
ORIGINAL PAPER

AM1* parameters for copper and zinc

Hakan Kayi & Timothy Clark

Received: 22 March 2007 /Accepted: 3 May 2007 / Published online: 15 June 2007
# Springer-Verlag 2007

Abstract Our extension of the AM1 semiempirical molec-
ular orbital technique, AM1*, has been parameterized for
the elements Cu and Zn. The basis sets for both metals
contain a set of d-orbitals. The zinc parameterization uses a
filled d-shell to give 12 valence electrons. Thus, AM1*
parameters are now available for H, C, N, O and F (which
use the original AM1 parameters), Al, Si, P, S, Cl, Ti, Cu,
Zn, Zr and Mo. The performance and typical errors of
AM1* are discussed for the newly parameterized elements.

Keywords AM1* . Copper parameters . Semiempirical
MO-theory . Zinc parameters

Introduction

We recently [1, 2] introduced an extension of AM1
molecular orbital theory, [3] named AM1*, which uses d-
orbitals for the elements P, S, Cl, [1] Al, Si, Ti and Zr [2]
and a slight modification of Voityuk and Rösch’s AM1(d)
parameters for Mo [4]. AM1* performs significantly better
than AM1 for P-, S- and Cl-containing compounds but
retains its advantages (good energies for hydrogen bonds,
higher rotation barriers for π-systems than MNDO [5, 6] or
PM3 [7–9]) for the elements H, C, N, O and F. We now

report AM1* parameters for copper and zinc. These
elements represent our first AM1* parameters for the first
row transition metals. Both copper [10] and zinc [11]
individually and in combination [12] are important in the
chemistry of metalloenzymes. Because the experimental
data for heats of formation of compounds of these two
metals are relatively sparse and prone to errors, we have
paid special attention to reproducing calculated reaction
energies as closely as possible in order to produce a robust
parameterization. We have thus continued the philosophy
used to parameterize Al, Si, Ti and Zr [2]. Zinc has been the
subject of several parameterization attempts in which only
s- and p- atomic orbitals have been used [8, 13–17].
However, in AM1* we have included the filled d-shell in
order to produce parameters consistent with the remaining
metals of the first transition series. We also hope to avoid
some of the problems associated with the inadequate
description of non-valence electrons inherent in MNDO-
like methods.

We also note that reaction-specific parameterizations of
MNDO-like Hamiltonians have been reported, for instance
for phosphorus [18] and iron [19, 20]. These local
parameterizations use either Gaussian functions [19] or
the treatment that we have used for AM1* [1, 2, 20] to
modify the core-core terms. We anticipate that our more
general AM1* parameter sets will be good starting points
for such local parameterizations.

Theory

AM1* for the two new elements uses the same basic theory
as outlined previously, [1, 2] with the exception that the
core-core repulsion potential for the Cu-H and Zn-H
interactions used a distance-dependent term δij, rather than
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the constant term used for core-core potentials for most
other interactions in AM1* [1]. A distance-dependent δij
was also used for the Mo-H and interaction in AM1(d) [3]
and for Ti-H, Zr-H and Mo-H in AM1* [2]. The core-core
terms for Cu-H and Zn-H are thus:

Ecore i� jð Þ ¼ ZiZjr
0
ss 1þ rijdij exp �aijrij

� �� � ð1Þ
where all terms have the same meaning as given in
reference [1].

The parameterization techniques were those reported in
references [1] and [2] and will not be described further here.

Parameterization data

The target values used for parameterization and their
sources are defined in Table S1 of the Supplementary
Material. We have used both reaction energies and heats of
formation as we did for the Ti, Zr parameterization [2] and
have also used an extensive series of model compounds
whose heats of formation we have derived from DFT
calculations [21]. As before, [1, 2] we checked that
experimental values for heats of formation were reasonable
using DFT calculations. This strategy is designed to ensure
that unusual bonding situations can be included in the
parameterization dataset by including the prototype com-
pounds and reactions, thus making a more robust and
general parameterization possible.

