the Pauli principle. Since the formula (3) involves charge
drift between atoms of different electronegativities the underlying physical model
is that of modified atoms in molecules (MAM) [12, 14].

Analogous formulas hold for second moments of the electronic change distribu-
tions. In the MO-LCAO approach the second moment can be decomposed into
three contributions:

A A A
<rﬁ>=§ZPyg<¢M|ri|¢u)+2 L X P (bulrald.)

n< v

A B
+2§§ZZPM<¢>MIF§(|¢V> 4

where a =X, y, z, and r, is the corresponding component of the position vector
r. Here P,, are elements of the charge density matrix and AOs are denoted by
¢,. A series of consecutive coordinate translations r, = r,, (i) transforms the
formula (4) into a sum of atomic contributions:

(ri>=§ [QAriﬁZ Q,L(%(i)lria(i)l%(i)}] (5)

where 14, and r4, (i) signify the ath coordinate of nucleus A from the origin of
the laboratory coordinate system (center of mass) and the corresponding
coordinate of the ith electron measured relative to the host nucleus A, respectively.
It was assumed in going from (4) to (5) that the Mulliken approximation for
mixed densities ¢,¢, =(1/2)S,.(¢%+ ) holds to a good accuracy. Careful
examination of the second term in a large number of molecules has shown that
is roughly constant for atoms belonging to the same period of the Mendeleev
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system of elements. Thus, the approximate formula (5) takes a lapidary form:
(rzzz>=§. QAr,ZAa+Z npkp (6)
p

where n, is the number of atoms of the pth row in a molecule and k, is a
characteristic constant. It is interesting that the empirical k, values correspond
very closely to the ab initio data for free atoms [15] averaged over the pth period
of the Mendeleev system. Hence the second moments can be expressed in a very
simple way in a parameter-free form. Needless to say the formula (6) corresponds
to the MAM picture of molecules. The approximate constancy of the second
term in (5) can be rationalized by an observation that the more electronegative
atoms have larger populations Q, but at the same time the corresponding integrals
(¢.|ri|¢,) are smaller. The latter measure the size of the atomic orbitals which
is smaller in atoms with higher Z, within the same period which is a consequence
of the higher nuclear-electron attraction. By neglecting intramolecular charge
distribution and putting Q4 = Z, one obtains:

<rz21>=ZZAr2Aa+Z npkp (7)

This is the IAM form of the approximate formula (6). It should be noticed that
the second moment is intrinsically a negative entity. The negative sign is, however,
dropped for simplicity.

Extensive calculations of Lamb’s shielding and Langevin’s susceptibility have
shown that simple and transparent formulas (2, 3) and (6,7) are adequate for
most purposes. Interestingly, the IAM model has a surprisingly good performance
[8-14]. Hence, the o? and x properties can be well reproduced by using models
of utmost simplicity. Consequently, it follows that they provide minimal condi-
tions which approximate wavefunctions should satisfy. The approximate but
appropriate wavefunctions should yield o and x“ values which are close to
experimental data or good ab initio results. They are not satisfactory otherwise.

3. Examination of some current semiempirical methods by using o and x* tests

The customary all-valence semiempirical methods can be divided into two
categories: (a) schemes which are based on some variants of the NDDO approxi-
mation and (b) methods which fully appreciate overlapping of atomic orbitals.
Typical representatives of the first class are MINDO/3 [16] and MNDO [17]
methods. The EHT[18], SCC-MO (or IEHT) [19] and iterative maximum overlap
(IMO) [20] methods belong to the second class of approximate procedures. It
would be of some interest to explore behaviour of the MINDO/3 and MNDO
methods in reproducing o and x? values. Namely, various NDDO schemes
could be justified to a considerable extent if proper bases of suitably orthogonal-
ized hybrid orbitals are employed [21-23]. Since this is not the case, the MINDO/3
and MNDO schemes are inconsistent. This fact should be reflected in the calcu-
lated o and y? values. As a method which is based on the model hamiltonian
and explicitly takes into account orbital overlapping we shall choose the SCC-MO
approach in a form prescribed by Van der Voorn and Drago [19]. As a basis set
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functions we shall use Clementi~Raimondi orbitals [24]. They appreciate a
difference in screening of s and p types of AOs. The MINDO/3 and MNDO
methods were utilized in their original versions. These two methods are
parametrized to reproduce not only heats of molecular formation but also struc-
tural data of molecules. It is often argued that their wavefunctions are better if
they refer to optimized geometries instead of experimental ones. We have executed
MINDO/3 and MNDO calculations for both optimized and observed structural
parameters. Since the validity of formulas (3) and (6) is fully established, they
will be employed in the present calculations. In addition to computer-time saving
they offer a simple interpretation of the studied properties. We note in passing
that the use of approximate formulas for one-electron property matrix elements
is not always justified. For example, semiempirical estimates of electric field
gradients at the nuclei require rigorous calculation of the corresponding integrals
[25]. The ab initio results of Snyder and Basch [26] are selected as gauge values
for o and x“ physical properties. They are of the DZ quality thus being relatively
close to true values. Their changes caused by enlargement of the basis set is very
small [26]. The use of Snyder and Basch calculations ensures uniformity of results
for a large set of molecules. Finally, the IAM estimats of o and y? properties
are given for the sake of comparison and as an illustration of their insensitivity.

