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Abstract: The results of MNDO semiempirical molecular orbital calculations are compared with a standard set of test data 
previously suggested for the evaluation of currently employed MO procedures by Halgren, Lipscomb, arid their co-workers. 
The MNDO calculations which, for a single SCF cycle, require approximately the same computation time as CND0/2 (ge­
ometry optimizations require ~1.5 SCF per variable) are 16 times more accurate than the latter method and about 3 times 
more accurate than PRDDO, ST0-3G, or minimum basis set ab initio methods for the calculation of relative energies 
(MNDO calculation including geometry optimization; others at experimental geometries). For ionization potentials and dipole 
moments all methods perform similarly with the exception of CN DO/ 2, which is ~two and ~four times less accurate in the 
two cases. 

Introduction 
In a recent article in this journal Halgren, Lipscomb, and 

their co-workers1 have presented a much-needed comparison 
of the accuracies and computational speeds of most of the 
current molecular orbital methods (CNDO/2, INDO, 
PRDDO, ST0-3G, and others). Since the focus of these au­
thors was on the methods which attempt to mimic the results 
of minimum basis set (MBS) ab initio calculations, the semi-
empirical methods developed in these laboratories, namely, 
MINDO/33 and MNDO,3 were not included in this compar­
ison. This omission seems unfortunate because the primary 
criterion of theoretical procedures in chemistry should be their 
ability to reproduce experiment rather than to mimic one an­
other and because, as will be seen presently, the results given 
by our procedures are at least competitive in this sense. Indeed, 
they are now being very widely used by organic chemists; 
within 2 years of its introduction MINDO/3 was already the 
second most frequently requested program at QCPE.4 We 
therefore felt that it would be of value to extend the compari­
sons of Halgren et al.1 to include corresponding results for 
MNDO, this having been shown to be superior in almost every 
respect to its predecessor, MINDO/3. 

The comparisons made by Halgren et al.1 were based on a 
series of 11 organic molecules and 16 boron hydrides, carbo-
ranes, and borohydride anions. While Halgren et al. also cited 
experimental results, their main objective was to investigate 
the ability of semiempirical methods, in particular PRDDO,5 

to reproduce the results given by ab initio calculations. Their 
use of the term "accuracy" in their final conclusions referred 
to this aspect rather than ability to reproduce experiment. 

As is well-known but infrequently documented, atoms and 
molecules are always calculated to be too unstable by the 
Hartree-Fock (HF) method, owing to the neglect of electron 
correlation inherent in the HF approximation. This deficiency 
is illustrated in Table I by a comparison with experiment of the 
total energies, given by the near-HF calculations of Snyder and 
Basch,8 for some of the species discussed by Halgren et al. It 
will be seen that the errors are enormous by chemical stan­
dards, those in the case of molecules being comparable with 
the entire heat of atomization (Ai/a, Table I). Unless these 
errors cancel in comparing the energy of a molecule with that 
of its constituent atoms, corresponding errors will appear in 
calculated heats of formation of molecules. As the results in 
Table I show, these9 again are very large indeed by chemical 
standards, amounting to hundreds of kcal/mol even in the case 
of quite small molecules. Similar problems then arise in com­

parisons of energies of molecules derived from the same set of 
atoms, e.g., in calculations of heats of reaction or activation 
energies. It is clear that these cannot be usefully estimated by 
the HF method, still less by approximate revisions of it, except 
in an empirical sense, in areas where comparison with exper­
iment has shown the results to be satisfactory, due to an un­
predictable cancellation of errors. Attempts to circumvent this 
limitation by calculating correlation energies have so far been 
unsuccessful. The best approaches of this kind recover at most 
80% of the correlation energy,10 leaving errors that are still 
unacceptably large by chemical standards. 

The HF method cannot reproduce heats of reaction for 
processes involving bond dissociation. Extensive tests by Pople 
have shown that treatments using minimum basis sets (e.g., 
ST0-3G) failed likewise for reactions involving any changes 
of bond type (cf).1' Larger basis sets, of double f type (e.g., 
4-31G), including polarization functions (e.g., 6-3IG*), also 
fail in certain cases, in particular for reactions involving species 
with multicenter bonds (e.g., 2BH3 -»• B2H6).12 Comparisons 
of the results from semiempirical treatments with those from 
ab initio calculations are therefore of limited chemical sig­
nificance. We have therefore confined our attention here to 
comparisons of the methods cited by Halgren et al.1 with 
MNDO and experiment. 