Experimental parameterization data for zinc and copper
were taken largely from the NIST Webbook, [22] but also
from the MNDO/d [14, 15] and AM1-Zn [6] datasets and
heat-of-reaction values from the CRC Handbook [23] and
Hildebrand [24].

DFT calculations used the Gaussian 03 suite of programs
[25] with the LANL2DZ basis set and standard pseudopo-
tentials [26–29] augmented by a set of polarization
functions [30] (designated LANL2DZ and LANL2DZ
+pol, respectively) and the B3LYP hybrid functional [31–
33]. In some cases, coupled cluster calculations with single
and double excitations and a perturbational corrections for
triples (CCSD(T)) [34–37] with the 6-311+G(g) basis set
[38–43] were used to check values for which DFT may be
unreliable.

The energetic parameterization data and their sources are
given in Table S1 of the Supplementary Material.

In addition to the energetic data, geometries, dipole
moments and ionization potentials taken from the above
sources, crystal structures from the Cambridge Structural
Database (CSD) [44] were used in the parameterization to
ensure that not only the energetic and electronic properties
for the “prototype” compounds, but also the structures of
large copper and zinc compounds are well reproduced.
Note that these comparisons are subject to disagreement

Table 1 AM1* parameters for the elements Cu and Zn

Parameter Cu Zn

Uss [eV] −36.7200000 −58.9431927
Upp [eV] −1.5950000 −13.7497019
Udd [eV] −127.6000000 −137.2805579
ζs [bohr

−1] 2.0732486 1.7935425
ζp [bohr

−1] 2.8217281 1.4262020
ζd [bohr

−1] 1.6952738 2.4309843
βs [eV] −10.2346820 −13.5437738
βp [eV] −26.7461824 −4.1232296
βd [eV] −28.8487829 −9.4119204
gss [eV] 6.3524102 2.7500684
gpp [eV] 7.2628066 2.6182526
gsp [eV] 7.8095426 2.9873393
gp2 [eV] 17.0442571 2.8141778
hsp [eV] 1.6767842 1.8427865
zsn [bohr

−1] 12.5465123 2.2275908
zpn [bohr

−1] 0.6411768 2.3757534
zdn [bohr

−1] 1.4560578 1.9389382
ρ(core) [bohr−1] 1.3878582 1.3340000
ΔH

�
f atomð Þ kcalmol�1

� �
80.688 31.171

F0sd eV½ � 3.3465504 4.6842013
G2

sd eV½ � 4.5816519 4.0476809
α(ij)
H 3.6114885 4.6535297
C 2.9999447 4.3229901
N 4.6728453 3.8962848
O 4.0020782 5.6157388
F 5.1504819 5.2105209
Al 2.5920042 2.6024849
Si 1.8739257 3.3650900
P 1.7725586 1.5736117
S 1.2738211 1.3319656
Cl 2.6000000 5.5386790
Ti 1.6375319 2.7321520
Cu 2.9676331 2.9480553
Zn 2.9480553 2.9490674
Zr 1.9042224 2.1672224
Mo 2.1900785 2.3550000
δ(ij)
H 7.3641345a 20.2743002a

C 3.7870419 16.5978577
N 51.0306702 3.0545697
O 6.9436125 50.1508315
F 32.3021570 31.3470343
Al 9.3015182 4.7788091
Si 0.8329647 3.6273287
P 1.0453562 0.3620955
S 0.2199399 0.1042134
Cl 1.8004639 29.1814441
Ti 1.7675702 17.6621462
Cu 9.1216919 3.0060503
Zn 3.0060503 3.0150493
Zr 5.3523771 7.1531723
Mo 2.6563480 2.3815000

a Distance-dependent δ [Å−1 ] according to Eq. (1)
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caused by the neglect of the effect of the crystal
environment on the structures, but they nonetheless give
an indication of the general applicability of the method.

Results

The optimized AM1* parameters are shown in Table 1.
Most of the parameters are quite consistent along the second

row so far. Geometries were optimized with the new AM1*
parameterization and for AM1 and PM3 using VAMP 10.0,
[45] while the PM5 calculations used LinMOPAC2.0 [46].
The two programs give essentially identical results for the
Hamiltonians that are available in both.