Diamagnetic shieldings of the nuclei in 41 widely different molecules are calcu-
lated involving first row atoms in various chemical environments. They are
summarized in Tables 1 and 2. In addition to IAM, MINDQ/3, MNDO and
SCC-MO results, diamagnetic shieldings of Ray and Parr [27] are included. They
were obtained via an exact expression involving a nuclear term, a derivative of
the total energy over the nuclear charge and the chemical potential (i.e. the
negative of the molecular electronegativity). The total energy was estimated by
a simple empirical two-parameter formula of Gadre and Parr [28].

E,=-0.51130 (Z5*°7 + Z%*7)

generalized in an obvious way for polyatomic molecules. We note in passing that
the formula of Gadre and Parr falls within the modified atom in molecule (MAM)
model. Two types of results are arrayed in the last but one columns in Tables 1
and 2. The first refers to diamagnetic shieldings offered by the neglect of the
chemical potential. They are less satisfactory as we shall see soon. The second,
given within parentheses, is obtained by inclusion of the chemical potential
contribution. Inspection of the results indicates that the IAM model is the closest
to ab initio values. The SCC-MO procedure comes next. The corresponding
average absolute error A, are 1.5 and 1.9 (in ppm), respectively. The Ray-Parr
formula with ommission of the chemical potential yields a relatively high average
absolute error (A, =5.8 ppm). Full appreciation of the chemical potential leads
to a decrease of the average absolute error by 57% (A, =2.5 ppm). Apparently,
chemical potential is important and can not be abandoned. MINDO/3 and
MNDO procedures obviously do not perform very well as evidenced by the A,
values. They are 10.0 and 9.1 ppm, respectively. The MNDO is somewhat better
than the MINDO/3 method as expected, because its semiempirical scheme is
more versatile. The largest discrepancy of MINDO/3 approach is found for
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Table 1. Comparison of the diamagnetic shielding of the nuclei in some diatomic and linear molecules
as computed by several semiempirical methods, independent atom model (IAM) and ab initio DZ
approach (in ppm)

Molecule Gauge MINDO/3* MNDO? SCC-MO IAM  Ray-Parr® Ab initio
origin DZ°
H, H 35.8 (35.6) 36.3 (37.8) 339 304 345 (29.9) 322
N, N 392.9(392.7) 396.7(396.1) 383.0 3854 391.3(387.9) 384.1
F, F 484.7 (483.3)  543.7(550.6) 525.4 530.7 533.4(526.6) 5299
HF H 102.7(110.9) 104.1(112.0) 1029 1102 114.1(108.5) 107.9
F 435.5(436.0) 497.8(498.6) 478.3 481.3  483.9(478.3) 4822
CcO C 327.3(326.7) 330.2(327.6) 324.6 327.3  335.1(330.2) 326.1
(6] 463.9 (463.6) 468.2(467.3) 4449 4450  451.6 (446.8) 445.1
BF B 262.8(266.4) 2723 (271.9) 2654 269.0 274.8(270.5) 267.4
F 463.1 (464.7) 523.8(523.7) 507.0 508.2 510.8 (506.5) 507.8
C,H, H 102.7 (101.7) 102.6(103.0) 101.8 98.6 102.83 (98.6) 99.1
C 323.5(323.4) 326.4(326.6) 319.2 320.6 328.4(324.2) 3215
HCN H 105.8 (102.8) 103.2(103.3) 1024 100.3  104.6 (100.1) 99.6
C 327.5(327.5) 331.2(330.8) 3242 3264 334.3(329.7) 3266
N 385.7(386.4) 391.7(391.3) 377.8 378.5 386.2(381.7) 378.6
CO, C 357.4(382.6) 391.0(387.7) 386.0 390.1 398.0(392.7) 386.8
(e 495.8 (494.4) 499.3 (497.3) 475.4 476.0 482.6(477.3) 476.2
N(1)N(2)0O N(1) 424.4(425.7) 427.2(427.0) 4129 4163  424.0(418.5) 4144
N(2) 4443 (444.8) 454.6(454.3) 4427 447.2  455.0(449.5) 4431
O 501.2 (501.0) 503.8 (508.6) 479.8 479.1  485.7(480.2) 479.6
C(1)(C(2)0), C(1) 415.2 (413.9) 419.5(418.9) 4049 411.0 — 410.3
C(2) 408.4 (407.1) 412.8 (411.5) 407.0 4124 — 408.9
O 517.1(516.4) 519.7(518.6) 496.1 4975 — 497.1

