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Abstract Our extension of the AM1 semiempirical molec-
ular orbital technique, AM1*, has been parameterized for
the elements Br and I. The basis sets for both halogens
contain a set of d-orbitals as polarization functions. AM1*
performs as well as other MNDO-like methods that use d-
orbitals in the basis, and better than those that rely on an sp-
basis. 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, Br, Zr, Mo and I.
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Introduction

AM1* [1–3] is an extension of AM1 molecular orbital
theory, [4] that uses d-orbitals for the elements P, S, Cl, [1]
Al, Si, Ti and Zr, [2] Cu and Zn [3] and a slight
modification of Voityuk and Rösch’s AM1(d) parameters
for Mo. [5] Our original motivation in parameterizing
AM1* was to retain the advantages of AM1 (good
energies for hydrogen bonds, higher rotation barriers for
π-systems than MNDO [6, 7] or PM3 [8–10]) for the

elements H, C, N, O and F; to improve performance over
AM1 for P-, S- and Cl-containing compounds; and
eventually to produce a published parameterization for
an MNDO-like method for the transition metals. We now
report AM1* parameters for bromine and iodine. Param-
eters for these elements became necessary in order to be
able to parameterize the transition metals adequately by
including their bromides and iodides in the parameteriza-
tion dataset. In contrast to our work on Al, Si, Ti and Zr
[2] and on Cu and Zn, [3] the available experimental data
for bromine and iodine compounds is sufficient in both
quantity and quality that we can rely mostly on experi-
mental sources and have resorted to only a few data
obtained by higher-level calculations.

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 Br–H and I–H
interactions used a distance-dependent term δij, rather than
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) [5]
and for Ti–H, Cu–H, Zn–H, Zr–H and Mo–H in AM1*. [2,
3] The core–core terms for Br–H and I–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.
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Parameterization data

The target values used for parameterization and their
sources are defined in Table S1 of the electronic supple-
mentary material (ESM). As we did for the Ti, Zr and Cu,
Zn parameterizations [2, 3], we have used both reaction
energies and heats of formation, and have also used a small
series of model compounds whose heats of formation we
derived from DFT or ab initio calculations. As before [1–3],
we checked that experimental values for heats of formation
were reasonable using DFT calculations.

Experimental parameterization data were taken largely
from the NIST Webbook, [11] but also from the OpenMopac
collection [12] and the other experimental sources given in
the ESM.

DFT calculations used the Gaussian 03 suite of programs
[13] with the LANL2DZ basis set and standard pseudopo-
tentials [14–17] augmented by a set of polarization
functions [18] (designated LANL2DZ+pol) and the
B3LYP hybrid functional [19–21]. In some cases, coupled
cluster calculations with single and double excitations and a
perturbational corrections for triples [CCSD(T)] [22–25]
with the 6-311+G(d) basis set [26–31] were used to check
values for which DFT may be unreliable. We paid special
attention to the heats of formation of titanium and
zirconium halides, some of which appear to be significantly
in error. The data and reactions used to derive the
recommended heats of formation for chlorides, bromides
and iodides of these two elements are defined in detail in
the ESM, as are the other parameterization data and their
sources.

Results

The optimized AM1* parameters are shown in Table 1.
Geometries were optimized with the new AM1* parame-
terization and for AM1 and PM3 using VAMP 10.0, [32]
while the PM5 calculations used LinMOPAC2.0 [33] and
those with PM6 used MOPAC2007. [34] The three programs
give essentially identical results for the Hamiltonians that are
available in all three.

Bromine

Heats of formation

The calculated heats of formation for our training set of
bromine compounds are shown in Table 2. We have
compared our results with the available published
methods and the unpublished PM5 method implemented
in LinMopac. [33] As Stewart’s PM6 parameters are now

Table 1 AM1* parameters for the elements Br and I

Parameter Br I

Uss [eV] −65.40253456 −60.75271210
Upp [eV] −54.55391930 −47.18041426
Udd [eV] −15.51056900 −9.49851860
ζs [bohr

−1] 2.5905411 4.0425168
ζp [bohr

−1] 2.3308566 2.8124603
ζd [bohr

−1] 1.3573612 1.6540802
βs [eV] −8.3149757 −6.5019618
βp [eV] −10.5070410 −7.9162569
βd [eV] −0.9625993 −3.4072650
gss [eV] 7.4008761 8.9163551
gpp [eV] 9.2274222 3.6086821
gsp [eV] 7.5365165 9.1817156
gp2 [eV] 7.9550041 5.7144226
hsp [eV] 3.6616527 2.9958452
zsn [bohr

−1] 0.4804244 0.1695950
zpn [bohr

−1] 3.7665928 2.2521795
zdn [bohr

−1] 4.8057603 4.1070512
ρ(core) [bohr−1] 1.7542911 1.3865333
ΔH°f(atom) [kcal mol−1] 26.7400000 25.5160000
F0sd [eV] 4.6747381 5.7882291
G2

sd [eV] 26.6113981 15.4899237
α(ij)
H 3.7096163 3.8684681
C 2.5775014 2.8992533
N 2.8846137 2.9170659
O 3.5223744 2.4445019
F 2.4787667 2.3108956
Al 2.5933836 3.2803001
Si 4.0281236 3.5099969
P 1.4090763 3.2419093
S 2.4234321 1.8500840
Cl 1.9658508 3.4260883
Ti 3.1288615 3.7234443
Cu 4.2315726 4.1756457
Zn 7.2212087 4.6581564
Br 3.1162216 2.1827496
Zr 3.6415408 3.3752957
Mo 3.4837054 3.7083736
I 2.1827496 3.6483792
δ(ij)
H −7.1316792 −15.2888133
C 3.0538542 9.9695358
N 5.7893235 9.0153552
O 11.8870965 2.6996725
F 1.6319315 1.8755240
Al 4.9508713 84.6788616
Si 72.6409601 68.6752217
P 0.6387116 50.7461936
S 3.1922391 2.1902606
Cl 1.0877097 30.6262179
Ti 8.5729464 87.8970995
Cu 61.7791246 91.5204213
Zn 3.0808859 77.1375232
Br 13.8079448 2.4789698
Zr 42.0142732 47.7961015
Mo 60.0988582 98.1745836
I 2.4789698 −40.7622533
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Table 2 Calculated AM1*, MNDO/d, MNDO, AM1, PM3, PM5 and
PM6 heats of formation and errors compared with our target values
for the bromine 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

1-C4H9Br -25.6 -27.8 -2.2 -24.9 0.7 -26.7 -1.1 -26.8 -1.2 -22.1 3.5 -25.6 0.0 -23.1 2.5

2-C4H9Br -28.8 -25.9 2.9 -23.2 5.6 -24.2 4.6 -23.7 5.1 -25.6 3.2 -25.4 3.4 -24.4 4.4

C(CH3)3Br -31.6 -24.1 7.5 -20.4 11.2 -20.5 11.1 -20.6 11.0 -30.3 1.3 -29.5 2.1 -31.7 -0.1

1-C5H11Br -30.8 -34.7 -3.9 -29.6 1.2 -31.4 -0.6 -33.6 -2.8 -27.5 3.3 -31.1 -0.3 -28.1 2.7

C6H5Br 25.2 30.8 5.6 23.2 -2.0 23.9 -1.3 26.8 1.6 31.0 5.8 25.6 0.4 25.7 0.5

BrCN 44.4 47.8 3.4 40.2 -4.2 40.0 -4.4 32.5 -11.9 53.6 9.2 38.8 -5.6 35.1 -9.3

BrNO 19.6 19.6 0.0 8.0 -11.6 1.9 -17.7 21.3 1.7 6.6 -13.0 13.5 -6.1 -0.1 -19.7

BrO 30.1 30.1 0.0 29.9 -0.2 35.3 5.2 35.7 5.6 20.8 -9.3 25.9 -4.2 36.5 6.4

BrOH -20.0 -30.9 -10.9 -24.0 -4.0 -22.7 -2.7 -24.7 -4.7 -33.9 -13.9 -19.6 0.4 -21.6 -1.6

O=CBr2 -27.1 -25.8 1.3 -29.0 -1.9 -31.6 -4.5 -17.8 9.3 -25.3 1.8 -26.0 1.1 -25.7 1.4

CH3COBr -45.5 -40.4 5.1 -42.7 2.8 -43.2 2.3 -34.3 11.2 -43.5 2.0 -43.4 2.1 -44.6 0.9

CH3COCH2Br -43.3 -42.8 0.5 -42.9 0.4 -43.2 0.1 -41.5 1.8 -42.9 0.4 -46.6 -3.3 -46.9 -3.6

C6H5-COBr -11.6 -6.2 5.4 -7.5 4.1 -7.7 3.9 0.8 12.4 -7.7 3.9 -10.5 1.1 -7.6 4.0

p-Br-C6H4-COOH -69.4 -57.9 11.5 -64.9 4.5 -64.3 5.1 -62.3 7.1 -57.9 11.5 -64.3 5.1 -62.1 7.3

BrF -14.0 -27.4 -13.4 -26.0 -12.0 -5.8 8.2 -7.2 6.8 -21.2 -7.2 -10.6 3.4 -25.9 -11.9

BrF2 -27.1 -34.8 -7.7 -28.7 -1.6 22.0 49.1 14.1 41.2 -11.7 15.4 -13.6 13.5 -33.9 -6.8

BrF3 -61.1 -59.1 2.0 -59.6 1.5 22.9 84.0 24.9 86.0 -47.1 14.0 -51.3 9.8 -68.7 -7.6

BrF5 -102.5 -102.5 0.0 -103.6 -1.1 107.7 210.2 83.4 185.9 -74.8 27.7 -108.9 -6.4 -81.3 21.2

CBrF3 -155.1 -155.8 -0.7 -154.0 1.1 146.6 301.7 -144.6 10.5 -157.8 -2.7 -151.5 3.6 -150.2 4.9

CBr2F2 -91.0 -92.7 -1.7 -94.8 -3.8 -86.1 4.9 -74.1 16.9 -94.1 -3.1 -86.2 4.8 -84.3 6.7

CHBrF2 -101.6 -105.9 -4.3 -105.1 -3.5 -101.1 0.5 -96.8 4.8 -99.4 2.2 -100.1 1.5 -95.8 5.8

CBrF2-CBrF2 -189.0 -184.2 4.8 -181.9 7.1 172.2 361.2 -165.3 23.7 -193.4 -4.4 -182.2 6.8 -184.5 4.5

CF2Br-CH2Br -103.0 -94.2 8.8 -96.0 7.0 -92.9 10.1 -88.6 14.4 -100.3 2.7 -90.9 12.1 -90.2 12.8

CH2F-CH2Br -60.0 -60.6 -0.6 -58.7 1.3 -60.8 -0.8 -60.7 -0.7 -51.2 8.8 -59.6 0.4 -56.8 3.2

C6F5Br -191.3 -179.0 12.3 -193.9 -2.5 -192.0 -0.6 -179.7 11.6 -176.0 15.3 -178.8 12.5 -189.4 1.9

BrFO3 32.8 101.2 68.4 31.5 -1.3 263.6 230.8 202.7 169.9 140.1 107.3 48.0 15.2 91.5 58.7

Compound

Target 

ΔΔΔΔH˚f

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error 

Br 26.7 26.7 0.0 26.7 0.0 26.7 0.0 26.7 0.0 26.7 0.0 26.7 0.0 26.7 0.0

Br- -50.9 -50.9 0.0 -50.9 0.0 -37.5 13.4 -20.4 30.5 -56.2 -5.3 -53.5 -2.6 -55.1 -4.2