Table 2 Calculated AM1* and PM5 heats of formation and errors
compared with our target values for the copper compounds used to
parameterize AM1* (all values kcal mol−1)

Errors are classified by coloring the boxes in which they appear.
Green indicates errors lower than 10 kcal mol−1 , yellow 10–20 kcal
mol−1 and pink those greater than 20 kcal mol−1 .

a The heat of formation of the Cu atom with PM5 was calculated
using a full CI because the UHF calculations converges to a 2 d
configuration.

The heat of formation of the atom of any element is by definition the
experimental value in MNDO-like methods.

Table 2 (continued)
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Copper

Heats of formation

The calculated heats of formation for our training set of
copper compounds are shown in Table 2. We have
compared our results with the only comparable method
available in its final form to date, the unpublished PM5
method implemented in Mopac [46]. Stewart has made his
trial PM6 parameters available in OpenMOPAC [47] but we
have not compared our results with this method because the
parameterization is not yet finalized.

AM1* performs remarkably well, even considering that
the data shown in Table 2 are biased towards AM1*
because it was trained on this set of compounds. The mean
unsigned error of only 11.4 kcal mol−1 and RMSD of
16.8 kcal mol−1 are very respectable and suggest that
AM1* has been parameterized well. The parameterization
set for PM5 has not been published, but clearly does not
cover the range of compounds used for AM1*.

The largest errors for AM1* are found for the “exotic”
molecules CuTi and CuZr (−36.9 and −59.1 kcal mol−1, re-
spectively), CuNH2 (−38.3 kcal mol−1), the unsymmetrically
substituted molecules ClCuCH3 and HCuSH (26.2 and
−22.4 kcal mol−1, respectively), Cu(NH2)2 (−25.7 kcal mol−1)
and the two molecules with triple bonds, Cu2C2H2

(−42.8 kcal mol−1) and CuSCN (−30.9 kcal mol−1). The last
two can be explained by AM1’s known tendency to treat triply
bonded species incorrectly, as is shown by the good per-
formance of AM1* for the reaction Cu+ + SCN− → CuSCN
(see Table 3 below).

Reaction energies

The calculated reaction energies are shown in Table 3. As
expected from the parameterization procedure and also seen
for Ti and Zr, [2] AM1* performs significantly better than
other methods for these reactions. The largest error is only
21.2 kcal mol−1 for Cu + SCH3 → CuSCH3.

Table 3 Calculated AM1* and PM5 heats of reaction and errors compared with our target values for the copper compounds used to parameterize
AM1* (all values kcal mol−1)

Errors are classified by coloring the boxes in which they appear. Green indicates errors lower than 10 kcal mol−1 , yellow 10–20 kcal mol−1 and
pink those greater than 20 kcal mol−1 .
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Ionization potentials and dipole moments

Table 4 shows the calculated Koopmans’ theorem ioniza-
tion potentials and dipole moments for some copper
compounds. AM1* performs significantly better than PM5
for ionization potentials and similarly for dipole moments.
AM1* tends to underestimate ionization potentials, whereas
they are overestimated severely by PM5. AM1* under-
estimates dipole moments systematically but gives a better
correlation between experimental and target values than
PM5, which shows no systematic deviation but correlates
poorly. Correcting AM1* for the systematic deviation leads
to the equation

mexp ¼ 1:028þ 0:991mAMI�

which gives a mean unsigned error of 1.02 Debye and a
standard deviation of 0.79 Debye.

Geometries

Table 5 shows a comparison of the AM1* and PM5 results
for bond lengths and angles of small copper compounds.
AM1* performs slightly better than PM5 for bond lengths
and bond angles. The mean unsigned errors of 0.11 Å and
9.2° for bond lengths and angles, respectively, are accept-
able. AM1* tends to overestimate bond lengths to copper
(by 0.04 Å), whereas PM5 tends to make them too short.