2 Entries in parentheses refer to optimized geometries. Experimental structural data given in [26] are

used otherwise
®Taken from [27]. Entries in parentheses were obtained by taking into account electronegativity

correction
[26]

fluorine atom. This is not surprising because this atom is not well parametrized
[16]. The next atom which is not satisfactorily described in the MINDO/ 3 scheme
is oxygen. The MNDO procedure does not perform well for fluorine, nitrogen
and oxygen, the latter atom being the worst case. It is comforting that most of
the errors are systematic in nature. This is particularly true for the MNDO
procedure. The average absolute errors for N, O and F atoms of the MINDO/3
(MNDO) methods are: 6.6 (12.8), 15.5 (22.9) and 45.3 (15.0), respectively (in
ppm). Survey of the data shows that clustering of the errors around the average
value is very dense for the MNDO method. The MINDO/3 results are much
more scattered being sometimes erratic. For example, scattering of the MINDO/3
absolute errors in o%,(0O) values ranges from ~7 ppm to ~22 ppm. The same
holds for absolute errors of nitrogen shieldings which assume values between
~1ppm and ~10 ppm. Apparently, the MNDO method describes the studied
systems in a more uniform way. The question arises what is the origin of these
substantial discrepancies. The formula (3) shows that o2 (A) values depend on
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Table 2. Comparison of the diamagnetic shielding of the nuclei in some medium size molecules as
obtained by several semiempirical methods, independent atom model (IAM) and ab initio DZ
approach (in ppm)?*