Br+ 273.2 273.2 0.0 264.3 -8.9 301.8 28.7 284.7 11.6 284.6 11.4 279.3 6.1 286 12.8

Br2 7.4 7.9 0.5 6.7 -0.7 -1.7 -9.1 -5.3 -12.7 4.9 -2.5 -5.6 -13.0 2.5 -4.9

BrH -8.7 -8.8 -0.1 2.8 11.5 3.6 12.3 -10.5 -1.8 5.3 14.0 -7.8 0.9 -15.7 -7.0

CH3Br -8.5 -6.2 2.3 -8.0 0.5 -10.4 -1.9 -6.2 2.3 -2.0 6.5 -7.5 1.0 -5.7 2.8

CH2Br2 0.0 -0.4 -0.4 -0.3 -0.3 -5.1 -5.1 -1.0 -1.0 7.9 7.9 -0.5 -0.5 2.8 2.8

CHBr3 5.7 6.6 0.9 10.2 4.5 3.1 -2.6 6.4 0.7 17.6 11.9 9.3 3.6 12.4 6.7

CBr4 20.1 14.0 -6.1 23.3 3.2 13.8 -6.3 15.9 -4.2 32.9 12.8 21.0 0.9 23.1 3.0

C2H5Br -14.9 -14.3 0.6 -15.3 -0.4 -17.0 -2.1 -13.1 1.8 -11.4 3.5 -14.5 0.4 -13.0 1.9

CH2Br-CH2Br -9.8 -9.5 0.3 -9.6 -0.2 -13.4 -3.6 -7.9 1.9 -3.4 6.4 -12.9 -3.1 -7.5 2.3

CHBr=CH2 18.9 21.9 3.0 16.2 -2.7 15.8 -3.1 18.0 -0.9 23.8 4.9 16.8 -2.1 17.3 -1.6

1-C3H7Br -20.8 -21.0 -0.2 -19.7 1.1 -21.6 -0.8 -19.5 1.3 -16.4 4.4 -20.0 0.8 -18.2 2.6

2-C3H7Br -23.8 -20.3 3.5 -19.7 4.1 -20.6 3.2 -19.7 4.1 -20.8 3.0 -21.9 1.9 -21.9 1.9

1,2-C3H6Br2 -17.1 -15.4 1.7 -13.0 4.1 -16.3 0.8 -12.1 5.0 -12.5 4.6 -19.6 -2.5 -17.5 -0.4

1,3-C3H6Br2 -17.0 -16.4 0.6 -13.8 3.2 -17.9 -0.9 -14.5 2.5 -9.2 7.8 -17.7 -0.7 -13.7 3.3

(CH2Br)HC=CH2 10.8 11.2 0.4 8.5 -2.3 7.0 -3.8 11.0 0.2 13.4 2.6 9.1 -1.7 11.2 0.4

CH3HC=CHBr cis 10.5 9.9 -0.6 6.2 -4.3 5.6 -4.9 7.9 -2.6 13.6 3.1 8.1 -2.4 9.9 -0.6

CH3HC=CHBr trans 9.8 11.2 1.4 6.8 -3.0 6.4 -3.4 8.4 -1.4 17.8 8.0 9.1 -0.7 11.2 1.4

BrCl 3.5 3.5 0.0 0.0 -3.5 -9.5 -13.0 -10.6 -14.1 -3.2 -6.7 -8.3 -11.8 4.8 1.3

CBr2Cl2 2.0 0.4 -1.7 -3.5 -5.5 -5.1 -7.1 -2.7 -4.7 -1.6 -3.6 -0.3 -2.3 11.0 9.0

CBrCl3 -10.0 -17.9 -7.9 -17.8 -7.8 -15.1 -5.1 -14.7 -4.7 -14.1 -4.1 -12.0 -2.0 -3.5 6.5

CHBr2Cl 2.0 1.8 -0.2 -2.2 -4.2 -7.2 -9.2 -3.7 -5.7 3.2 1.2 -1.2 -3.2 6.9 4.9

CHBrCl2 -12.0 -10.8 1.2 -15.3 -3.3 -17.9 -5.9 -15.5 -3.5 -9.0 3.0 -12.4 -0.4 -4.2 7.8

CH3-CHClBr -20.0 -15.9 4.1 -18.4 1.6 -21.2 -1.2 -17.5 2.5 -15.9 4.1 -19.5 0.5 -16.5 3.5
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AlBr 3.8 4.4 0.6 4.5 0.7 0.7 -3.1 -0.3 -4.1 7.8 4.0 4.0 0.2 -3.7 -7.5

AlBr3 -98.1 -88.9 9.2 -104.3 -6.2 -60.3 37.8 -96.4 1.7 -85.8 12.3 -94.7 3.4 -100.3 -2.2

Al2Br6 -224.0 -224.0 0.0 -222.9 1.1 -132.6 91.4 -248.9 -24.9 -224.9 -0.9 -224.4 -0.4 -222.5 1.5

BrSi 50.0 37.7 -12.3 50.1 0.1 79.3 29.3 46.1 -3.9 75.9 25.9 56.2 6.2 54.4    4.4

Br2Si -12.5 -15.0 -2.5 -3.7 8.8 11.2 23.7 -18.9 -6.4 -27.4 -14.9 -19.3 -6.8 -8.5 4.0

Br3Si -48.2 -61.2 -13.0 -34.7 13.5 -16.3 31.9 -66.8 -18.5 -61.6 -13.4 -54.3 -6.1 -48.1 0.1

Br4Si -99.3 -99.3 0.0 -73.1 26.2 -50.4 48.9 -94.5 4.8 -107.9 -8.6 -98.3 1.0 -98.9 0.4

BrH3Si -15.3 -15.0 0.3 -11.1 4.2 -18.0 -2.7 -21.1 -5.8 -16.0 -0.7 -18.4 -3.1 -17.7 -2.4

Br2H2Si -43.2 -41.4 1.8 -31.6 11.6 -32.0 11.2 -45.8 -2.6 -47.2 -4.0 -45.9 -2.7 -44.5 -1.3

Br3HSi -72.5 -70.0 2.5 -52.2 20.3 -42.4 30.1 -70.2 2.3 -79.5 -7.0 -72.3 0.2 -72.2 0.3

BrP 38.9 39.9 1.0 65.0 26.1 38.1 -0.8 32.7 -6.2 40.3 1.4 80.8 41.9 36.1 -2.8

Br3P -33.2 -20.2 13.1 -25.2 8.0 -38.1 -4.9 -23.3 9.9 -28.2 5.0 -53.9 -20.7 -47.0 -13.8

Br3P
- -70.0 -87.0 -17.0 -85.7 -15.7 -114.4 -44.4 -98.1 -28.1 -107.1 -37.1 -130.4 -60.4 -92.7 -22.7

Br4P
- -99.7 -106.2 -6.5 -107.9 -8.2 -147.4 -47.7 -111.3 -11.6 -138.6 -38.9 -170.9 -71.2 -118.2 -18.5

Br3PO -97.0 -57.4 39.6 -82.5 14.5 -28.6 68.4 -29.0 68.0 -79.8 17.2 -91.2 5.8 -93.9 3.1

Br2S -3.0 -1.0 2.0 11.1 14.1 -0.2 2.8 -6.8 -3.8 24.4 27.4 -3.1 -0.1 -3.0 0.0

Br2S2 7.4 -8.1 -15.5 10.7 3.3 1.5 -5.9 -4.4 -11.8 21.8 14.4 -5.1 -12.5 -1.2 -8.6

SO2Br- -141.1 -141.1 0.0 -127.8 13.3 -74.2 66.9 -122.0 19.2 -137.5 3.6 -252.3 -111.2 -131.2 9.9

ZnBr 29.0 30.9 1.9 23.9 -5.1 10.6 -18.4 -12.8 -41.8 6.8 -22.3 -1.0 -30.0 -17.3 -46.3

ZnBr2 -44.4 5.0 49.4 -35.7 8.7 2.7 47.1 -63.1 -18.7 -21.2 23.2 -35.1 9.3 -32.5 11.9

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

Most positive error 68.4 26.2 361.2 185.9 107.3 41.9 58.7 

Most negative error -26.0 -15.7 -47.7 -41.8 -38.9 -111.2 -46.3 

MSE 1.7 1.7 21.4 7.5 3.8 -3.0 0.9

MUE 5.9 5.3 28.5 14.8 9.8 8.1 6.4 

RMSD 12.5 7.7 70.0 34.1 17.1 18.8 11.2

Compounds Containing Ti, Cu, Zr and Mo.

TiBr 51.0 1.5 -49.5     -1.0 -52.0 12.7 -38.3

TiBr2 -30.0 -66.9 -36.9     -53.6 -23.6 -34.9 -4.9

TiBr3 -90.0 -90.0 0.0     -95.7 -5.7 -88.8 1.2

TiBr4 -132.0 -99.3 32.7     -130.5 1.5 -130.1 1.9

CuBr 41.3 34.3 -7.0     32.5 -8.8 16.0 -8.8

CuBr2 22.4 34.1 11.7     -10.5 -32.9 29.1 6.7

CuOBr 15.7 22.5 6.8     47.8 32.1 66.0 50.3

ZrBr 80.0 32.3 -47.7     55.8 -24.2 64.3 -15.7

ZrBr2 -7.5 -14.5 -7.0     -38.4 -30.9 -27.4 -19.9

ZrBr3 -80.0 -79.4 0.6     -102.8 -22.8 -97.8 -17.8

ZrBr4 -142.0 -113.8 28.2     -171.7 -29.7 -132.4 9.6

MoBr 109.3 139.1 29.8     185.2 75.9 126.3 17.0

MoBr2 40.0 37.5 -2.5     109.0 69.0 68.4 28.4

MoBr3 -2.0 0.5 2.5     -10.6 -8.6 15.9 17.9

MoBr4 -40.9 -42.4 -1.5     -37.2 3.7 -44.8 -3.9

AM1*    PM5 PM6 

32.7     75.9 50.3

Most negative error -49.5     -52.0 -38.3

MSE -2.7     -3.8 1.6 

MUE 17.6     28.1 16.1

RMSD 24.7     35.6 21.0 

Most positive error

CHBrCl-CHBrCl -8.8 -8.6 0.2 -9.7 -0.9 -15.6 -6.8 -12.8 -4.0 -8.9 -0.1 -15.5 -6.7 -5.1 3.7

CBrClF2 -105.0 -131.0 -26.0 -106.2 -1.2 -98.0 7.0 -90.0 15.0 -104.8 0.2 -99.6 5.4 -100.6 4.4

CH2Cl-CH2Br -19.4 -18.7 0.7 -19.3 0.1 -23.7 -4.3 -20.2 -0.8 -12.9 6.5 -22.8 -3.4 -16.4 3.0

Compound

Target 

ΔΔΔΔH˚f

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error 

Table 2 (continued)
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Table 3 Calculated AM1*, MNDO/d, MNDO, AM1, PM3, PM5 and PM6 Koopmans’ theorem ionization potentials and dipole moments for
bromine-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

Compound Target

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

Error Error Error Error Error Error Error 

Koopmans' Theorem Ionization Potentials for Bromine Compounds (eV) 

Br2 10.56 10.91 0.35 10.33 -0.23 11.66 1.10 10.94 0.38 11.24 0.68 10.80 0.24 10.71 0.15