Table 6 shows a comparison of the structures optimized
for a series of copper compounds (including ion pairs) with
the crystal structures taken from the Cambridge Structural
Database [44]. The RMSD values were calculated using
Quatfit [48] to overlay all the non-hydrogen atoms. A visual

Table 4 Calculated AM1* and PM5 Koopmans’ theorem ionization
potentials and dipole moments for copper-containing compounds

The errors are color coded as follows: green up to 0.5 eV or 0.5
Debye; yellow between 0.5 and 1.0; pink larger than 1.0. MSE
indicates the mean signed error in the appropriate units, MUE the
mean unsigned error and R2 the correlation coefficient between the
calculated and target data.

Table 4 (continued)
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Table 5 Calculated AM1* and PM5 bond lengths and angles at the metal for copper-containing compounds

Compound Variable Target AM1* PM5 [30]

Error Error

Cu2 Cu-Cu 2.22 2.44 0.22 2.05 −0.17
Cu�2 Cu-Cu 2.39 2.67 0.28 1.91 −0.48
Cu�3 Cu-Cu 2.37 2.51 0.14 1.88 −0.49
CuH Cu-H 1.46 1.57 0.11 1.37 −0.09
CuH− Cu-H 1.59 1.84 0.25 1.48 −0.11
CuH+ Cu-H 1.56 1.76 0.20 1.87 0.31
CuH2 Cu-H 1.56 1.66 0.11 1.33 −0.23
CuCH3 Cu-C 1.92 1.97 0.04 1.78 −0.15

Cu-C-H 108.3 108.3 0.0 111.1 2.8
CuC3H5 Cu-C 1.90 1.93 0.03 1.79 −0.10
Cu2C2H2 Cu-C 1.91 1.94 0.03 1.80 −0.12
CuNH2 Cu-N 1.88 1.94 0.05 1.56 −0.32
CuO Cu=O 1.72 1.69 −0.03 1.80 0.07
Cu2O Cu-O 1.81 1.75 −0.05 1.68 −0.13

Cu-O-Cu 104.8 121.0 16.3 144.4 39.7
CuOH Cu-O 1.77 1.75 −0.02 1.72 −0.05

Cu-O-H 110.2 106.3 −3.9 139.7 29.5
CuF Cu-F 1.75 1.69 −0.05 1.68 −0.07
CuF2 Cu-F 1.75 1.63 −0.12 1.68 −0.07
HCuF Cu-F 1.77 1.69 −0.07 1.60 −0.16

Cu-H 1.52 1.70 0.18 1.33 −0.19
FCuCH3 Cu-C 1.93 1.92 −0.01 1.72 −0.21

Cu-F 1.78 1.67 −0.11 1.62 −0.16
Cu-C-H 107.8 110.3 2.5 109.2 1.4

FCuCl Cu-Cl 2.09 2.07 −0.02 2.02 −0.07
Cu-F 1.75 1.66 −0.09 1.67 −0.08

CuCl Cu-Cl 2.05 2.11 0.05 2.11 0.06
Cu3Cl3 Cu-Cl 2.16 2.17 0.01 2.30 0.14

Cu-Cl-Cu 90.0 100.0 10.0 105.0 15.0
Cl-Cu-Cl 150.0 140.0 −10.0 135.0 −15.0

HCuCl Cu-Cl 2.13 2.36 0.23 1.95 −0.17
Cu-H 1.53 1.57 0.05 1.34 −0.19

ClCuCH3 Cu-C 1.94 1.95 0.01 1.72 −0.22
Cu-Cl 2.14 2.17 0.03 1.98 −0.16
Cu-C-H 107.7 108.8 1.1 108.6 0.9

Cu3Al Cu-Al 2.35 2.47 0.12 2.48 0.14
CuAlH2 Cu-Al 2.34 2.46 0.12 2.30 −0.04

Cu-Al-H 122.2 118.5 −3.7 122.8 0.6
CuSiH3 Cu-Si 2.26 2.30 0.04 2.19 −0.07

Cu-Si-H 111.8 110.2 −1.6 112.4 0.6
Cu2SiO Cu-Si 2.31 2.31 0.01 2.25 −0.06

Si-Cu-Si 125.3 116.3 −9.0 146.5 21.2
CuHSiO Cu-Si 2.28 2.28 0.01 2.24 −0.04

Cu-Si-O 117.4 125.1 7.7 111.8 −5.6
Cu2PH Cu-P 2.26 2.22 −0.03 2.08 −0.17

Cu-P-H 100.6 112.1 11.5 106.8 6.2
Cu-P-Cu 158.7 135.8 −22.9 149.9 −8.8

Cu(PH2)2 Cu-P 2.27 2.30 0.03 2.03 −0.24
P-Cu-P 149.8 144.4 −5.4 168.4 18.6
Cu-P-H 101.5 103.2 1.7 95.0 −6.5