Molecule Gauge MINDO/3* MNDOQ® SCC-MO 1AM  Ray-Parr® Ab initio
origin DZ
BH, H 71.6 (71.7) 726 (742)  69.9 662 702 (66.1)  68.6
B 218.3 (218.4) 228.6(229.4) 2223 225.6  231.5(2274) 2264
CH, H 90.4 (89.8) 91.0 (90.2) 886 850  89.2 (84.8) 87.1
C 296.5(296.1)  298.6 (298.2) 293.6 295.1  302.8(298.4) 296.2
H,0 H 1053 (105.9) 106.7(107.7) 104.7 1024 106.6 (101.3) 102.1
: e} 435.4(435.5)  439.7 (440.0) 4159 4147  421.3 (416.1) 4168
B,H, H, 94.6 986 (94.5) 97.0
H, 1109 114.9(110.8) 111.2
B 265.6  271.4(267.3) 266.0
C,H, H 113.4(112.2) 113.7(113.1) 1116 108.4 1124 (108.0) 110.0
C 3309 (331.1)  333.9(333.7) 327.5 3294 336.8(332.4) 330.1
N,H, H 125.4(123.6) 125.1(125.1) 123.1 1205 1248 (119.9) 1209
N 400.2 (401.3)  405.7(437.4) 3919 393.1  400.8(395.9) 392.9
H,CO H 114.8 (114.4) 115.0(115.1) 112.0 110.1 1144 (109.6) 1123
C 337.0(338.0) 341.5(341.0) 336.7 339.7  347.6(342.8) 3388
0 4719 (472.1)  476.2(475.7) 453.1 451.0  457.6(452.9) 452.7
C,H, H 121.2(115.4)  121.7(1159) 1193 1157 1200 (115.6) 118.1
C 336.9(338.2) 339.7(340.0) 334.2 3357 343.6(339.1) 337.2
CH, H 904 (89.8) 91.0 (90.2) 886 85.0  89.2 (84.8) 872
C 296.5(296.1)  298.6 (298.2) 293.6 295.1  302.8(298.4) 296.7
N,H, H(1) 132.8(131.4) 132.8(133.5) 1311 128.0  1323(127.4) 129.0
H(2) 1342(131.3) 134.4(131.3) 1323 1293 133.6(128.8) 129.9
N 404.3 (408.9) 410.9 (415.0) 396.2 397.1  404.9 (400.0) 396.5
H,0, H 144.7 (142.0)  146.0 (144.0) 143.7 1422 146.5(141.1) 1414
o) 468.9 (471.5) 484.2(491.7) 461.3 461.1  467.7 (462.3) 462.0
CH()H(2),- H(1) 124.7(133.5) 125.0(1249) 121.6 1203 1242(119.5) 122.1
OH(3) H(2) 124.8(1322) 125.2(123.7) 1223 1194 123.4(118.7) 121.2
H(3) 139.9(145.5) 141.1(141.5) 1398 136.5  140.7(136.0) 136.4
C 343.0 (345.7) 346.6 (347.4) 3412 3441 351.7(347.0) 344.2
(o} 466.6 (477.3)  483.6 (484.6) 460.9 4579  464.6 (459.9) 4603
CH,F H 1258 (125.7) 126.1(124.9) 1228 1214 125.4(120.6) 1228
C 345.2(345.3)  349.2(350.3) 345.2 347.9 3553 (350.5) 347.2
F 480.9 (481.3)  520.8 (544.0) 527.0 525.7 528.3(523.5) 527.7
H,C(1)C(2)0 H 130.5(129.2)  131.0(129.7) 1281 1262 130.1(125.6) 126.6
C(l)  355.1(354.7) 357.1(356.3) 346.7 351.8  359.1(354.6) 352.1
C(2)  374.6(373.9) 379.8(378.0) 373.4 378.0  385.3(380.7) 375.8
0 492.2 (491.8)  495.1(493.9) 472.0 472.5  479.0 (474.5) 4732
CH,N(1)N(2) H 1333 (131.6)  133.2(131.8) 131.0 1285  132.5(127.9) 129.5.
C 359.2 (360.8)  360.5(360.2) 351.0 355.3  362.7(358.0) 355.2
N(1) 436.3(437.5) 446.4(445.5) 4323 436.8  443.8(439.2) 433.9
N(2)  422.0(422.7) 4253 (424.0) 411.1 4141  421.1(416.5) 4125
H,N(1)CN(2) H 147.3 (140.3)  146.7(141.0) 1450 1437 147.7(143.0) 143.0
C 376.4(376.5) 380.4(380.1) 3724 376.1 383.4(378.7) 3752
N(1)  418.1(417.5) 427.6 (426.6) 409.7 414.9 4219 (417.2) 414.1
N(2) 4150(4153) 419.1(419.5) 404.8 4063 413.4(408.7) 406.3
BH,CO H 121.5(122.3)  123.5(124.1) . 119.5 1162 1202(115.8) 1186
B 283.1(285.7) 296.8 (298.3) 286.7 290.5  296.4(292.0) 292.1
C 367.1(368.5) 369.8 (368.6) 365.9 3711 378.5(374.1) 368.2
o 477.1(489.7) 4913 (490.3) 468.9 4714 478.0(473.6) 470.6
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Molecule Gauge MINDO/3®* MNDO® SCC-MO IAM  Ray-Parr® Ab initio
origin DZ
c-CH,N, H 139.2(137.6) 138.5(137.2) 136.0 134.0  138.0(133.3) 135.0
C 368.5(370.3) 371.1(370.4) 362.3 367.2 374.5(369.8) 366.4
N 432.8(434.1) 437.5(437.0) 4233 426.3  433.2(428.6) 4247
0(1)0(2)0(1) O(1) 508.4 (508.3) 511.5(518.5) 484.7 488.5  495.0(488.8) 488.0
0(2) 521.5(523.1) 526.7(533.7) 506.3 5129 519.3(513.1) 509.2
CF, C 385.7 391.5(390.8) 3853 391.3  398.6(393.0) 387.6
F 510.3 571.3(570.0) 552.2 555.5 558.1 (552.5) 555.5
FNO N 4473 (453.6) 433.5(461.8) 441.1 448.4  455.3(449.3) 4433
O 508.5(504.4) 512.2(514.6) 487.0 492.1  498.6 (492.6) 490.8
F 506.3 (507.7) 567.8(573.4) 547.1 548.8 551.4(545.4) 5502
H(1)CO(1) H(1) 150.4 (150.6) 150.0(147.4) 148.1 146.7 1509(1459) 1474
O(2)H(2) H(2) 163.2(159.5) 164.4(163.3) 162.6 161.2  165.5(160.4) 159.8
C 388.7(389.0) 394.3(392.2) 389.5 393.1  400.6 (395.6) 390.7
0(1) 493.2 (491.5) 510.2(509.5) 486.0 483.9  490.6 (485.5) 485.7
0(2) 491.8 (491.4) 508.5(509.1) 484.3 484.6  491.3 (486.7) 4849
c-C;H, H 143.8 (142.2) 144.1 (142.6) 140.6 138.5 142.7 (138.4) 140.7
C 371.0(371.1) 374.4(373.2) 365.2 369.7 377.2(3729) 370.7
c-C,H(1), H(1) 143.6 (143.6) 143.4(143.5) 141.6 140.6  145.6 (141.2) 140.1
H(2),NH(3) H(2) 143.5(143.3) 143.5(143.8) 1409 138.3  144.7 (140.2) 1394
H{3) 157.7(153.7) 158.3{156.1) 156.1 152.5 157.6(153.1) 154.2
C 374.9 (375.1) 378.1(376.4) 370.2 373.6  381.2(376.7) 373.5
N 432.2(436.1) 438.9(404.4) 4239 427.3  435.7(431.3) 4260
BF; B 387.4(385.9) 398.9(395.2) 3922 398.3  404.0(398.6) 3942
F 535.8(535.0) 597.7(595.7) 5794 582.9 585.5(580.1) 5833
F,CO C 444.5 (444.2)  452.0(449.3) 446.1 453.7 461.0 (455.3) 448.1
(¢ 539.2(535.1) 543.6(540.3) 516.5 5204  526.9(521.2) 5208
F 539.8 (545.9) 601.3(600.6) 582.8 586.7 589.2(583.5) 586.3
N,F, N 479.7 488.8 (493.5) 4735 480.7 487.7(481.8) 4769
F 531.2 590.0 (593.8) 5722 5751  577.6(571.7) 5749
CHF, H 199.0 (199.9) 199.0(192.0) 1956 1969 — 196.5
C 450.4 (452.5) 458.1(454.4) 452.1 4604 — 454.6
F 549.3 (550.5) 611.8 (610.7) 593.1 5960 — 595.5
CHOF H 151.5(156.0) 151.2(147.9) 1487 1486 — 148.1
C 390.3 (390.8) 396.5(394.6) 390.2 396.7 — 392.7
(0] 505.4 (503.4) 510.0(509.2) 483.3 4857 — 486.0
F 506.4 (505.7) 568.3 (568.5) 550.0 5520 — 551.8
C(2) H 128.8 (127.1) 128.8(127.8) 127.1 1240 — 1251
(C(1)H,), <€) 350.4 (350.0) 352.6 (345.8) 354.1 3515 — 348.7
C(2) 366.5(366.2) 371.1(371.0) 361.6 3652 — 364.8