BrH 11.71 10.89 -0.82 10.58 -1.13 12.10 0.39 11.46 -0.25 12.13 0.42 11.31 -0.40 11.14 -0.57

CH3Br 10.54 10.43 -0.11 10.30 -0.24 11.56 1.02 10.80 0.26 11.01 0.47 10.51 -0.03 10.62 0.08

CH2Br2 10.61 10.77 0.16 10.48 -0.13 11.70 1.09 10.96 0.35 10.59 -0.02 10.59 -0.02 10.60 -0.01

CHBr3 10.47 11.10 0.63 10.61 0.14 11.87 1.40 11.07 0.60 10.84 0.37 10.67 0.20 10.75 0.28

CBr4 10.40 11.38 0.98 10.74 0.34 12.03 1.63 11.22 0.82 11.22 0.82 10.72 0.32 10.93 0.53

C2H5Br 10.28 10.33 0.05 10.24 -0.04 11.48 1.20 10.69 0.41 10.91 0.63 10.40 0.12 10.47 0.19

CHBr=CH2 9.80 10.10 0.30 9.69 -0.11 10.25 0.45 10.15 0.35 10.44 0.64 10.06 0.26 10.22 0.42

1-C3H7Br 10.18 10.33 0.15 10.23 0.05 11.46 1.28 10.65 0.47 10.85 0.67 10.40 0.22 10.48 0.30

1-C4H9Br 10.15 10.33 0.18 10.23 0.08 11.47 1.32 10.69 0.54 10.92 0.77 10.40 0.25 10.48 0.33

C6H5Br 9.25 9.68 0.43 9.28 0.03 9.55 0.30 9.60 0.35 9.81 0.56 9.45 0.20 9.65 0.40

BrCN 11.88 11.40 -0.48 10.85 -1.03 12.40 0.52 11.92 0.04 11.72 -0.16 11.41 -0.47 11.74 -0.14

O=CBr2 11.00 11.18 0.18 10.88 -0.12 11.89 0.89 11.31 0.31 10.95 -0.05 11.21 0.21 10.92 -0.08

CH3COBr 10.55 10.72 0.17 10.66 0.11 11.43 0.88 11.18 0.63 11.20 0.65 11.05 0.50 10.88 0.33

BrF 11.87 10.84 -1.03 10.80 -1.07 12.65 0.78 11.77 -0.10 11.64 -0.23 11.56 -0.31 11.53 -0.34

BrF3 12.38 10.83 -1.55 11.45 -0.93 13.89 1.51 12.51 0.13 12.46 0.08 12.37 -0.01 12.10 -0.28

CBrF3 12.10 11.52 -0.58 11.56 -0.54 13.25 1.15 12.33 0.23 12.23 0.13 12.26 0.16 12.00 -0.10

CBrF2-CBrF2 12.76 11.18 -1.58 11.42 -1.34 12.77 0.01 11.49 -1.27 11.03 -1.73 11.71 -1.05 11.55 -1.21

AlBr3 10.91 11.59 0.68 10.85 -0.06 12.04 1.13 11.50 0.59 14.31 3.40 11.11 0.20 10.92 0.01

Br2H2Si 10.92 10.92 0.00 11.21 0.29 11.75 0.83 11.11 0.19 11.45 0.53 10.50 -0.42 10.65 -0.28

Br3PO 11.08 11.92 0.84 11.57 0.49 12.18 1.10 12.09 1.01 12.70 1.62 11.91 0.83 11.46 0.38

BrCl 11.10 10.76 -0.34 10.51 -0.59 12.01 0.91 11.22 0.12 10.92 -0.18 10.87 -0.23 10.82 -0.28

ZnBr2 11.06 10.90 -0.16 10.48 -0.58 11.76 0.70 11.36 0.30 12.62 1.56 11.17 0.11 11.07 0.01

MSE -0.07 -0.29 0.94 0.28 0.51 0.04 0.01

MUE 0.51 0.42 0.94 0.42 0.71 0.29 0.29

Dipole Moments for Bromine Containing Compounds (Debye) 

BrH 0.83 0.95 0.12 1.16 0.33 1.07 0.24 1.38 0.55 1.27 0.44 1.32 0.49 1.16 0.33

CH3Br 1.82 1.61 -0.21 1.87 0.05 1.56 -0.26 1.47 -0.35 1.55 -0.27 1.80 -0.02 1.58 -0.24

CH2Br2 1.43 1.34 -0.09 1.60 0.17 1.37 -0.06 1.32 -0.11 1.45 0.02 1.48 0.05 1.42 -0.01

CHBr3 0.99 0.89 -0.10 1.06 0.07 0.91 -0.08 0.91 -0.08 0.96 -0.03 0.94 -0.05 1.00 0.01

C2H5Br 2.03 1.94 -0.09 1.98 -0.05 1.66 -0.37 1.66 -0.37 1.85 -0.18 2.20 0.17 2.09 0.06

CHBr=CH2 1.42 1.67 0.25 1.62 0.20 1.31 -0.11 1.30 -0.12 1.33 -0.09 1.58 0.16 1.51 0.09

1-C3H7Br 2.18 1.99 -0.19 1.97 -0.21 1.64 -0.54 1.65 -0.53 1.80 -0.38 2.19 0.01 2.14 -0.04

2-C3H7Br 2.21 2.18 -0.03 2.07 -0.14 1.72 -0.49 1.79 -0.42 2.05 -0.16 2.49 0.28 2.62 0.41

1-C4H9Br 2.10 2.02 -0.08 2.06 -0.04 1.73 -0.37 1.72 -0.38 1.82 -0.28 2.21 0.11 2.14 0.04

1-C5H11Br 2.13 2.05 -0.08 2.08 -0.05 1.75 -0.38 1.74 -0.39 1.84 -0.29 2.24 0.11 2.20 0.07

C6H5Br 1.70 1.87 0.17 1.70 0.00 1.80 0.10 1.41 -0.29 1.45 -0.25 1.50 -0.20 1.78 0.08

BrNO 1.80 2.43 0.63 1.19 -0.61 1.19 -0.61 0.95 -0.85 0.87 -0.93 1.26 -0.54 2.39 0.59

BrO 1.55 1.22 -0.33 1.52 -0.03 1.19 -0.36 2.36 0.81 2.08 0.53 2.78 1.23 1.95 0.40

CH3COBr 2.43 3.00 0.57 2.57 0.14 2.45 0.02 2.59 0.16 2.95 0.52 3.34 0.91 3.38 0.95

BrF 1.42 1.35 -0.07 1.50 0.08 2.10 0.68 1.46 0.04 2.25 0.83 2.54 1.12 0.80 -0.62

BrF3 1.19 2.32 1.13 2.78 1.59 0.00 -1.19 2.53 1.34 0.00 -1.19 0.00 -1.19 0.02 -1.17

BrHCF2 1.31 1.71 0.40 1.85 0.54 1.74 0.43 1.55 0.24 1.57 0.26 2.19 0.88 1.56 0.25

CBr2F2 0.66 0.45 -0.21 0.77 0.11 0.83 0.17 0.60 -0.06 0.54 -0.12 1.42 0.76 0.63 -0.03

CBrF3 0.63 0.63 0.00 0.96 0.33 1.18 0.55 1.02 0.39 0.91 0.28 1.50 0.87 0.99 0.36

BrH3Si 1.32 3.62 2.30 1.56 0.24 3.45 2.13 1.81 0.49 2.26 0.94 2.62 1.30 1.62 0.30

BrCl 0.52 0.86 0.34 0.43 -0.09 0.75 0.23 0.45 -0.07 0.06 -0.46 0.89 0.37 0.60 0.08

MSE 0.21 0.13 -0.01 0.00 -0.04 0.32 0.09

MUE 0.35 0.24 0.45 0.38 0.40 0.52 0.29

Table 3 Calculated AM1*, MNDO/d, MNDO, AM1, PM3, PM5 and
PM6 Koopmans’ theorem ionization potentials and dipole moments
for bromine-containing compounds. The errors are color coded as

follows: green up to 0.5 eVor 0.5 Debye; yellow between 0.5 and 1.0;
pink larger than 1.0
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Table 4 Calculated AM1*, MNDO/d, MNDO, AM1, PM3, PM5 and PM6 bond lengths and angles for bromine-containing compounds. The
errors are color coded as follows: green up to 0.05 Å or 0.5°; yellow between 0.05 and 0.1 Å or 0.5–1.0°; pink greater than 0.1 Å or 1°

Compound Variable Target

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

Error Error Error Error Error Error Error

BrH Br-H 1.42 1.42 0.00 1.44 0.03 1.44 0.02 1.42 0.01 1.47 0.05 1.38 -0.04 1.45 0.03

CH3Br Br-C 1.93 1.91 -0.02 1.92 -0.02 1.88 -0.06 1.90 -0.03 1.95 0.02 2.50 0.56 1.95 0.01

CH2Br2 Br-C 1.93 1.90 -0.03 1.92 -0.01 1.87 -0.06 1.90 -0.02 1.91 -0.01 1.92 -0.01 1.94 0.01

Br-C-Br 112.9 109.4 -3.5 113.1 0.2 111.7 -1.2 113.7 0.8 94.4 -18.5 109 -3.9 111.5 -

Br-C-H 109.0 108.0 -1.0 108.4 -0.6 108.6 -0.4 108.2 -0.8 112.5 3.5 108.6 -0.4 108.8

Br-C 1.92 1.90 -0.03 1.92 0.00 1.86 -0.06 1.91 -0.02 1.87 -0.05 1.91 -0.02 1.93

-2.0 111.4 -0.3 110.7 -1.0 111.7 0.0 98.4 -13.3 109.3 -2.4 110.7

Br-C 1.93 1.90 -0.03 1.93 0.00 1.86 -0.07 1.92 -0.01 1.84 -0.09 1.90 -0.03 1.94

0.04 1.95 0.02 1.87 -0.05 1.96 0.03 1.91 -0.01 1.93 0.00 1.96

1.5 110.3 1.1 109.6 0.4 109.3 0.1 105.3 -3.9 108.6 -0.6 110.6

CBrF3 Br-C 1.92 1.95 0.03 1.95 0.03 1.94 0.01 2.04 0.12 1.96 0.04 1.99 0.06 1.98

-0.02 1.93 -0.02 1.89 -0.06 1.93 -0.02 1.96 0.01 1.96 0.01 1.98

Br-C-C 111.0 110.6 -0.4 112.5 1.5 112.7 1.7 113.5 2.5 104.4 -6.6 108 -3.0 111.2

CH2Br-CH2Br Br-C 1.95 1.93 -0.02 1.93 -0.02 1.89 -0.06 1.93 -0.02 1.96 0.01 1.96 0.01 1.97

-0.5 111.0 1.5 111.2 1.7 112.0 2.5 103.9 -5.6 105.8 -3.7 109.4

Br-C 1.88 1.88 0.00 1.87 -0.02 1.83 -0.05 1.86 -0.02 1.90 0.01 1.90 0.02 1.91

-1.4 123.3 0.5 123.8 1.0 125.1 2.3 116.2 -6.6 119.7 -3.1 122.4

-0.04 1.93 -0.04 1.89 -0.08 1.93 -0.04 1.96 -0.01 1.96 0.01 1.97

Br-C-C 111.0 110.4 -0.6 113.4 2.4 113.8 2.8 114.5 3.5 105.2 -5.8 107.7 -3.3 110.8