Results 
Energies. MNDO has the advantage of containing a semi-

empirical correction for electron correlation, enabling it to 
reproduce heats of formation with reasonable accuracy. This 
is illustrated by the comparisons shown in Table I. The root 
mean square error in the MNDO heats of formation for the 
present series of compounds was 9.4 kcal/mol, in between the 
values3- '3 for HCNO compounds and compounds containing 
boron. 

Table II shows MNDO values for heats of reaction for the 
formal reaction processes considered by Halgren et al.,1 to­
gether with experimental values where available. Table III 
compares the standard deviations of the MNDO values from 
experiment with corresponding values for the other procedures' 
in question. Note that the MNDO error is much smaller than 
that for the other procedures (except that used by Snyder and 
Basch, which was only a little less accurate). Note in particular 
the marked superiority of MNDO over 4-3IG, a double f basis 
set which has frequently been used to estimate molecular 
energies. 

It should also be noted that the calculations reported by 
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Table I. Comparison of Theoretical and Experimental Heats of Formation, Ionization Potentials, and Dipole0 

AWa' 
exptl 

total energy 
Snyder-
Baschf exptl/ 

Snyder-
Basch e-i 

AWf 

MNDO exptl 
IP.eV1 

MNDO exptl 
M, D 

MNDO exptl 

B2H6 
B4H10 
B5H9 
B5H11 

B6H10 
1,2-C2B4H(, 
4,5-C2B4H8 

2,4-C2B5H7 
B»H|2 
B9Hi5 

B10H14 
H2 

HC=CH 
H2C=CH2 
H 2C=C=CH 2 

569.8 -33 112. -33 387.6 124.5 

A 
CH3CN 
CH3NC 
H 2 C=N=N 

A 
N = N 

/ \ 
N H - N H <£> 

104.2 
391.7 
537.7 
675.5 

812.6 

590.2 
575.5 
430.1 

422.1 

944.3 

970.2 

-707.0 
-48 187.7 
-48 949.2 
-72 678.4 

-73 424.9 

-82 748.1 
-82 730.9 

-92 727.3 

-92 701.2 

-93 400.5 

-97 131.6 

-97 179.2 

-731.2 
-48 513.3 
-49 286.3 
-73 171.4 

23.9 
175.6 
144.9 
231.9 

-73 935.5 216.3 

-83 284.6 
-83 269.9 
-93 329.1 

-93 321.1 

-97 814.5 

-97 840.4 

223.7 
240.9 
305.9 

332.0 

363.6 

325.8 

278.2 

-1.8 
10.2 
31.3 
15.2 
18.8 
62.3 
33.6> 
33.7 
26.2 
25.9 
16.7 
0.7 

57.3 
15.3 
43.8 

11.2 

18.9 
60.0 
67.1 

72.5 

45.7° 

64.0 

28.9 

8.4'' 
15.6'' 
17.5'' 
24.3'' 
22.2'' 

7.1' 
0.0 

54.3 
12.5 
45.6 

12.7 

20.9 
35.6 
71 

79 

51.9 

26.0 

12.78 
12.50 
11.48 
12.02 
10.94 
11.36 
10.57J 
11.61 
10.80 
11.24 
11.29 
15.74 
11.03 
10.18 
10.02 

11.43 

12.80 
12.25" 
8.67" 

11.62" 

11.09° 

10.00" 

9.14 

12.00 
10.39 
10.50 
10.31 
9.33 

10.94* ' 

10.15*'m 

15.98 
11.40 
10.51 
10.07 

11.0 

12.21 
11.27 

10.75 

9.08 

1.30 
2.97 
2.33 
2.96 
2.25 
1.14J 
1.24 
3.63 
3.61 
4.08 

0.56 
2.13 

1.50 

1.32 

-3.4 

2.63 
2.17 
1.25 

1.55 

1.39° 

0.41 

3.92 
3.85 
1.50 

1.59 

0.68 

0 These data extend the comparisons of Table V, VII, XI, and XIV of ref 1; experimental values are from this source unless noted otherwise. 
* MNDO data for boron compounds are from ref 3c and M. J. S. Dewar and M. L. McK.ee, Inorg. Chem., 17, 1569 (1978); others are from 
ref 3b. c All energies in kcal/mol. d Heat of atomization calculated from AH3, = 2 AH^ - AH; where AH i* are the heats of formation of 
the gaseous atoms at 25 0C from D. R. Stull and H. Prophet, Natl. Stand. Ref. Data Ser., Natl. Bur. Stand., No. 37. "JANAF Thermochemical 
Tables", 2nd ed. e Double fab initio calculation from ref 8. f The total energy change for the formation of the molecule at 25 0C from the 
separated atoms and nuclei calculated as Emo] = - 2 / p A — XAH^ + AHf. /P