HCuPH2 Cu-P 2.28 2.31 0.03 2.04 −0.24
H-Cu-P 138.6 119.8 −18.8 177.2 38.6

Cu2S Cu-S 2.14 2.17 0.03 2.02 −0.12
Cu-S-Cu 76.05 111.08 35.03 146.12 70.07
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comparison of the crystal and AM1*-optimized structures is
given in Table S2 of the Supplementary Material.

Table S2 reveals some systematic weaknesses of AM1*.
The optimized structure for entry ABETEH, for instance,
shows a calculated copper coordination that is closer to
square planar than the observed distorted tetrahedral geom-
etry from the crystal structure. Eleven examples (ACITIP,
ATCHU, EJEVOA, AKIYUO, ALEUCU, ALIWUN,
AMPRCU, AQCBCU, ASTMEC, AVOQIL and AVOQOR)
contain waters of crystallization that are coordinated either
via hydrogen bonds to ligands or interact directly with the
copper centre. The former are subject to the know AM1
problems with hydrogen-bond geometries, [3] whereas the
latter (ACTHCU and ALIWUN) tend to bind the waters too
tightly to the metal. The structures with both phosphine and
cyanide ligands bound to copper (AWEMAQ and FEJMEN)
optimize to geometries in which one of the nitrogens of the
bipyridyl ligand is slightly dissociated and the cyanide
occupies a bridging position above the Cu-P bond.

In general, however, the crystal structures, and especially
the coordination at copper, are reproduced remarkably well
by AM1*.

Zinc

Heats of formation

The results obtained for heats of formation of zinc
compounds are shown in Table 7. The AM1* errors in

heats of formation for zinc compounds are significantly
lower than for the other methods, even MNDO/d, which
normally performs best in our comparisons [1, 2]. The mean
unsigned error between experimental and AM1*-calculated
heats of formation is only 12.5 kcal mol−1 and the root mean
square deviation 21.8 kcal mol−1. These values are 2–3
times smaller than those given by the other published
methods except MNDO, which gives only slightly worse
agreement with the experiment. The only major and
consistent deviations in the AM1* results are given by
compounds that contain both zinc and either titanium or
zirconium, for which we have no experimental data and
which are unlikely to be strongly represented in molecules
calculated with AM1*, and for Zn(II) solvated by ammonia
molecules. The latter error is disturbing because it implies
that the all-important competition between nitrogen and
oxygen coordination to Zn(II) in biological systems will not
be treated adequately by AM1*. We were, however, unable
to remove this error without severely worsening the
calculated AM1* structures for zinc compounds in which
the metal is coordinated to nitrogen ligands.

The reaction energies calculated for zinc compounds (e.g.
complexation energies of Zn2+ with water and ammonia)
were used to calculate some of the heats of formation
shown in Table 5 and are not listed separately.

Ionization potentials and dipole moments

The calculated Koopmans’ theorem ionization potentials
and dipole moments are shown in Table 8. For the ion-

Table 5 (continued)

Compound Variable Target AM1* PM5 [30]

Error Error

CuSH Cu-S 2.15 2.17 0.02 2.06 −0.10
Cu-S-H 93.7 100.7 7.0 100.3 6.6

Cu(SH)2 Cu-S 2.17 2.14 −0.03 1.97 −0.21
Cu-S-H 95.1 103.1 8.0 94.4 −0.7

HCuSH Cu-S 2.19 2.19 0.00 1.97 −0.23
CuSCH3 Cu-S 2.16 2.15 0.01 2.05 −0.10

Cu-S-C 103.8 108.7 5.0 109.2 5.4
CuSCN Cu-S 2.18 2.15 −0.03 2.12 −0.06

Cu-S-C 94.5 105.8 11.3 103.5 9.0
CuTi Cu-Ti 2.48 2.79 0.31 39.86 37.38
Cu2Ti Cu-Ti 2.43 2.96 0.53 15.66 13.23
CuZr Cu-Zr 2.58 3.07 0.49 3.93 1.35
Cu2Zr Cu-Zr 2.59 3.19 0.60 3.75 1.16
CuMo Cu-Mo 2.45 2.44 −0.01 14.41 11.96