-0.01 1.94 -0.02 1.90 -0.05 1.95 0.00 1.96 0.01 1.98 0.02 2.01

Br-C-C 111.0 108.3 -2.7 109.5 -1.5 109.4 -1.6 111.0 0.0 103.9 -7.1 106.3 -4.7 108.5

-0.03 1.93 -0.03 1.89 -0.07 1.93 -0.03 1.96 0.00 1.95 -0.01 1.97

-2.0 113.3 1.3 113.6 1.6 114.3 2.3 105.1 -6.9 107.4 -4.6 110.5

Br-C 1.88 1.93 0.04 1.86 -0.02 1.83 -0.05 1.86 -0.03 1.89 0.01 1.96 0.08 1.97

-7.8 126.0 3.9 126.7 4.6 127.3 5.2 119.7 -2.4 112.6 -9.5 115.3

-0.03 1.93 -0.03 1.90 -0.07 1.93 -0.03 1.96 0.00 1.96 0.00 1.97

Br-C-C 111.5 114.2 2.7 110.5 -1.0 111.0 -0.5 112.0 0.5 104.0 -7.5 112.7 1.2 115.2

1-C4H9Br Br-C 1.95 1.93 -0.02 1.93 -0.02 1.89 -0.06 1.93 -0.02 1.96 0.01 1.96 0.01 1.97

Br-C-C 111.0 110.3 -0.7 111.8 0.8 112.0 1.0 113.3 2.3 104.2 -6.8 107.5 -3.5 110.8

-0.01 1.96 -0.02 1.92 -0.05 1.98 0.00 1.96 -0.01 2.00 0.02 2.05

-

CHBr3 0.01

Br-C-Br 111.7 109.7 -

CBr4 0.01

CBrCl3 Br-C 1.93 1.97 0.

Br-C-Cl 109.2 110.7

0.06

C2H5Br Br-C 1.95 1.93 0.03

0.02

Br-C-C 109.5 109.0 -

CH2=CHBr 0.03

Br-C=C 122.8 121.4 -

1-C3H7Br Br-C 1.97 1.93 0.00

-

2-C3H7Br Br-C 1.96 1.95 0.06

-

1,3-C3H6Br2 Br-C 1.96 1.93 0.01

Br-C-C 112.0 110.0 -

(CH3)HC=CHBr trans 0.08

Br-C=C 122.1 114.3 -

(CH2Br)HC=CH2 Br-C 1.96 1.93 0.01

0.02

-

(CH3)3CBr Br-C 1.98 1.97 0.07

C6H5Br Br-C 1.85 1.88 0.03 1.86 0.01 1.83 -0.02 1.87 0.02 1.87 0.02 1.88 0.03 1.92 0.06

O=CBr2 Br-C 1.92 1.89 -0.03 1.90 -0.02 1.85 -0.06 1.92 0.00 1.90 -0.02 1.90 -0.02 1.94 0.02

Br-C-Br 112.3 112.7 0.4 115.6 3.3 111.2 -1.1 110.6 -1.7 97.4 -14.9 125.9 13.6 109.9 -

CH3COBr Br-C 1.97 1.93 -0.04 1.92 -0.05 1.89 -0.09 1.95 -0.03 1.97 -0.01 1.96 -0.02 2.00 0.03

Br-C=O 121.9 116.3 -5.6 118.2 -3.7 119.8 -2.1 122.5 0.6 119.3 -2.6 119.6 -2.3 120.6 -

Br-C-C 111.0 113.1 2.1 114.3 3.3 112.9 1.9 113.3 2.3 106.3 -4.7 108.1 -2.9 110.8 -

BrCN Br-C 1.79 1.81 0.02 1.78 -0.01 1.74 -0.05 1.76 -0.03 1.80 0.01 1.78 -0.01 1.77 -0.02

BrNO Br-N 2.14 2.07 -0.07 1.91 -0.23 1.87 -0.27 1.92 -0.22 1.89 -0.25 1.92 -0.22 2.05 -0.09

Br-N=O 114.5 113.2 -1.3 117.5 3.0 118.9 4.4 122.5 8.0 120.8 6.3 120.3 5.8 119.9

BrO Br-O 1.72 1.85 0.13 1.69 -0.02 1.70 -0.02 1.79 0.08 1.76 0.04 1.71 -0.01 1.79 0.07

BrF Br-F 1.76 1.72 -0.03 1.76 0.00 1.73 -0.03 1.78 0.02 1.77 0.02 1.76 0.00 1.77 0.01

BrF3 Br-Fax 1.73 1.73 0.00 1.77 0.04 1.76 0.03 1.81 0.08 1.79 0.06 1.74 0.01 1.77 0.04

Br-Feq 1.81 1.76 -0.05 1.82 0.02 1.76 -0.05 1.82 0.01 1.79 -0.02 1.74 -0.07 1.77 -0.04

Fax-Br-Feq 85.0 83.1 -2.0 83.3 -1.7 120.0 35.0 81.4 -3.6 120.0 35.0 120 35.0 120.6 35.6

BrF5 Br-Fax 1.70 1.72 0.02 1.78 0.09 1.77 0.07 1.82 0.13 1.76 0.06 1.69 -0.01 1.78 0.08

Br-Feq 1.77 1.74 -0.03 1.81 0.04 1.77 0.00 1.80 0.03 1.77 0.01 1.70 -0.06 1.76 -0.01

Fax-Br-Feq 84.8 84.8 0.00 83.6 -1.2 104.7 19.9 85.2 0.4 103.6 18.8 103 18.2 88.7

BrFO3 Br-F 1.71 1.71 0.00 1.77 0.06 1.78 0.08 1.81 0.10 1.78 0.08 1.71 0.00 1.70 -0.01

Br=O 1.58 1.83 0.25 1.62 0.04 1.79 0.21 1.87 0.29 1.78 0.19 1.72 0.14 1.49 -0.09

F-Br=O 103.3 98.9 -4.4 102.5 -0.8 105.7 2.4 98.5 -4.8 108.2 4.9 102.1 -1.2 100.1 -

O=Br=O 114.9 107.3 -7.6 115.5 0.6 113.0 -1.9 117.8 2.9 110.7 -4.2 114.1 -0.8 105.5 -

BrCl Br-Cl 2.14 1.97 -0.17 2.11 -0.02 2.08 -0.06 2.06 -0.07 2.18 0.04 2.11 -0.02 2.18 0.04

Br2 Br-Br 2.28 2.28 0.00 2.27 -0.01 2.17 -0.11 2.18 -0.10 2.44 0.16 2.24 -0.04 2.33 0.05

AlBr Br-Al 2.30 2.08 -0.22 2.27 -0.03 2.20 -0.09 2.26 -0.03 2.29 0.00 2.22 -0.07 2.29 0.00
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published [35] we have also compared our results with this
method.

AM1* can be seen to reproduce heats of formation for
the training set of bromine compounds (excluding com-
pounds of Ti, Cu, Zr and Mo, which are available only in
AM1*, PM5 and PM6) slightly better than PM3, PM5 or
PM6, far better than MNDO and AM1, and slightly worse
than MNDO/d. These results are roughly what we expect,
as AM1* uses the unchanged AM1 parameterization for the
elements H, C, N, O and F, which limits the possible
accuracy of the parameterization. This interpretation is
partly justified by the relatively large negative AM1* error
(−10.9 kcal mol−1) for BrOH and for the large negative
errors found for BrF (−13.4 kcal mol−1), CBrClF2
(−26.0 kcal mol−1), and the very large positive error
(+68.4 kcal mol−1) for BrFO3. It does not, however, explain
the large negative errors for Br2S2 (−15.5 kcal mol−1) BrSi
and Br3Si (−12.3 and −13.0 kcal mol−1, respectively) and

the phosphorus anion Br3P
− (−17.0) and the large positive

error (+39.6 kcal mol−1) for Br3P = O. With the exception
of the oxygen in Br3P = O, these compounds contain only
“pure” AM1* elements. We note, however, that all methods
give negative errors for Br4P

−. A particularly annoying
example, however, is ZnBr2, for which AM1* gives an
error of 49.4 kcal mol−1. This error represents a necessary
compromise in the parameterization as the Zn–Br bond
length is also in error by 0.11 Å. Quite generally, we find
disappointing results for compounds that contain two or
more “pure” AM1* elements. This is likely to be a
consequence of our sequential parameterization strategy,
in contrast to the simultaneous parameterization used for
PM6, [35] aggravated by using the original AM1 param-
eters for H, C, N, O and F. Nevertheless, on aggregate,
AM1* performs at the level expected of a modern NDDO-
based technique for the heats of formation of bromine
compounds.

Br-Al-Br 118.0 126.0 8.0 123.1 5.1 122.1 4.1 119.4 1.4 104.2 -13.8 122.1 4.1 124.2

BrSi Br-Si 2.25 2.25 0.00 2.21 -0.04 2.20 -0.06 2.17 -0.08 1.85 -0.40 2.02 -0.23 2.26 0.01

Br2Si Br-Si 2.24 2.24 0.00 2.24 -0.01 2.21 -0.03 2.20 -0.05 1.86 -0.39 2.23 -0.01 2.10 -0.14

Br4Si Br-Si 2.18 2.26 0.07 2.22 0.04 2.19 0.01 2.24 0.06 1.80 -0.39 2.22 0.04 2.17 -0.01

BrH3Si Br-Si 2.21 2.30 0.09 2.24 0.03 2.23 0.02 2.24 0.03 1.90 -0.31 2.27 0.06 2.23 0.02

Br-Si-H 108.2 104.9 -3.3 108.3 0.1 106.9 -1.3 110.4 2.2 108.3 0.1 106.1 -2.1 108.9

Br3P Br-P 2.22 1.96 -0.26 2.18 -0.04 2.09 -0.13 2.10 -0.12 2.09 -0.13 2.22 0.00 2.19 -0.03

Br-P-Br 101.0 107.7 6.7 105.3 4.3 105.7 4.7 106.8 5.8 87.1 -13.9 104.6 3.6 104.6

Br3PO Br-P 2.17 1.99 -0.18 2.21 0.03 2.13 -0.05 2.16 -0.01 2.05 -0.12 2.21 0.04 2.18 0.01

O=P 1.46 1.50 0.04 1.49 0.03 1.48 0.02 1.48 0.02 1.41 -0.05 1.36 -0.10 1.49 0.03

O=P-Br 114.2 113.1 -1.1 114.8 0.6 113.8 -0.4 115.2 1.0 125.5 11.3 115.2 1.0 114.5

Br2S2 Br-S 2.24 2.22 -0.02 2.17 -0.07 2.07 -0.17 2.12 -0.13 2.25 0.01 2.17 -0.07 2.11 -0.13

Br2SO Br-S 2.23 2.24 0.00 2.24 0.00 2.14 -0.09 2.21 -0.03 2.33 0.10 2.21 -0.03 2.17 -0.06

S=O 1.45 1.53 0.08 1.50 0.05 1.47 0.02 1.46 0.01 1.45 0.00 1.43 -0.02 1.44 -0.01

O=S-Br 107.6 108.9 1.3 108.5 0.9 108.0 0.4 111.0 3.4 103.4 -4.2 109.9 2.3 114.0

Br-S-Br 98.2 97.2 -1.0 101.2 3.0 103.6 5.4 103.8 5.6 99.7 1.5 107.5 9.3 100.2

ZnBr2 Br-Zn 2.20 2.09 -0.11 2.17 -0.04 2.24 0.03 2.11 -0.09 2.10 -0.11 2.24 0.04 2.21 0.01

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

MSE bond length -0.02 0.00 -0.04 0.00 -0.04 0.00 0.01 

MUE bond length 0.06 0.03 0.06 0.05 0.08 0.05 0.04

MSE bond angle -1.0 1.0 3.0 1.7 -2.5 1.6 1.4 

MUE bond angle 2.6 1.8 3.9 2.5 8.5 5.4 3.7 

Compounds Containing Ti, Cu, Zr and Mo.