A is the energy required to completely ionize each atom calculated 
by summing the individual ionization energies from "CRC Handbook of Chemistry and Physics", 59th ed., 1978. « Theoretical heats of formation 
calculated from £mo1 - 2 £ A + 2AW^ where £mo1 and £A are the calculated total energies of the molecule and atoms, respectively. * The 
negative of the HOMO eigenvalue. ' M. F. Guest, J. B. Pedley, and M. Horn, J. Chem. Thermodyn., 1, 345 (1969). > M. J. S. Dewar and M. 
L. McKee, in course of publication. * These experimental data were not included in ref 1 and are therefore excluded from the statistics here 
to preserve accurate comparability between data sets. ' T. P. Fehlner, lnorg. Chem., 14,934 (1975). m D. R. Lloyd, N. Lynaugh, P. J. Roberts, 
and M. F. Guest, J. Chem. Soc, Faraday Trans 2, 1382 (1975). " Unpublished calculations by W. Thiel. ° This work. 

Halgren et al.' all referred to experimental geometries while 
our own calculations included full geometry optimization at 
the MNDO level. Use of experimental geometries is incorrect 
in principle because if the experimental geometry for a mole­
cule differs from the theoretical one, it will correspond to a 
completely arbitrary point on the calculated potential surface. 
Furthermore, since experimental geometries are subject to 
experimental error, there will be a corresponding uncertainty 
in the location of this point which may lead to a relatively large 
error in the corresponding energy, since the energy there is not 
stationary. This can be seen clearly from diagrammatic rep­
resentation in Figure 1. It should also be noted that the errors 
introduced in this way by quite small differences in geometry 
are not negligible. Thus the MNDO energies for experimental 
geometries for the species listed in Table I are greater than the 
optimized ones by, on average, 2.1 kcal/mol and the individual 
differences show much scatter (0.2-8.5 kcal/mol). Since 
MNDO reproduces geometries as well as rather good ab initio 
methods,3 it is likely that the other procedures1 are subject to 
errors that are at least equally large. 

Ionization Potentials and Dipole Moments. Comparison of 
the MNDO ionization potentials (Koopmans' theorem) and 
dipole moments with the experimental data chosen by Halgren 
et al.1 is made in Table I. Again, using the data tabulated by 
these authors1 we have compiled the statistics in Table III. 
Apparently the overall agreement between the theoretical and 
experimental ionization potentials is about the same for 

\ \ \ \ 
E \ '» 

SE \ 

1 \ 

. &r. 

Figure 1. Schematic representation of the variation in energy of a molecule 
with changes in a coordinate r, actual (—) and calculated (...). The range 
(&r) of values of r, corresponding to possible experimental error in deter­
mining r, in turn corresponds to a relatively large change (5E) in calculated 
energy. 

PRDDO, STO-3G, MBS, and MNDO, while the extended 
basis set values are about twice as accurate and the CNDO/2 

McK.ee
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Table II. Comparison"'6 of Calculated and Experimental Energies 
for 21 Formal Reaction Processes 

A£, kcal mol~' 
process 

B2H6 + B4H4 — B6H10 

2B2H6H-B5H9-B4Hi0H-B5H11 
B4H1O + B6H1O —* B5H9 + B5Hn 
B5H11 + 3/2B2H6 — 2B4H1O 
B6HiO + BIOH14 — 2BgH12 
BgHi2 + V2B2H6 —• B9H15 