AM1* PM5
MSE bond lengths 0.077 1.275
MUE bond lengths 0.107 1.524
MSE bond angles 2.0 10.9
MUE bond angles 9.2 14.4
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ization potentials, PM5 performs significantly better than the
other methods and MNDO significantly worse. MNDO/d
shows no systematic error, whereas PM3, PM5, AM1 and
MNDO show increasingly large positive mean signed errors

and AM1* and PM3-Zn negative ones. The correlation
coefficients (without Zn+, whose high ionization potential
exerts a strong lever effect on the correlation) only vary
between 0.81 (MNDO/d) and 0.93 (PM5).

AM1* overestimates dipole moments by about 0.5
Debye, whereas MNDO/d and MNDO underestimate them.
Generally, none of the methods perform either very well or
very badly for dipole moments of zinc compounds.

Geometries

Table 9 shows a comparison of the available and finalized
methods for the bond lengths and angles of the compounds
used for our AM1* parameterization. AM1* performs best
for bond lengths to zinc (MUE=0.068 Å) and moderately
well (MUE=3°), but not as well as PM5 (MUE=2.2°) for
bond angles with a zinc atom involved. The specific
reparameterization of PM3 for zinc [17] also does well for
these angles (MUE=3.4°), whereas AM1, MNDO and
MNDO/d are slightly worse (MUE 5–7°) and PM3
significantly so. Apart from PM5, which has a MUE of
0.19 Å for the bond lengths to zinc in this set of com-
pounds, all other methods give MUEs between 0.11 and
0.15 Å. Thus, AM1* performs best for its own training set,
which is not surprising. The data shown in Table 9 are best
regarded as an indication of how general the parameter-
izations are, rather than an absolute measure of the quality
of the parameterization. Thus, although AM1* is best for
this set of compounds, there may be local compound types
for which any of the other methods may perform better.

Table 10 shows a comparison of the results obtained
by optimizing some zinc-containing structures from the
Cambridge Structural Database as isolated molecules or
complexes using the available methods. The same reser-
vations about using such comparisons apply as for the
corresponding copper cases, but AM1* and the specific
PM3-parameterization for zinc give the best results. The
AM1* results are shown graphically in Table S3 of the
Supporting Material.

As for copper, some of the compounds that show large
deviations (ALOPAS, FIPRUR) involve waters moving
during the optimization, whereas others (DOLVAB01,
DTBZZN10, EXAPYZ, HEPBOT, HOCZEE, IPEHOA01,
IZUPAU, MIXZEY, NAGMUE) show difficulties that
AM1* suffers in reproducing the coordination of sulfur
ligands to zinc. However, some of these effects may be due
to missing intermolecular interactions in the calculations.
Otherwise, the structures are reproduced remarkably well
by AM1* despite some differences distinguishing between
square planar and tetrahedral coordination or deviations
caused by missing dispersion between monomers in a
dimeric structure (DONWAE).

Table 6 Calculated AM1* and PM5 root-mean-square deviations
from the crystal structures for a selection of copper compounds

Cambridge structural database entry RMSD (Å)

AM1* PM5 [30]