TiBr Br-Ti 2.35 2.21 -0.14   2.33 -0.02 2.35 0.00

CuBr Br-Cu 2.29 2.27 -0.01 2.13 -0.16 2.13 -0.16

ZrBr Br-Zr 2.55 2.42 -0.13   2.67 0.12 2.39 -0.16

MoBr Br-Mo 2.45 2.45 0.00   2.44 -0.01 2.47 0.02

AM1*     PM5 PM6 

MSE bond length -0.07     -0.02 -0.07 

MUE bond length 0.07     0.08 0.08

Br-Al(2) 2.38 2.24 -0.14 2.49 0.11 2.39 0.01 2.40 0.02 2.46 0.08 2.39 0.00 2.44 0.06

Al2Br6 Br-Al 2.22 2.08 -0.14 2.23 0.01 2.18 -0.04 2.27 0.04 1.84 -0.38 2.18 -0.04 2.23 0.01

Compound Variable Target

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

Error Error Error Error Error Error Error

Table 4 (continued)
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Table 5 Calculated AM1*, MNDO/d, MNDO, AM1, PM3, PM5 and
PM6 heats of formation and errors compared with our target values
for the iodine 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 and pink those greater than 20 kcal mol−1

Compound Target

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error

I 25.5 25.5 0.0 25.5 0.0 25.5 0.0 25.5 0.0 25.5 0.0 25.5 0.0 25.5 0.0

I+ 266.6 256.3 -10.3 239.3 -27.3 271.8 5.2 267.7 1.0 238.0 -28.6 257.8 -8.8 258.2 -8.4

I- -44.9 -49.2 -4.3 -45.0 -0.1 -6.4 38.5 -2.2 42.7 -64.6 -19.7 -46.5 -1.6 -43.1 1.8

I2 14.9 7.6 -7.3 24.2 9.3 21.2 6.3 19.8 4.9 20.7 5.8 5.0 -9.9 16.6 1.7

IH 6.3 6.7 0.4 22.8 16.5 15.7 9.4 7.9 1.6 28.8 22.5 -2.2 -8.5 2.1 -4.2

CH3I 3.5 8.9 5.4 4.6 1.1 1.9 -1.6 5.7 2.2 9.4 5.9 7.6 4.1 7.5 4.0

CH2I2 28.0 24.1 -3.9 22.9 -5.1 16.8 -11.2 21.5 -6.5 33.5 5.5 27.1 -0.9 29.7 1.7

CHI3 50.4 36.8 -13.6 41.6 -8.8 32.0 -18.4 37.8 -12.6 60.6 10.2 47.3 -3.1 54.3 3.9

CI4 62.4 46.6 -15.8 60.7 -1.7 46.8 -15.6 54.2 -8.2 100.8 38.4 68.0 5.6 82.1 19.7

C2H5I -1.8 -1.8 0.0 -2.8 -1.0 -4.5 -2.7 -1.1 0.7 2.1 3.9 0.4 2.2 1.3 3.1

CH2I-CH2I 17.5 11.1 -6.4 15.1 -2.4 11.5 -6.0 15.7 -1.8 23.3 5.8 14.3 -3.2 18.3 0.8

CHI=CH2 31.0 35.9 4.9 28.5 -2.5 24.5 -6.5 29.8 -1.2 35.2 4.2 31.6 0.6 31.6 0.6

CHI=CHI cis 49.6 52.4 2.8 43.6 -6.0 35.1 -14.5 43.5 -6.1 62.8 13.2 46.5 -3.1 49.2 -0.4

CHI=CHI trans 49.6 53.2 3.6 42.8 -6.8 35.2 -14.4 44.1 -5.5 55.0 5.4 47.4 -2.2 47.9 -1.7

1-C3H7I -7.2 -8.4 -1.2 -6.8 0.4 -8.8 -1.6 -7.2 0.0 -0.6 6.6 -5.0 2.2 -4.0 3.2

2-C3H7I -9.6 -10.5 -0.9 -7.1 2.5 -7.5 2.1 -5.7 3.9 -5.3 4.3 -7.3 2.3 -6.7 2.9

1,2-C3H6I2 8.5 4.6 -3.9 12.2 3.7 9.7 1.2 12.0 3.5 18.6 10.1 13.3 4.8 10.6 2.1

(CH2I)HC=CH2 21.9 22.2 0.3 20.8 -1.1 19.5 -2.4 22.4 0.5 27.2 5.3 23.8 1.9 22.9 1.0

(CH3)HC=CHI (E) 22.3 26.3 4.0 18.7 -3.6 14.5 -7.8 19.7 -2.6 25.4 3.1 23.3 1.1 21.2 -1.1

(CH3)HC=CHI (Z) 20.7 25.8 5.1 19.5 -1.2 15.3 -5.4 20.5 -0.2 29.2 8.5 23.4 2.7 21.2 0.5

1,2-C4H8I2 2.9 -5.2 -8.1 9.5 6.6 6.1 3.2 5.6 2.7 22.2 19.3 2.6 -0.3 7.3 4.4

C(CH3)3I -17.2 -17.2 0.0 -7.7 9.5 -6.5 10.7 -8.3 8.9 -12.5 4.7 -15.2 2.0 -15.8 1.4

C6H5I 39.4 41.0 1.6 35.8 -3.6 32.5 -6.9 38.1 -1.3 44.7 5.3 40.3 0.9 40.0 0.6

cyclo-C6H11I -11.9 -24.1 -12.2 -16.0 -4.1 -17.0 -5.1 -20.0 -8.1 -11.7 0.2 -19.6 -7.7 -13.7 -1.8

o-C6H4I2 60.2 58.1 -2.1 52.0 -8.2 44.8 -15.4 54.0 -6.2 73.8 13.6 56.5 -3.7 58.3 -1.9

C6H5-CH2I 25.0 27.6 2.6 30.2 5.2 28.7 3.7 30.9 5.9 37.6 12.6 30.1 5.1 32.0 7.0

o-I-C6H4-CH3 31.7 32.9 1.2 30.1 -1.6 27.0 -4.7 31.9 0.2 38.9 7.2 32.5 0.8 30.1 -1.6

m-I-C6H4-CH3 31.9 33.4 1.5 28.1 -3.8 24.8 -7.1 30.5 -1.4 35.4 3.5 32.1 0.2 29.9 -2.0

p-I-C6H4-CH3 28.9 33.5 4.6 28.0 -0.9 24.7 -4.2 30.4 1.5 35.4 6.5 32.1 3.2 29.8 0.9

1-I-naphthalene 55.9 59.1 3.2 55.1 -0.8 52.0 -3.9 58.5 2.6 66.0 10.1 56.7 0.8 56.8 0.9

2-I-naphthalene 56.2 59.4 3.2 52.9 -3.3 49.6 -6.6 56.8 0.6 61.9 5.7 55.8 -0.4 56.1 -0.1

IO 41.8 41.2 -0.6 39.7 -2.1 46.7 4.9 37.0 -4.8 31.0 -10.8 35.8 -6.0 41.1 -0.7

CH3COI -30.2 -21.6 8.6 -26.6 3.6 -26.9 3.3 -20.7 9.5 -29.9 0.3 -27.9 2.3 -30.2 0.0

CH3COCH2I -31.2 -34.8 -3.6 -28.2 3.0 -30.5 0.7 -29.1 2.1 -26.3 4.9 -33.7 -2.5 -34.5 -3.3

C6H5-COI 2.5 11.4 8.9 5.8 3.3 5.1 2.6 14.1 11.6 8.0 5.5 5.0 2.5 6.5 4.0

p-I-C6H4-COOH -54.5 -49.6 4.9 -52.3 2.2 -55.6 -1.1 -50.9 3.6 -44.4 10.1 -49.7 4.8 -47.5 7.0

ICN 53.7 50.5 -3.2 49.0 -4.7 39.6 -14.1 42.6 -11.1 63.5 9.8 49.4 -4.3 54.0 0.3

INO 26.8 26.8 0.0 20.0 -6.8 20.9 -5.9 32.3 5.5 18.2 -8.6 25.9 -0.9 26.2 -0.6

IF -22.7 -27.3 -4.6 -28.4 -5.7 -9.3 13.4 -9.1 13.6 -8.0 14.7 -14.2 8.5 -32.7 -10.0

IF5 -200.7 -205.1 -4.4 -198.3 2.4 97.9 298.6 67.0 267.7 -201.1 -0.4 -157.7 43.0 -207.9 -7.2

IF7 -229.7 -229.6 0.1 -228.0 1.7 236.1 465.8 193.3 423.0 -12.2 217.5 -179.5 50.2 -222.4 7.3

CF3I -140.5 -153.0 -12.5 -133.2 7.3 -128.2 12.3 -132.6 7.9 -137.9 2.6 -136.1 4.4 -141.1 -0.6

ICl 4.2 -11.9 -16.1 0.5 -3.7 -6.9 -11.1 -4.6 -8.8 10.8 6.6 -6.8 -11.0 3.0 -1.2

ICl- -51.4 -60.0 -8.6 0.5 51.9 -6.9 44.5 -4.6 46.8 10.8 62.2 -78.8 -27.4 -76.4 -25.0

ICl2
- -94.0 -79.8 14.2 28.6 122.6 0.5 94.5 3.0 97.0 -55.7 38.3 -109.7 -15.7 -95.0 -1.0

ICl4
- -150.8 -150.9 -0.1 62.0 212.8 -18.6 132.3 -16.3 134.5 -64.4 86.4 -128.3 22.6 -98.4 52.4

Cl-CH2-CH2-I -11.4 -9.7 1.7 -7.8 3.6 -12.4 -1.0 -9.0 2.4 -0.3 11.1 -8.8 2.6 -5.7 5.7

IAl 16.2 66.0 49.8 25.3 9.1 31.2 15.0 29.0 12.8 11.9 -4.3 25.5 9.3 18.4 2.2

AlI3 -46.2 39.3 85.5 -47.3 -1.1 11.6 57.8 -29.7 16.5 -22.1 24.1 -38.2 8.0 -46.4 -0.2

Al2I6 -117.0 -117.0 0.0 -126.0 -9.0 7.5 124.5 -107.9 9.1 -59.1 57.9 -118.9 -1.9 -119.2 -2.2

SiI 76.4 76.3 -0.1 71.3 -5.1 107.9 31.5 92.2 15.8 68.5 -7.9 67.3 -9.1 68.8 -7.6

SiI2 22.0 20.9 -1.1 38.9 16.9 82.1 60.1 57.5 35.5 18.0 -4.0 19.3 -2.7 29.4 7.4

SiI3 8.4 8.5 0.0 24.4 15.9 43.6 35.2 9.6 1.1 -50.3 -58.7 -8.9 -17.3 1.1 -7.3
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Ionization potentials and dipole moments

Table 3 shows a comparison of the calculated and
experimental ionization potentials and dipole moments.