B6HiO + B9H15 —*• B5H11 + BioHi4 
B6H6

2- + BioH14 — B6H]O + B1OH i o 2 -
B10Hi0

2- + 2B5H1, -*B10H|4
2- + 2B5H9 

1 ,2-C2B4H6 ~*" U6-C2B4H6 
2,4-C2B5H7 + B5H9 — 1,6-C2B4H6 

2,4-C2B5H7 + B4H10 — 4,5-C2B4H8 
H2 + C2H2 - C2H4 
-V2C2H4 — CjH6 

H 2 - I -C 3 H 4 -C 3 H 6 
C H 3 C N - C H 3 N C 
2CH3CN — H 2 C = N = N + C3H4 

H2C=N=N — N A N 

A + H, —* / \ 
N = N ' NH-NH 

/£> — ^S 
CjH, + CjH4 — » ^ - ^ 

+ B6H10 

+ B5H9 

MNDO 

57.1 
-2.3 
17.5 
7.9 

16.9 
0.6 

-12.8 
-64.4 

27.1 
-3.5 
12.6 
21.0 

-42.7 
-11.8 
-33.3 

41.4 
73.1 

5.4 

-27.9 

-35.1 

-3.7 

ex p 

5. 
4, 

- 5 , 

-41 
-6 . 

-33, 
14. 
75 

8 

-25. 

-41 

" Calculated from the data in Table I. * These data extend the 
comparisons of Tables I and IX of ref 1. 

ones four times worse. A similar but slightly less marked sit­
uation holds for dipole moments. 

Time Required for Computation. In MINDO/3 and MNDO 
the determining factor is the time required for matrix diago-
nalization. Using procedures of the Householder type,14 this 
varies approximately as the square of the number of basis set 
functions. We have found this relationship to hold over a very 
wide range of molecules, with up to 120 valence shell atomic 
orbitals.15 Similar remarks apply to CNDO/2 and INDO 
where matrix diagonalization is again the time-determining 
step. 

According to Halgren et al.,1 PRDDO is 6 times, STO-3G 
100 times, and the full MBS ab initio calculation 600 times 
slower than CNDO/2 (and therefore MNDO) for a system 
of 40 orbitals. Since the computation time for PRDDO de­
pends on the cube, and STO-3G on the fourth power, of the 
number of basis functions, the ratios would be higher for larger 
systems. 

In our laboratory MNDO calculations are always (as here) 
carried out with complete optimization of the geometry using 
an improved16 version of the DFP17 algorithm. The time re­
quired to carry out the geometry optimization increases ap­
proximately linearly with the number of variables to be opti­
mized. The exact factor varies greatly since frequent one-
dimensional line searches and restart procedures are carried 
out at points determined automatically by the program as the 
geometry optimization progresses. For the molecules calcu­
lated in ref 3b, using the experimental geometries as starting 
guesses, an average of 1.4 (standard deviation 0.7) SCF cal­
culations per variable was required.18 

Discussion 

From the work of Halgren et al.1 it is clear that, while several 
of the MO techniques currently in use (e.g., PRDDO, STO-
3G, VRDDO, etc.) more or less closely approach the results 
of rigorous minimum basis set ab initio calculations, the latter 
are themselves in poor agreement with experiment, at least for 
calculated energies. Based on the data examined here the 
semiempirical MNDO method removes about 60% of the error 

Table III. Summary of Root Mean Square Errors for Seven MO 
Methods Relative to Experiment"* 

method 

CNDO/2 
PRDDO 
STO-3G 
MBS 
MBS 
4-3IG 
double f 
MNDO 

A£, kcalmol-' 

168.5 (11) 
32.4 (11) 
30.2 (11) 
29.4 (11) 
29.4 (11) 
14.0 (8) 
12.6' (8) 
10.8^(11) 

IP,eV 

4.40 (14) 
1.06 (14) 
1.14 (14) 
1.10 (14) 
1.10 (14) 
0.57 (7) 
0.55 (10) 
1.01''(14) 

H, D 

2.24 (10) 
0.98 (10) 
0.80 (7) 
0.89 (10) 
0.89 (10) 
0.41 (5) 
0.37 (5) 
0.83^ (10) 

" Calculated from the data in ref 1 except as noted. * The number 
of data pairs compared is given in parentheses. c This figure differs 
slightly from that derived from the data in Table IX of ref 1 where an 
incorrect value for the energy of the hydrogen molecule at the Sny­
der-Basch level was apparently employed. d Calculated from the data 
in Tables I and II. 

in the MBS energy calculations while at the same time 
achieving comparable or slightly better accuracy in the pre­
diction of ionization potentials and dipole moments. Indeed, 
the data chosen by Halgren et al. (and used here) form a par­
ticularly difficult test for MNDO since boron compounds are 
a class for which MNDO performs less well.13 Moreover, the 
remaining compounds include several "difficult" cases. Thus 
of the 138 molecules containing C, H, N, and O examined in 
our original tests of MNDO the error in the heat of formation 
of methyl isocyanide was, with one exception, greater than that 
for any other molecule. Likewise, the MNDO dipole moments 
of methyl isocyanide and cyanide were the worst of 57 mole­
cules for which comparison with experiment was possible. The 
errors incurred by MNDO are therefore in general13 rather 
less than those listed in Table I. 