2 In azirine cis- and trans-protons are denoted by H(1) and H(2), respectively
® Entries in parentheses refer to optimized geometries. Experimental geometries given in [26] are

used otherwise

© Taken from the [27]. Entries given in parentheses were obtained by taking into account electronegativ-

ity correction
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orbital screening constants £ and orbital populations. The former have a pre-
dominating effect as evidenced by the following analysis. Let us consider simple
homodiatomic molecules N, and F,. Interatomic charge transfer is zero by
symmetry. The only redistribution of electron population takes place between 2s
and 2p orbitals. The screening constants £ are optimized in the MINDO/3 and
MNDO methods by reproducing some observables (AH,, geometry etc.) together
with a number of other parameters [16, 17]. Their numerical values are at consider-
able variance with other prescriptions, e.g. Clementi-Raimondi [24] and Burns
[27] values. We shall, therefore, use Clementi-Raimondi ¢ constants, which are
quite successful within the SCC-MO framework, and retain MINDO/3 and
MNDO orbital populations. This simple approach will shed some light on the
role of the screening parameters. Improvement of the results is dramatic. In N,
the MINDO/3 and MNDO o¢%,(N) values are both now 380.6 ppm. Further
increase in accuracy is obtained by the use of Ransil’s best atom and best limited
£ [28]. The latter distinguish between the po and pw orbitals which seems to be
of importance in linear systems at the least. The MINDO/3 (MNDO) results
based on the best atom ¢ are 381.8 (381.8), whereas the Ransil best limited ¢
yield 385.2 (385.0) ppm in excellent agreement with ab initio DZ value (Table
1). Similar improvement is found in the F, case. Ransil’s best atom and Clementi-~
Raimondi basis sets give ~525 ppm for o2,(F) for both MINDO/3 and MNDO
methods. This is reasonably close to the ab initio result of 529.2 ppm. Let us
focus attention to some heterodiatomics where the charge transfer is highly
pronounced. In BF molecule the MINDO/3 (MNDO) methods with Clementi-
Raimondi ¢ yield o%,(F)=507.1 (504.8) ppm. The corresponding Ransil’s best
atom results are 507.4 (505.1) ppm again in fine accordance with ab initio
computations. Boron shielding is predicted to be 265.5 (265.9) and 266.6 (266.9)
ppm for Clementi-Raimondi and Ransil’s best atom ¢, respectively, the MNDO
result being cited always in parentheses. Degree of agreement with GTO DZ
results is remarkable indeed. Carbon monoxide is considered as a last example.
Clementi-Raimondi and Ransil’s best atom ¢ give oo,(O) values of 443.3 (442.1)
and 444.0 (442.8) ppm offering thus a substantial improvement in description of
the recalcitrant oxygen atom. Hence, it follows that discrepancies of the
MINDO/3 and MNDO results should be ascribed to the use of inadequate &
This finding is of great importance because £ constants strongly influence the
1/r4 operator which plays a crucial role in energetics of atoms and molecules.

Diamagnetic shieldings of other atoms are relatively well reproduced although
there is room for some improvement too (Tables 1, 2). Optimized geometries did
not change the overall picture offered by the original MINDO/3 and MNDO
methods to a significant extent. In some cases additional discrepancies appeared
due to inaccurate structural parameters.