AM1* underestimates ionization potentials of the test set of
bromine compounds by about 0.07 eV. The AM1* MUE is
only slightly worse than MNDO/d and AM1, and is better
than MNDO or PM3. In this respect, PM5 and PM6

SiI3H -17.8 -11.1 6.7 8.8 26.6 34.1 51.9 3.9 21.7 -9.0 8.8 -16.3 1.5 -10.6 7.2

IP 64.8 59.5 -5.3 59.6 -5.2 61.6 -3.2 56.2 -8.6 55.9 -9.0 42.0 -22.8 28.7 -36.1

I2P 57.5 34.8 -22.7 32.6 -24.9 34.9 -22.6 34.2 -23.3 -9.2 -66.7 12.1 -45.5 -16.0 -73.5

I3P 1.1 1.1 0.0 20.4 19.3 25.3 24.2 24.4 23.3 38.8 37.7 -13.4 -14.5 -57.3 -58.4

IOP -30.8 -20.1 10.7 -35.9 -5.1 -24.6 6.2 -15.7 15.1 -43.6 -12.8 -26.6 4.2 -49.0 -18.1

IS- 11.2 11.2 0.0 -21.0 -32.2 -10.0 -21.2 -19.8 -31.0 -25.6 -36.8 -43.5 -54.7 -39.7 -50.9

I2S 61.8 61.1 -0.7 24.2 -37.6 29.6 -32.3 21.7 -40.1 51.6 -10.2 12.2 -49.6 19.3 -42.5

C2H5SI 6.4 13.1 6.7 10.0 3.6 -1.7 -8.1 6.4 0.0 13.8 7.4 10.8 4.4 13.4 7.0

ZnI2 -15.6 88.2 103.8 0.2 15.8 42.7 58.3 4.7 20.3 15.7 31.3 -2.1 13.5 -15.9 -0.3

ZnI4
2- -99.0 -99.0 -0.1 -183.5 -84.5 -2.6 96.4 -68.1 30.8 -152.0 -53.0 -119.8 -20.8 -112.0 -13.1

BrI 9.8 2.4 -7.4 12.4 2.6 7.2 -2.5 6.0 -3.8 15.7 5.9 -2.0 -11.8 9.6 -0.1

BrI- -49.0 -49.0 0.0 -53.9 -4.9 -53.2 -4.2 -43.1 5.9 -104.2 -55.2 -76.6 -27.6 -75.1 -26.1

Br2I
- -60.0 -85.7 -25.7 -72.4 -12.4 -84.9 -24.9 -70.9 -10.9 -84.5 -24.5 -120.0 -60.0 -104.1 -44.1

HBrI- -69.8 -57.6 12.3 -32.4 37.5 -39.9 29.9 -33.0 36.8 -43.4 26.5 -94.4 -24.6 -67.5 2.3

CH3BrI- -62.5 -56.2 6.3 -51.6 10.9 -44.8 17.7 -34.1 28.4 -65.6 -3.1 -76.3 -13.8 -70.1 -7.6

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6

Most positive error 103.8 212.8 465.8 423.0 217.5 50.2 52.4

Most negative error -25.7 -84.5 -32.3 -40.1 -66.7 -60.0 -73.5

MSE 2.6 4.9 22.0 17.3 7.4 -3.8 -3.9

MUE 8.7 14.5 30.8 23.0 19.1 10.2 9.1

RMSD 18.8 33.6 74.1 64.4 35.5 17.4 17.8

Compounds Containing Ti, Cu, Zr and Mo.

TiI 66.0 24.2 -41.8 11.0 -55.0 30.8 -35.2

TiI2 -5.0 -1.9 3.1 -27.0 -22.0 0.8 5.8

TiI3 -43.0 17.7 60.7 -42.7 0.3 -31.7 11.3

TiI4 -66.0 -3.1 63.0 -62.4 3.6 -49.0 17.0

CuI 43.5 43.2 -0.3 44.1 0.6 25.7 -17.8

CuI2 32.0 53.9 21.9 -1.9 -33.9 13.9 -18.1

ZrI 92.0 37.5 -54.5 65.6 -26.4 76.0 -16.0

ZrI2 21.0 20.4 -0.6 -15.8 -36.8 -4.0 -25.0

ZrI3 -35.0 19.7 54.7 -49.7 -14.7 -55.3 -20.3

ZrI4 -87.0 26.4 113.4 -95.8 -8.8 -86.4 0.6

MoI 119.2 157.5 38.3 187.5 68.3 135.4 16.2

MoI2 61.6 101.6 40.0 131.4 69.8 97.2 35.6

MoI3 43.7 44.9 1.2 46.2 2.5 38.2 -5.5

MoI4 29.8 26.6 -3.2 30.7 0.9 19.3 -10.5

AM1* PM5 PM6

Most positive error 113.4 69.8 35.6

Most negative error -54.5 -55.0 -35.2

MSE 21.1 -3.7 -4.4

MUE 35.5 24.5 16.8

RMSD 47.7 34.4 19.4

Compound Target

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6

ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error ΔΔΔΔH˚f Error

SiIH3 -0.5 21.0 21.5 10.1 10.6 11.0 11.5 4.9 5.4 3.1 3.6 1.9 2.4 2.3 2.8

SiI2H2 -9.1 8.9 18.0 10.5 19.6 23.0 32.1 5.0 14.1 -3.5 5.6 -6.7 2.4 -3.8 5.3

SiI4 -26.4 -35.6 -9.2 4.0 30.4 42.4 68.8 1.6 28.0 -14.2 12.2 -27.1 -0.7 -16.9 9.5

Table 5 (continued)
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perform by far the best of the methods investigated. We
note, however, that all the large AM1* errors (−1.03, −1.55
and −1.58 eV for BrF, BrF3 and CBrF2–CBrF2, respectively)
are given by fluorine-containing compounds, and so may be
an indirect result of the original AM1 parameterization for
fluorine.

Both AM1* and MNDO/d tend to overestimate dipole
moments for the bromine compounds in the training set
slightly (by 0.1–0.2 Debye). The mean unsigned errors vary
over a relatively small range from 0.24 (MNDO/d) to 0.52
(PM5). The AM1* value of 0.35 Debye lies in the middle

of this range. AM1* seriously overestimates the dipole
moment of SiH3Br and BrF3.

Geometries

Table 4 shows the performance of the different methods in
reproducing the geometries (bond lengths and angles) of
bromine-containing compounds. MNDO and PM3 under-
estimate bond lengths to bromine systematically, as does
AM1*. The AM1* mean signed error is, however, only

Table 6 Calculated AM1*, MNDO/d, MNDO, AM1, PM3, PM5 and PM6 Koopmans’ theorem ionization potentials and dipole moments for iodine-
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

Compound Target

AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

Error Error Error Error Error Error Error 

Koopmans' Theorem Ionization Potentials for Iodine Compounds (eV)

IH 10.39 9.42 -0.97 9.56 -0.83 11.21 0.82 10.91 0.52 9.97 -0.42 10.39 0.00 10.19 -0.21

CH3I 9.54 9.29 -0.25 9.38 -0.16 10.85 1.31 10.51 0.97 9.47 -0.07 9.83 0.29 9.88 0.34

CH2I2 9.46 9.09 -0.37 9.44 -0.02 10.87 1.41 10.56 1.10 8.98 -0.48 9.40 -0.06 9.75 0.29

C2H5I 9.34 9.27 -0.07 9.34 0.00 10.81 1.47 10.43 1.09 9.44 0.10 9.72 0.38 9.72 0.38

CH2I-CH2I 9.50 8.67 -0.83 9.59 0.09 11.02 1.52 10.71 1.21 9.66 0.16 9.88 0.38 10.05 0.55

1-C3H7I 9.27 9.28 0.01 9.33 0.06 10.80 1.53 10.39 1.12 9.42 0.15 9.74 0.47 9.74 0.47

2-C3H7I 9.40 9.26 -0.14 9.30 -0.10 10.79 1.39 10.40 1.00 9.43 0.03 9.63 0.23 9.57 0.17

C6H5I 8.78 9.03 0.25 8.89 0.11 9.55 0.77 9.65 0.87 9.04 0.26 9.30 0.52 9.41 0.63

cyclo-C6H11I 8.91 9.26 0.35 9.28 0.37 10.77 1.86 10.38 1.47 9.42 0.51 9.64 0.73 9.59 0.68

C6H5-CH2I 8.91 8.70 -0.21 9.20 0.29 9.46 0.55 9.51 0.60 9.35 0.44 9.10 0.19 9.32 0.41

o-I-C6H4-CH3 8.53 8.96 0.43 8.90 0.37 9.51 0.98 9.52 0.99 9.02 0.49 9.21 0.68 9.29 0.76

m-I-C6H4-CH3 8.55 8.95 0.40 8.89 0.34 9.51 0.96 9.52 0.97 9.01 0.46 9.19 0.64 9.32 0.77

p-I-C6H4-CH3 8.38 8.87 0.49 8.87 0.49 9.45 1.07 9.41 1.03 8.94 0.56 9.08 0.70 9.17 0.79

CF3I 10.45 10.24 -0.21 10.40 -0.05 12.48 2.03 11.97 1.52 10.28 -0.17 11.35 0.90 11.01 0.56

AlI3 9.66 8.17 -1.49 9.88 0.22 10.98 1.32 10.94 1.28 9.91 0.25 9.97 0.31 9.95 0.29

ICl 10.10 9.75 -0.35 9.70 -0.40 11.58 1.48 11.12 1.02 9.74 -0.36 10.34 0.24 10.26 0.16

ZnI2 9.73 8.40 -1.33 9.45 -0.28 10.62 0.89 10.49 0.76 10.26 0.53 10.03 0.30 10.16 0.43

BrI 9.85 10.02 0.17 9.75 -0.10 11.28 1.43 10.84 0.99 9.84 -0.01 10.28 0.43 10.18 0.33

I2 9.34 9.46 0.12 9.57 0.23 10.87 1.53 10.67 1.33 9.53 0.19 9.87 0.53 9.73 0.39

MSE -0.21 0.03 1.28 1.04 0.14 0.41 0.43

MUE 0.44 0.24 1.28 1.04 0.30 0.42 0.45

Dipole Moments for Iodine Containing Compounds (Debye)           

IH 0.45 1.83 1.38 0.93 0.48 1.01 0.56 1.27 0.82 0.97 0.52 0.43 -0.02 1.08 0.63

CH3I 1.65 1.63 -0.02 1.80 0.15 1.37 -0.28 1.35 -0.30 1.44 -0.21 1.17 -0.48 1.22 -0.44

CH2I2 1.62 1.88 0.26 1.41 -0.21 1.15 -0.47 1.12 -0.50 1.20 -0.42 0.74 -0.88 0.97 -0.65

C2H5I 1.91 1.49 -0.42 1.92 0.01 1.42 -0.49 1.50 -0.41 1.83 -0.08 1.68 -0.23 1.88 -0.03

1-C3H7I 2.04 1.51 -0.53 1.92 -0.12 1.42 -0.62 1.51 -0.53 1.81 -0.23 1.64 -0.41 1.89 -0.15

C6H5I 1.70 2.51 0.81 1.79 0.09 1.60 -0.10 1.43 -0.27 0.79 -0.91 0.94 -0.76 1.63 -0.07

IF 1.95 4.16 2.21 2.29 0.34 2.18 0.23 1.65 -0.30 2.59 0.64 3.87 1.92 1.93 -0.02

CF3I 1.04 5.89 4.85 1.85 0.81 2.14 1.10 1.67 0.63 1.55 0.51 3.09 2.05 1.50 0.46

ICl 1.24 5.51 4.27 1.26 0.02 1.34 0.10 0.95 -0.29 0.48 -0.76 2.25 1.01 1.20 -0.04