The work of Halgren et al.1 forms a very useful (and hitherto 
unavailable) comparison of the relative performance of the 
various MO methods for a number of specific molecules. While 
we in no way wish to belittle the efforts of these workers, we 
feel bound to point out that far more extensive testing is nec­
essary to assess the value of a particular method as a practical 
tool. Although Halgren, Lipscomb, et al. assume that a similar 
pattern of success and failure is shared by the ab initio and 
semiempirical methods, regardless of the specific approxi­
mations involved, we believe that such an assumption must be 
justified by extensive testing. Only in this way, for example, 
have we been able to uncover certain systematic weaknesses 
in the MNDO procedure. These have been pointed out previ­
ously but are usefully reiterated here.19 Thus four-membered 
ring compounds are predicted to be too stable and sterically 
crowded molecules too unstable while molecules containing 
NO bonds err in both directions.313 The stabilities of nonclas-
sical ions are underestimated3*3 (a failing shared by MBS 
calculations20) and, presumably related to this, the activation 
energies for hydrogen-transfer reactions are overestimated21 

(a failing also shared by MBS calculations22). Single bond 
rotation barriers3*5 and the corresponding torsional vibration 
frequencies23 are underestimated as is the puckering in cyclic 
compounds (MBS calculations also underestimate ring 
puckering24). One of the disappointing features of MNDO and 
one which we are urgently working to correct is its failure to 
give a proper account of hydrogen bonding (also shared by 
MINDO/325). A number of authors26 have attempted to use 
either the CNDO/2 or INDO schemes in this connection ap­
parently unaware of the documented27 failure of these methods 
to account correctly for nonbonded interactions. In particular 
nonbonded interactions which are expected to be highly re­
pulsive are frequently predicted to be only weakly so, or even 
attractive. The fact that an attractive interaction is calculated 
for formally hydrogen bonded systems is therefore probably 
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fortuitous. For example, an often-cited success of CNDO/2 
theory is the predicted dimerization energy of water (5.9 
kcal/mol, 8.4 with geometry optimization) which compares 
favorably with experimental (5.0 kcal/mol) and theoretical 
(4.7-12.6 kcal/mol) estimates.28 However, Gregory and 
Paddon-Row27b have pointed out that CNDO/2 also predicts 
a similar stabilization energy (8.1 kcal/mol) for the OO bond 
dimer with an OO separation of 1.60 A, while an INDO cal­
culation suggested a stabilization of 24.2 kcal/mol with an OO 
distance of 1.45 A. Repulsive energies of 203 and 1 Ol kcal/mol 
were predicted by 4-3IG29 and MNDO, respectively, at an OO 
separation of 1.50 A. Even more bizarre is the case of dimethyl 
sulfide, for which CNDO/2 predicts the SS dimer to be sta­
bilized to the extent of 120 kcal mol-1 with an SS separation 
of 2.0 A.30'31 Numerous other examples of the failure of 
CNDO/2 to account properly for nonbonded interaction could 
be cited.32 

In our view, one of the most serious problems associated with 
the use of larger basis set ab initio calculations is that their 
limits of error are uncertain. Many workers in this field in the 
past seem to have regarded the label "ab initio" as a guarantee 
of reliability and have consequently been little concerned with 
practical testing. Further uncertainty has been introduced by 
the use of inadequate procedures for calculating molecular 
geometries and by failure to characterize stationary points.33 

Happily, this situation is changing largely due to the efforts 
of the Pople group.34 

Conclusions 

Based on a limited set of test data suggested by Halgren, 
Lipscomb, and their co-workers, the MNDO method appears 
to be three times as accurate (relative to experimental data) 
as PRDDO, ST0-3G, or MBS for relative energies and of 
comparable accuracy for ionization potentials and dipole 
moments. One SCF calculation using MNDO requires ap­
proximately the same computation time as CNDO/2. Com­
plete geometry optimization of Nv variables requires, on av­
erage, ca. l.5Nv SCF calculations. 
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