ABETEH 1.34 1.54
ABUXIE 1.18 0.84
ACITIP 0.98 1.58
ACTHCU 1.16 1.13
AEPYCC10 0.49 2.13
AJEVOA 1.11 0.26
AJILIO 0.18 0.31
AJINIQ 0.19 0.17
AJOROG01 0.73 0.86
AKEVUH 0.17 0.14
AKIYUO 0.54 0.39
ALERUE 0.68 0.90
ALEUCU 0.43 0.56
ALIWUN 0.13
AMEHOP 0.82 0.38
AMORCU 0.17 1.40
AMPCUC01 0.69 0.19
AMPRCU 0.55 0.55
ANCTCU 0.99 0.50
APBTCU 0.26 0.35
AQCBCU 0.42 1.14
ASTMEC 0.54 1.56
ASUDEX 0.34 0.42
ATEVAW 0.20 1.78
ATISIF 0.58
AVOQIL 0.50 0.60
AVOQOR 0.95 1.05
AVUKIL 0.22 0.33
AWAWAW 0.30
AWEMAQ 0.67 5.65
AYACOS 0.79 0.41
AZEFUG 0.61 1.50
BUACUM 1.11 2.74
CEFXOA 0.57
CETCAM 0.49
DMTCCU 0.26 0.10
ESOXAL 0.18 0.20
FEJMEN 0.67 6.48
GACPOQ 0.32 0.34
UKUYAA 0.92 0.40
Mean RMSD 0.59 1.11
Median RMSD 0.55 0.56
Std. Dev. 0.33 1.37
Largest RMSD 1.34 6.48
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Table 7 Calculated AM1*, PM5, PM3, PM3-Zn, AM1, MNDO/d and MNDO heats of formation and errors compared with our target values for
the zinc compounds used to parameterize AM1* (all values kcal mol−1)
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Errors are classified by coloring the boxes in which they appear. Green indicates errors lower than 10 kcal mol−1, yellow 10–20 kcal mol−1 and pink those
greater than 20 kcal mol−1.

Table 7 (continued)

Table 8 Calculated Koopmans’ theorem ionization potentials and dipole moments for zinc-containing compounds

a Dipole moment relative to the center of mass
b Excluding the value for Zn+ , whose lever effect increases R2 unreasonably
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Table 10 Calculated AM1*, PM5, AM1, PM3, PM3-Zn, MNDO and MNDO/d root-mean-square deviations from the crystal structures for a
selection of zinc compounds

Cambridge structural
database entry

RMSD (Å)

AM1* PM5
[30]

AM1
[3, 16]

PM3
[7, 8, 9]

PM3-Zn
[17]

MNDO
[5, 12]

MNDO/d
[14, 15]