BrI 0.74 5.82 5.08 0.91 0.17 0.72 -0.02 0.63 -0.11 0.53 -0.21 1.50 0.76 0.72 -0.02

MSE 1.79 0.17 0.00 -0.13 -0.12 0.30 -0.03

MUE 1.98 0.24 0.40 0.42 0.45 0.85 0.25
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Table 7 Calculated AM1*, MNDO/d, MNDO, AM1, PM3, PM5 and PM6 bond lengths and angles for iodine-containing compounds. The errors
are color coded as follows: green up to 0.05 Å or 0.5°; yellow between 0.05 and 0.1 Å or 0.5–1.0°; pink larger than 0.1 Å or 1°

Compound Variable Target
AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

Error Error Error Error Error Error Error 

IH I-H 1.61 1.61 0.00 1.59 -0.01 1.57 -0.04 1.59 -0.02 1.68 0.07 1.21 -0.40 1.64 0.03

CH3I I-C 2.14 2.16 0.02 2.08 -0.05 2.02 -0.12 2.05 -0.09 2.03 -0.11 2.16 0.02 2.13 -0.01

I-C-H 107.5 105.4 -2.1 109.0 1.5 110.5 3.0 109.2 1.7 109.1 1.6 106.7 -0.8 109.2 1.7

CHI3 I-C 2.12 2.13 0.01 2.08 -0.04 2.01 -0.12 2.04 -0.08 1.96 -0.16 2.10 -0.02 2.13 0.01

I-C-I 113.0 107.9 -5.1 111.4 -1.6 111.6 -1.4 111.1 -1.9 97.5 -15.5 106.9 -6.1 113.2 0.2

C2H5I I-C 2.14 2.17 0.04 2.10 -0.04 2.03 -0.11 2.07 -0.07 2.04 -0.10 2.18 0.04 2.18 0.04

I-C-C 112.2 108.4 -3.8 112.5 0.3 115.0 2.8 113.5 1.3 106.3 -5.9 107.5 -4.7 112.2 0.0

(CH2I)HC=CH2 I-C 2.19 2.17 -0.02 2.10 -0.09 2.03 -0.16 2.07 -0.12 2.04 -0.15 2.18 -0.01 2.17 -0.02

I-C-C 107.6 112.0 4.4 110.5 2.9 112.9 5.3 111.4 3.8 106.9 -0.7 113.4 5.8 116.9 9.3

C6H5I I-C 2.08 2.15 0.07 2.03 -0.05 1.98 -0.11 2.02 -0.06 1.97 -0.11 2.09 0.01 2.12 0.04

CH3COI I-C 2.22 2.21 -0.01 2.11 -0.11 2.04 -0.18 2.09 -0.13 2.05 -0.17 2.18 -0.04 2.21 -0.01

I-C-C 111.8 112.7 0.9 113.1 1.3 114.4 2.6 113.1 1.3 106.9 -4.9 106.2 -5.6 109.9 -1.9

I-C=O 119.4 119.5 0.1 120.3 0.9 122.9 3.5 123.4 4.0 120.8 1.4 122.1 2.7 121.3 1.9

ICN I-C 1.99 2.15 0.16 1.94 -0.05 1.89 -0.10 1.93 -0.06 1.91 -0.08 1.98 -0.01 2.02 0.03

INO I-N 2.30 2.27 -0.03 2.14 -0.16 2.06 -0.24 2.08 -0.23 1.96 -0.34 2.14 -0.16 1.92 -0.38

I-N-O 120.6 116.1 -4.5 119.2 -1.4 121.7 1.1 123.1 2.5 124.6 4.0 127.7 7.1 133.3 12.7

IO I-O 1.87 1.99 0.12 1.89 0.02 1.89 0.02 1.90 0.03 1.86 -0.01 1.91 0.04 1.97 0.10

CF3I I-C 2.14 2.26 0.11 2.16 0.01 2.13 -0.02 2.18 0.03 2.05 -0.09 2.22 0.07 2.15 0.01

IF I-F 1.91 1.91 0.00 1.95 0.04 1.90 -0.01 1.88 -0.03 1.89 -0.02 1.88 -0.03 1.92 0.01

IF5 I-Fax 1.81 1.92 0.11 1.93 0.12 1.98 0.17 1.93 0.12 1.87 0.06 1.95 0.14 1.91 0.10

I-Feq 1.87 1.91 0.03 1.96 0.08 1.96 0.09 1.90 0.03 1.88 0.01 1.30 -0.57 1.84 -0.03

Fax-I-Feq 83.0 89.9 6.9 82.3 -0.7 78.1 -4.9 77.3 -5.7 102.5 19.5 94.4 11.4 90.0 7.0

IF7 I-Fax 1.79 1.90 0.12 1.91 0.12 1.98 0.19 1.93 0.15 1.88 0.10 1.79 0.00 1.84 0.05

I-Feq 1.86 1.92 0.06 1.95 0.09 2.03 0.17 1.97 0.11 1.92 0.06 1.88 0.02 1.92 0.06

O=IF5 I-Fax 1.86 1.91 0.04 1.93 0.06 2.00 0.14 1.96 0.09 1.87 0.01 1.26 -0.61 1.79 -0.08

I-Feq 1.82 1.89 0.08 1.92 0.11 1.97 0.15 1.92 0.10 1.88 0.07 1.22 -0.60 1.77 -0.05

I=O 1.72 2.09 0.38 1.78 0.07 2.19 0.47 2.06 0.34 2.86 1.15 2.39 0.68 1.67 -0.05

O=I-Feq 98.0 90.4 -7.6 97.7 -0.3 101.5 3.5 101.5 3.5 86.9 -11.1 75.0 -23.0 96.7 -1.3

ICl I-Cl 2.32 2.32 0.00 2.31 -0.01 2.26 -0.06 2.22 -0.10 2.19 -0.13 2.33 0.01 2.34 0.02

IBr I-Br 2.49 2.43 -0.06 2.46 -0.03 2.35 -0.14 2.35 -0.13 2.56 0.08 2.45 -0.04 2.49 0.00

I2 I-I 2.67 2.64 -0.03 2.64 -0.03 2.52 -0.15 2.54 -0.13 2.67 0.00 2.63 -0.04 2.57 -0.09

AlI I-Al 2.54 2.71 0.17 2.47 -0.06 2.36 -0.18 2.42 -0.12 2.47 -0.07 2.43 -0.11 2.59 0.06

AlI3 I-Al 2.50 2.58 0.08 2.39 -0.11 2.33 -0.17 2.39 -0.11 2.61 0.11 2.37 -0.13 2.49 -0.01

Al2I6 I-Al 2.45 2.49 0.04 2.39 -0.06 2.34 -0.11 2.40 -0.05 2.63 0.18 2.37 -0.08 2.50 0.05

SiI I-Si 2.44 2.74 0.30 2.42 -0.02 3.31 0.87 2.27 -0.17 1.92 -0.52 2.16 -0.28 2.37 -0.07

SiI4 I-Si 2.43 2.52 0.09 2.40 -0.03 2.33 -0.10 2.43 -0.01 2.47 0.04 2.43 0.00 2.40 -0.03

SiIH3 I-Si 2.44 2.57 0.14 2.44 0.01 2.39 -0.05 2.43 0.00 2.01 -0.42 2.48 0.05 2.45 0.01

Si-H 1.49 1.44 -0.05 1.41 -0.08 1.37 -0.12 1.47 -0.02 1.49 0.01 1.37 -0.12 1.49 0.00

I-Si-H 107.8 108.8 1.0 107.4 -0.4 108.4 0.6 109.8 2.0 107.9 0.1 106.9 -0.9 109.6 1.8

IPO I-P 2.69 2.55 -0.14 2.41 -0.28 2.30 -0.39 2.30 -0.39 2.43 -0.26 2.43 -0.26 2.55 -0.14

I3P I-P 2.46 2.50 0.04 2.37 -0.09 2.26 -0.20 2.25 -0.21 2.36 -0.10 2.40 -0.06 2.52 0.06

IS- I-S 2.66 2.56 -0.11 2.30 -0.36 2.22 -0.44 2.30 -0.36 2.86 0.20 2.38 -0.28 2.39 -0.27

I2S I-S 2.59 2.67 0.08 2.34 -0.25 2.24 -0.35 2.33 -0.26 2.20 -0.39 2.30 -0.29 2.38 -0.21

ZnI2 I-Zn 2.53 2.53 0.00 2.23 -0.30 2.38 -0.15 2.35 -0.18 2.40 -0.13 2.40 -0.13 2.35 -0.18

  AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 
MSE bond length 0.05 -0.05 -0.05 -0.06 -0.04 -0.09 -0.03 

MUE bond length 0.08 0.09 0.18 0.12 0.16 0.16 0.07 

MSE bond angle -1.0 0.3 1.6 1.3 -1.2 -1.4 3.2

MUE bond angle 3.6 1.1 2.9 2.8 6.5 6.8 3.8 
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0.02 Å. MNDO/d and PM6 give the smallest mean unsigned
errors for bond lengths (0.03 and 0.04 Å, respectively) and
PM3 the largest (0.08 Å). The other four methods, including
AM1*, give mean unsigned errors of 0.05–0.06 Å.

PM3 systematically underestimates bond angles to
bromine (by 2.5°), as does AM1* (but only by 1.0°). The
other methods all systematically overestimate these angles
with mean signed errors between 1.0° (MNDO/d) and 3.0°
(MNDO). MNDO/d gives the lowest mean unsigned error
(1.8°) followed by AM1* and AM1 (2.6°). PM3 gives by
far the largest mean unsigned error (8.5°).

Iodine

Heats of formation

The results obtained for heats of formation of iodine
compounds are shown in Table 5.

Table 5 shows clearly that the three newest methods,
AM1*, PM5 and PM6, give the best results. They perform
very similarly, with mean unsigned errors ranging from 8.7
to 10.2 kcal mol−1. PM5 and PM6 give slightly too nega-
tive heats of formation, with mean signed errors of −3.8
and −3.9 kcal mol−1, respectively, whereas AM1* deviates
slightly less (2.6 kcal mol−1) in the opposite direction.
Large AM1* errors are found for CI4 (−15.8 kcal mol−1),
mononuclear aluminum iodides (+49.8 kcal mol−1 for AlI
and +85.5 kcal mol−1 for AlI3), SiH3I (+21.5 kcal mol−1) and
zinc and bromine iodides (ZnI2+103.8, Br2I

− −25.7 and
HBrI− +12.3 kcal mol−1). Quite generally, AM1* does not
do well for poly-halogen compounds but otherwise its
performance is acceptable.

Ionization potentials and dipole moments

Table 6 shows a comparison of the calculated and
experimental ionization potentials and dipole moments for
the training compounds containing iodine.

MNDO and AM1 significantly and systematically over-
estimate ionization potentials, but once again the perfor-
mance of the other methods is comparable. MNDO/d
(MUE=0.24 eV) and PM3 (MUE=0.30 eV) perform best,
although PM3 tends to overestimate the ionization poten-
tials (MSE=0.14 eV). The three newer methods give
comparable mean unsigned errors (0.42, 0.45 and 0.44 eV
for PM5, PM6 and AM1*, respectively), although PM5 and
PM6 systematically give values that are too high (MSE≈
0.4 eV) , and AM1* yields values that are too low (MSE=
−0.21 eV).