A point of considerable interest is observation that o values strongly depend
of ¢’s of the atom in question but not on the orbital populations. This conjecture
is substantiated by a comparison of orbital populations in BF: Q2 = 1.982 (1.889),
Q3 =0.107 (0.601), Q%,.=0.309 (0.181), Q1. =1.941 (1.815), Q=
1.971 (1.696), Q5. = Q%,. =1.692 (1.819), where the MNDO results are placed in
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parentheses as usual. In spite of widely different populations the resulting o?
values are very close and are in fact quite acceptable if Clementi-Raimondi or
Ransil’s ¢ are employed. The same holds for CO molecule. Therefore, it appears
that diamagnetic shielding provides a necessary but not sufficient criterion which
approximate wavefunctions should satisfy.

The second moments are displayed in Tables 3 and 4. Apart some “pathological”
molecules (BF, HCN and HNO) all three semiempirical methods and the IAM
model reproduce the DZ results in a satisfactory manner. Their absolute average
errors are 0.4 x 107" cm?, if the experimental geometries are used. The errors are
practically doubled if MINDO/3 (0.8) and MNDO (0.7) optimized geometries
are employed, because prediction of structural parameters is moderately good.
It is noteworthy that the second moments do not depend on the coupling between
s and p AOs (hybridization) in the first row atoms in contrast to dipole moments.
The same holds for the coupling of s and d AOs in atoms of the second and
higher rows of the system of elements. This conjecture is substantiated by the
good performance of the formulas (6) and (7) in a wide variety of molecules
involving heavier atoms [31, 32]. Further, since the average values of the second
moment operator depend on the inverse square of the orbital screening constants,

Table 3. Comparison of second moments of the electronic charge distributions in some diatomics
and linear molecules as obtained by several current semiempirical methods, IAM model and ab initio
DZ approach® (in 107'° cm? units)

Molecule 1AM MINDO/3 MNDO SCC-MO  Ab initio DZ
H, xH=04 0.4 0.4 0.4 0.408
(2% =10.68 0.67 (0.68) 0.67 (0.62) 0.67 0.592
HF =12 1.2 1.2 1.2 1.152
(%) =2.0 1.70 (1.70) 1.76 (1.81) 1.79 1.465
N, x%=2.0 2.0 2.0 2.0 2.112
(2% =62 6.20 (6.20) 6.20 (6.26) 6.20 6.814
Cco xH=2.0 2.0 2.0 2.0 2.085
(z=6.4 6.29 (6.35) 6.31 (6.60) 6.31 7.064
BF x%=20 2.0 2.0 2.0 2.134
(=171 5.00 (6.50) 5.00(7.08) 5.00 8.320
F, xH=2.0 2.0 2.0 2.0 1.965
(=110 11.01 (11.41) 11.01(9.21) 11.01 10.924
C,H, (x) =24 2.4 2.4 2.4 2.888
(=123 11.68 (11.72) 11.47 (11.38) 12.05 11.227
HCN (xA=22 22 2.2 2.2 2.462
(=86 6.80 (9.21) 6.81 (8.78) 6.81 8.999
CO, x%=3.0 3.0 3.0 3.0 3.072
(2% =245 25.77 (26.60) 25.08 (25.90) 24.99 26.075
NNO x%=3.0 3.0 3.0 3.0 3.197
(% =123.1 21.69 (23.77) 21.08 (23.38) 20.96 24.331
C;0, xH=5.0 5.0 5.0 5.0 5.493
(% =119.9 121.93(123.58)  119.79 (121.02)  121.82 122.521

2 The second moments are computed relative to the center of mass. Values given within parentheses
refer to optimized geometries obtained by the method given on the column’s heading. Experimental
structural data are used otherwise
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Table 4. Comparison of the second moments of the electronic charge distributions in some medium
size molecules as obtained by several semiempirical methods, IAM model and ab initio DZ approach
(in 107'° cm? upits)