ALOJIU 0.75 2.48 2.40 1.45 3.02 2.86
ALOPAS 1.53 1.26 1.23 0.32 0.19 1.75 0.64
AQEROD 0.45 0.31 1.01 0.95 0.55 1.58 0.36
AREWOJ 0.72 12.01 27.06 1.26 1.78 24.38 26.31
AXILUO 0.34 0.15 0.81 2.45 0.20 0.37 0.37
AYEKIY 0.73 0.79 1.13 0.91 0.96 2.77 0.78
BACNEZ 0.53 0.49 0.68 0.63 0.55 0.82 0.52
BAXROH 0.36 0.12 1.14 0.27 0.18 3.00 2.63
BEBCIV 0.95 1.16 2.08 0.35 0.55 0.53 1.14
BEKPUC 0.48 0.14 0.14 0.13 0.19 4.01 1.76
BENLAH 0.39 0.14 0.63 0.22 0.14 0.64 0.16
BIBBEU 1.33 1.69 1.65 1.46 0.40 1.72 1.73
CAPDEC 0.86 0.49 1.31 0.29 0.32 0.78 0.26
CAPDIG 0.65 0.20 0.56 0.17 0.20 0.69 0.13
CEAMZN01 0.66 0.44 0.93 0.77 0.19 0.34 0.15
DIYXUE 0.48 1.01 0.56 3.03 0.88 0.49 0.46
DOLVAB01 1.43 0.97 1.08 0.85 0.93 0.99 1.20
DONWAE 1.91 0.36 0.60 1.66 0.93 1.29 1.50
DTBZZN10 0.76 0.09 0.19 0.13 0.17 0.53 0.77
DUVKOU 0.56 0.39 1.13 0.30 0.34 0.43 0.42
EXAPYZ 0.94 0.32 0.54 0.38 0.38 0.69 1.84
FESBOV 0.27 0.10 0.20 0.15 0.15 2.43 0.24
FIDWOF 0.25 0.09 0.31 0.16 0.13 2.20 0.09
FIPRUR 1.14 0.27 0.33 0.23 0.31 0.29 0.28
FODMEQ 0.28 0.07 0.18 0.13 0.12 2.81 0.13
HADVIR 0.75 0.14 2.18 0.54 0.49 4.53 1.64
HEPBOT 1.37 0.22 0.34 0.46 0.39 0.44 2.23
HIJSOI 0.40 0.28 0.88 0.25 0.29 2.49 0.22
HITPUV 0.23 0.07 0.23 0.22 0.25 0.24 0.44
HOCZEE 0.83 0.37 0.32 0.43 0.43 0.36 2.33
HODZIJ01 0.89 0.83 0.70 0.67 0.48 0.64 0.86
HOPBUJ 0.84 0.48 0.48 0.49 0.50 0.55 0.56
INICZN 0.39 0.23 0.28 1.22 0.18 0.58 0.57
IPEHOA01 1.62 0.64 0.78 0.87 0.86 0.66 1.65
IZUPAU 1.27 0.80 0.88 1.03 1.20 0.97 1.70
JIZCAW10 0.29 0.19 2.50 0.18 0.16 2.34 0.27
KUJRAI 0.44 0.29 2.13 0.56 0.54 1.81 0.40
KUJREM 0.52 0.32 2.49 1.85 1.05 2.59 0.64
LAJMIS 0.28 0.20 0.22 0.22 0.21 3.92 0.21
LAJMUE 0.16 0.07 0.11 0.57 0.49 2.35 0.15
LIVYOE 0.45 0.20 0.35 0.19 0.14 2.13 0.20
MIXZEY 0.83 0.20 0.22 0.32 0.35 0.30 2.96
MPEZNC 0.38 0.19 0.18 0.13 0.15 0.15 0.15
NAGMUE 1.12 0.53 1.39 1.32 1.58 16.00 1.18
NENMAU 1.37 0.09 0.59 0.56 0.31 0.99 0.93
ROPZOL 1.35 0.06 0.33 0.90 0.57 2.25 0.40
SUNXOO 0.14 0.24 0.37 0.47 0.30 0.75 0.40
SUPDIQ 0.51 0.10 2.16 0.34 0.29 2.99 0.32
UCATIB 0.86 0.22 0.32 0.44 0.45 1.20 2.43
ULIRUC 0.61 0.08 1.04 0.34 0.15 1.06 1.08
VOGFIG 0.19 0.51 1.05 0.56 0.53 2.48 0.46
VOTGAM 0.70 0.39 0.72 0.53 0.49 0.83 0.73
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Discussion

As for our parameterization of Ti and Zr for AM1* [2], we
have extended the range of the parameterization dataset by
including results from DFT and ab initio calculations. Our
aim thereby is to produce a parameter set that is more robust
and generally applicable than those trained only on the
experimental data. The results for our training dataset
suggest that this objective has been achieved, although we
warn against drawing too many conclusions by comparing
calculational methods with each other based on training
compounds used for only one of the methods. Nevertheless,
our data suggest that the AM1* parameterizations for copper
and zinc give surprisingly good energetic results and are
acceptable for the “electronic” properties (ionization poten-
tial and dipole moment) to the other methods available.

Using 12 valence electrons for zinc apparently gives
better results than those obtained by the other methods,
which use only two valence electrons. This, however, may
also simply be the effect of comparing the other methods
with our own training set. However, using 12 valence
electrons allows us to produce consistent parameterizations
across the first transition-metal series at the cost of making
AM1* slightly slower for zinc than the other methods. Note
that none of the other methods use either occupied or
virtual d-orbitals for zinc.

As with all semiempirical MO-techniques reported so far,
we expect that there will be cases in which AM1* gives large
deviations from experiment or higher-level calculations.
However, by using a diverse training set that includes data
obtained from DFT and ab initio calculations, we have
attempted to make the parameterization as robust and
generally applicable as possible. This is apparently possible
without sacrificing accuracy for the more commonplace
compounds for which reliable experimental data are
available.
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