Molecule 1AM MINDO/3 MNDO SCC-MO  Ab initio DZ
BH, (x»=37 3.78 (3.77) 3.89 (3.48) 3.83 4.059
¥H=1.6 1.6 1.6 1.6 1.481
@=3.7 3.78 (3.77) 3.89 (3.75) 3.83 4.059
BF, (x%)=26.6 27.66 (28.03) 26.97 (27.84) 27.11 27.456
¥y =40 40 4.0 4.0 3.689
(Z)=26.6 27.66 (28.03) 26.97 (27.84) 27.11 27.456
H,0 =14 1.4 14 1.4 1.530
(¥ =25 225 (2.23) 236 (2.36) 2.36 2.014
(Z%=2.0 1.84 (1.84) 1.89 (1.85) 1.89 1.814
0, (x3=22.0 22.57 (23.73) 22.34 (20.10) 22.06 22.696
(y»=3.0 3.0 3.0 3.0 3.076
ZH=54 529 (4.65) 532 (4.97) 5.36 5.74
CF, x%=22.1 22.952 20.45 (23.46) 22.40 22.733
(yH=3.0 3.0 3.0 3.0 2.882
=58 5.35 5.69 (3.62) 5.70 6.442
FNO (x3=14.5 147  (4.86) 14.58 (11.08) 14.54 14.933
yH=3.0 3.0 3.0 3.0 2.946
(zZ% =149 15.27 (27.80) 15.01 (15.66) 14.94 15.443
H,CO (xBH=4.2 4.35 (4.20) 4.19 (4.10) 4.08 4.158
(yH=2.4 2.4 2.4 2.4 2.446
(2% =10.4 10.45 (10.72) 10.27 (10.55) 10.14 10.428
F,CO &M =40 4.0 4.0 4.0 3.884
(y»=25.1 26.54 (19.68) 26.00 (25.79) 26.01 26.362
(z% =243 25.24 (30.75) 24.66 (25.91) 24.53 25257
CHOF (x%y=24.1 24.87 (24.53) 24.43 (24.07) 24.39 25.020
yH=32 3.2 3.2 3.2 3.163
@*=11 7.29 (8.97) 7.00 (25.58) 6.93 6.974
CH,CO (x)=52 4,99 (4.92) 5.03 (4.94) 5.11 4978
(yH =34 3.4 3.4 3.4 4.038
(z%=31.2 31.71 (32.31) 31.16 (32.21) 31.13 31.721
CH, (x?)=33 3.40 (3.43) 3.40 (3.45) 332 3.330
CF, {(x3=259 26.90 (26.36) 26.39 (27.27) 26.34 26.519
CH,F (x*=42 430 (4.36) 420 (4.25) 4.09 4.024
yH=42 430 (4.36) 4.20 (4.25) 4.09 4.024
(ZH=132 1332 (9.88) 13.20 (12.94) 13.04 13.169
CHF, {x%=253 26.37 (25.96) 25.94 (26.15) 25.96 26.136
(y=253 26.37 (25.96) 25.94 (26.15) 25.96 26.136
=15 7.35 (7.29) 7.07 (7.45) 6.90 6.828
NH, {x%H=29 2.81 (2.85) 277 (2.78) 2.84 2.599
yH=29 2.81 (2.85) 277 (2.78) 2.84 2.599
(=19 1.90 (1.99) 1.89 (1.94) 1.91 2.212
N,H, B =145 14.41 (13.82) 14.34 (13.58) 14.38 14.789
{yH=4.7 4.61 (4.91) 4.53 (4.78) 4.58 4.526
=47 4.61 (4.07) 4.53 (4.05) 458 4.526
N,F, {(x%=26.8 27.41 26.94 (29.46) 27.01 27.553
(y*=36.6 38.34 36.91 (31.91) 37.13 37.411
(zH=4.0 4.0 4.0 4.0 4,052
N,H, (xH =97 9.65 (9.28) 9.56 (9.41) 9.7 9.978
(=42 4.10 (4.31) 3.98 (4.04) 4.2 3.977

(=24 2.4 2.4 2.4 2.536
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Table 4 (continued)

Molecule 1AM MINDO/3 MNDO SCC-MO  Ab initio DZ
C,H, x%=6.1 -~ 6.18 (6.05) 6.09 (5.99) 6.19 5.974
(yH=28 2.8 2.8 2.8 3.360
(Z=14.1 14.12 (14.52) 14.02 (14.35) 14.15 13.929
H,0, (x»=3.1 2.97 (3.05) 3.02 (2.93) 2.99 2.993
yh=3.4 2.72 (3.13) 275 (3.21) 2.73 3.104
=124 12.38 (11.72) 12.40 (10.69) 12.39 12.641
CH,0H xH=4.4 4,49 (4.56) 4.42 (4.44) 432 4.442
yH=5.1 506 (5.13) 5.05 (5.07) 4.50 4,791
(% =14.6 14.52 (13.94) 14.48 (14.25) 14.38 14.538
CHOOH (x%=25.1 25.86 (27.50) 25.42 (25.39) 25.34 25.131
yH=34 3.4 3.4 3.4 3.177
(z =84 8.11 (7.77) 7.93 (8.23) 7.95 7.004
NH,CN =47 458 (4.69) 4.46 (4.56) 4.85 4.465
YH=34 3.4 3.4 3.4 3.943
(z%=31.0 30.99 (31.28) 30.50 (30.73) 30.83 31.356
C,Hq xH=6.3 6.49 (6.41) 6.45 (6.43) 6.41 6.335
(¥} =6.3 6.49 (6.31) 6.45 (6.43) 6.41 6.335
(z%=18.0 18.24 (18.17) 18.18 (18.30) 18.14 18.288
CH,N, x%H=53 5.07 (4.97) 5.08 (5.01) 5.20 5.095
(yH=34 34 3.4 3.4 4122
(2% =28.6 29.1 (28.77) 28.42 (29.04) 28.48 29.274
C;H, xH»=5.5 5.86 (5.42) 5.83 (5.40) 5.89 5.855
GH=55 5.86 (5.42) 5.83 (5.40) 5.89 5.855
(%) =383 38.43 (38.88) 37.90 (37.96) 38.48 37.639
B,H, (xB=52 5.07 (5.13) 5.13 (5.20) 5.18 5.180
GH=15 7.40 (7.53) 7.52 (7.41) 7.67 7.958
(z%)=20.0 20.00 (18.29) 20.12 (19.48) 20.29 20.693
BH,CO xH=56 5.45 (5.42) 5.66 (5.53) 5.64 5.933
(yH=56 5.45 (5.42) 5.66 (5.53) 5.64 5.933
(z=35.2 36.13 (34.52) 36.14 (36.37) 35.51 36.783
¢-C;Hy &H=17.2 17.41(17.82) 17.24 (17.80) 17.73 17.601
GH=172 17.41 (17.82) 17.24 (17.80) 17.73 17.601
(z%=9.1 9.28 (9.03) 9.07 (8.90) 9.32 8.905
c-C,HsN xH=17.0 17.10 (17.56) 16.83 (17.59) 16.90 16.877
(yH=8.2 8.30 (8.03) 8.09 (7.93) 8.14 7.874
(% =14.5 14.53 (14.82) 14.49 (14.74) 14.51 15.226
c-CH,N, (x»=87 8.65 (8.56) 8.68 (8.71) 8.73 9.620
=51 5.12 (5.06) 5.00 (4.98) 5.04 5.055
(z%=15.3 15.25 (15.18) 15.02 (15.31) 15.02 15.448

they are not very sensitive on the latter. This is easily seen by the Taylor expansion
1/(E+A8)>=(1/€)—2A0&/ 8+ - - - . However, it is somewhat surprising that the
second moments are quite insensitive to the distribution of monopoles of the
electronic charge distributions Q4 too. In any case, the second moments offer
the second necessary but not sufficient condition for approximate wavefunctions.
It is interesting to mention that some X, calculations do not satisfy this condition
and that the second moments can be used as a means in determining a degree
of overlapping of the atomic domains [14].
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4. Final remarks

We have shown that o and y“ tests provide a rough filter for approximate
atomic and molecular wavefunctions. Analysis of the results yields useful informa-
tion about methods applied. For example, it shows that molecular electronegativ-
ity can not be dropped in Ray-Parr formula for diamagnetic shielding [27].
Similarly, imperfections in X,-method, LCAO-X, procedure and Thomas-
Fermi-Dirac method are detected by examining their performance in reproducing
HF values of o and x? properties [14, 33]. Thus, these properties should be
used in obtaining better versions of approximate methods. Furthermore, careful
examination of the present results reveals that diamagnetic shielding o is strongly
dependent on the orbital screening exponents and to a much less extent on the
orbital populations. Hence, o can serve as a useful aid in determining basis
sets possessing appropriate screening parameters. This is of some importance
because some of the most successful semiempirical methods like MINDO/3 and
MNDO obviously employ unrealistic £ values at least for N, O and F atoms.
The latter were obtained by optimizing the calculated heats of formation and
structural parameters by treating all adjustable constants on an equal footing. In
fact, AOs' screening parameters should be separately determined by reproducing
experimental or good ab initio o shieldings in a set of characteristic gauge
molecules. An approach like this would enable a controllied parametrization with
physical justification of parameters. Such a systematic and perhaps stepwise
parametrization of semiempirical schemes would be advantageous because simul-
taneously optimized adjustable parameters are interlocked and influence each
other in an unpredictable way particularly if their number is very large. It is clear
that other molecular properties are necessary for that purpose. They include not
only the most important observables as molecular heats of formation and struc-
tural data, but involve in addition physical properties like ESCA chemical shifts
and electric field gradients. The latter give useful information about the population
of the p-subshell of the atom in question [25], whilst the former provide the most
direct insight into the distribution of atomic monopoles [34]. Knowledge of the
accuracy of one- and two-electron components of the total energy might ve
valuable too [35]. It is, namely, our strong conviction that the approximate
methods should yield more or less uniform description of molecular properties
strictly satisfying some minimal requirements. However, we shall not elaborate
here the problem of designing approximate Hartree-Fock methods for molecules,
because full discussion lies outside the scope of the present paper. We conclude
by stating that a lot of work is necessary in this direction and by pointing out
that o and x“ provide simple tests par excellence for qualitative appraisal of
atomic and molecular wavefunctions.
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