AM1* performs very poorly for dipole moments,
although the errors are concentrated on compounds con-
taining several halogen atoms and on HI. The dipole
moments for these compounds are all seriously overesti-
mated, giving an MUE for AM1* of 1.98 Debye, far larger
than any of the other techniques. AM1* cannot, therefore,
be recommended for calculating dipole moments of iodine
compounds and the molecular electrostatic potential should
also be treated with caution, although AM1* usually
performs very well in this respect. [36]

Geometries

Table 7 shows the calculated bond lengths and angles to
iodine for the training compounds using the different
methods.

The mean unsigned errors for calculated bond lengths
range from 0.07 Å (PM6) to 0.18 Å (MNDO). AM1*
performs relatively well, with an MUE of 0.08 Å. In
contrast to all the other methods, AM1* systematically
overestimates bond lengths to iodine (MSE=0.05 Å).
Surprisingly, the newer methods, PM5, PM6 and AM1*,
perform significantly worse for bond angles (MUEs of 3.6,
3.8 and 6.8° for AM1*, PM6 and PM5, respectively) than
the older ones (MUEs of 1.1, 2.8 and 2.9° for MNDO/d,
AM1 and MNDO, respectively). The exception is PM3,
which has an MUE of 6.5°, almost as large as PM5. AM1*

Compound Variable Target
AM1* MNDO/d MNDO AM1 PM3 PM5 PM6 

Error Error Error Error Error Error Error 

AM1* PM5 PM6
MSE bond length -0.05 0.00 -0.15 

MUE bond length 0.11 0.160.06

Compounds Containing Ti, Cu, Zr and Mo.      

TiI2 I-Ti 2.63 2.63 0.00 2.73 0.11 2.60 -0.03

CuI I-Cu 2.44 2.42 -0.02 2.34 -0.10 2.36 -0.08

CuI2 I-Cu 2.48 2.50 0.01 2.31 -0.18 2.51 0.03

ZrI2 I-Zr 2.77 2.67 -0.10 2.90 0.13 2.76 -0.01

MoI I-Mo 2.63 2.48 -0.15 2.69 0.06 1.96 -0.67

Table 7 (continued)
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performs differently to PM6 in that the latter systematically
overestimates bond angles to iodine (the MSE is +3.2°,
compared with the MUE of + 3.8°), whereas AM1* shows
almost no strong systematic trend (MSE=−1.0°).

Discussion

The AM1* parameters for bromine and iodine provide
important additional elements, both for classical organic
chemistry applications and for parameterizing the transition
metals, for which data for bromides and iodides are often
available. AM1* performs comparably to the more modern
of the available methods, and better than those that use only
s- and p-orbital basis sets. Because of the relatively large
amount of available experimental data, our parameteriza-
tion data for Br and I is far more similar to those used for
MNDO/d and PM6 than is the case for the transition
metals. The similar performances of the different methods
are therefore probably not coincidental, but rather reflect
the accuracy attainable within the current theoretical
framework, which is, for instance, very similar for PM6
and AM1*.

The availability of PM6 and AM1* (and for some
elements MNDO/d) as published semiempirical techniques
that use s-, p-, d-basis sets and have very similar theoretical
frameworks now opens the opportunity to carry out compar-
ison calculations for many applications in order to assess the
reliability of the technique for the problem in hand.

Acknowledgments This work was supported by the Deutsche
Forschungsgemeinschaft by an individual grant (Cl85/17-1), and as
part of GK312 “Homogeneous and Heterogeneous Electron Transfer”
and SFB583 “Redox-Active Metal Complexes: Control of Reactivity via
Molecular Architecture”. We thank Dr. Matthias Hennemann, Dr. Paul
Winget and Anselm Horn for support with the parameterization database.

References

1. Winget P, Horn AHC, Selçuki C, Martin B, Clark T (2003) J Mol
Model 9:408–414. doi:10.1007/s00894-003-0156-7

2. Winget P, Clark T (2005) J Mol Model 11:439–456. doi:10.1007/
s00894-005-0236-y

3. Kayi H, Clark T (2007) J Mol Model 13:965–979. doi:10.1007/
s00894-007-0214-7

4. Dewar MJS, Zoebisch EG, Healy EF, Stewart JJP (1985) J Am
Chem Soc 107:3902–3909. doi:10.1021/ja00299a024

5. Voityuk AA, Rösch N (2000) J Phys Chem A 104:4089–4094.
doi:10.1021/jp994394w

6. Dewar MJS, Thiel W (1977) J Am Chem Soc 99(15):4899–4907.
doi:10.1021/ja00457a004

7. Thiel W (1998) In: Schleyer PvR, Allinger NL, Clark T, Gasteiger
J, Kollman PA, Schaefer HF III, Schreiner PR (eds) Encyclopedia
of computational chemistry. Wiley, Chichester, p 1599

8. Stewart JJP (1989) J Comput Chem 10:209–220. doi:10.1002/
jcc.540100208

9. Stewart JJP (1989) J Comput Chem 10:221–264. doi:10.1002/
jcc.540100209

10. Stewart JJP (1998) In: Schleyer PVR, Allinger NL, Clark T,
Gasteiger J, Kollman PA, Schaefer HF III, Schreiner PR (eds)
Encyclopedia of computational chemistry. Wiley, Chichester,
p 2080

11. Chemistry NIST WebBook, NIST Standard Reference Database
Number 69, (http://webbook.nist.gov/), Linstrom P, Mallard W,
National Institute of Standards and Technology: Gaithersburg
MD, 20899, 2003

12. Stewart JJP http://www.openmopac.net
13. Gaussian 03, Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE,

Robb MA, Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin
KN, Burant JC, Millam JM, Iyengar SS, Tomasi J, Barone V,
Mennucci B, Cossi M, Scalmani G, Rega N, Petersson GA,
Nakatsuji H, Hada M, Ehara M, Toyota K, Fukuda R, Hasegawa
J, Ishida M, Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li
X, Knox JE, Hratchian HP, Cross JB, Bakken V, Adamo C,
Jaramillo J, Gomperts R, Stratmann RE, Yazyev O, Austin AJ,
Cammi R, Pomelli C, Ochterski JW, Ayala PY, Morokuma K,
Voth GA, Salvador P, Dannenberg JJ, Zakrzewski VG, Dapprich
S, Daniels AD, Strain MC, Farkas O, Malick DK, Rabuck AD,
Raghavachari K, Foresman JB, Ortiz JV, Cui Q, Baboul AG,
Clifford S, Cioslowski J, Stefanov BB, Liu G, Liashenko A,
Piskorz P, Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham
MA, Peng CY, Nanayakkara A, Challacombe M, Gill PMW,
Johnson B, Chen W, Wong MW, Gonzalez C, Pople JA (2004)
Gaussian, Wallingford CT

14. Dunning TH Jr, Hay PJ (1976) In: Schaefer HF III (ed) Modern
theoretical chemistry, 3rd edn. Plenum, New York, pp 1–28

15. Hay PJ, Wadt WR (1985) J Chem Phys 82(1):270–283.
doi:10.1063/1.448799

16. Hay PJ, Wadt WR (1985) J Chem Phys 82(1):284–298.
doi:10.1063/1.448800

17. Hay PJ, Wadt WR (1985) J Chem Phys 82(1):299–310.
doi:10.1063/1.448975

18. Frisch MJ, Pople JA, Binkley JS (1984) J Chem Phys 80:3265–
3269. doi:10.1063/1.447079

19. Becke AD (1988) Phys Rev A 38:3098. doi:10.1103/PhysRevA.
38.3098

20. Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785. doi:10.1103/
PhysRevB.37.785

21. Becke AD (1993) J Chem Phys 98:5648–5652. doi:10.1063/
1.464913

22. Cizek J (1969) Adv Chem Phys 14:35–89. doi:10.1002/
9780470143599.ch2

23. Purvis GD, Bartlett RJ (1982) J Chem Phys 76:1910–1918.
doi:10.1063/1.443164

24. Scuseria GE, Janssen CL, Schaefer HF III (1988) J Chem Phys
89:7382–7387. doi:10.1063/1.455269

25. Scuseria GE, Schaefer HF III (1989) J Chem Phys 90:3700–3703.
doi:10.1063/1.455827

26. McLean AD, Chandler GS (1980) J Chem Phys 72:5639–5648.
doi:10.1063/1.438980

27. Krishnan R, Binkley JS, Seeger R, Pople JA (1980) J Chem Phys
72:650–654. doi:10.1063/1.438955

28. Wachters AJH (1970) J Chem Phys 52:1033–1036. doi:10.1063/
1.1673095

29. Hay PJ (1977) J Chem Phys 66:4377–4384. doi:10.1063/
1.433731

30. Raghavachari K, Trucks GW (1989) J Chem Phys 91:1062–1065.
doi:10.1063/1.457230

J Mol Model (2009) 15:295–308 307

dx.doi.org/10.1007/s00894-003-0156-7
dx.doi.org/10.1007/s00894-005-0236-y
dx.doi.org/10.1007/s00894-005-0236-y
dx.doi.org/10.1007/s00894-007-0214-7
dx.doi.org/10.1007/s00894-007-0214-7
dx.doi.org/10.1021/ja00299a024
dx.doi.org/10.1021/jp994394w
dx.doi.org/10.1021/ja00457a004
dx.doi.org/10.1002/jcc.540100208
dx.doi.org/10.1002/jcc.540100208
dx.doi.org/10.1002/jcc.540100209
dx.doi.org/10.1002/jcc.540100209
http://webbook.nist.gov/
http://www.openmopac.net
dx.doi.org/10.1063/1.448799
dx.doi.org/10.1063/1.448800
dx.doi.org/10.1063/1.448975
dx.doi.org/10.1063/1.447079
dx.doi.org/10.1103/PhysRevA.38.3098
dx.doi.org/10.1103/PhysRevA.38.3098
dx.doi.org/10.1103/PhysRevB.37.785
dx.doi.org/10.1103/PhysRevB.37.785
dx.doi.org/10.1063/1.464913
dx.doi.org/10.1063/1.464913
dx.doi.org/10.1002/9780470143599.ch2
dx.doi.org/10.1002/9780470143599.ch2
dx.doi.org/10.1063/1.443164
dx.doi.org/10.1063/1.455269
dx.doi.org/10.1063/1.455827
dx.doi.org/10.1063/1.438980
dx.doi.org/10.1063/1.438955
dx.doi.org/10.1063/1.1673095
dx.doi.org/10.1063/1.1673095
dx.doi.org/10.1063/1.433731
dx.doi.org/10.1063/1.433731
dx.doi.org/10.1063/1.457230


31. Clark T, Chandrasekhar J, Spitznagel GW, Schleyer Pv R (1983) J
Comput Chem 4:294–301. doi:10.1002/jcc.540040303

32. Clark T, Alex A, Beck B, Chandrasekhar J, Gedeck P, Horn AHC,
Hutter M, Martin B, Rauhut G, Sauer W, Schindler T, Steinke T
(2005) Computer-Chemie-Centrum. Universität Erlangen-
Nürnberg, Erlangen

33. Stewart JJP (2002) LinMOPAC2.0, FQS. Poland, Krakow

34. Stewart JJP (2007)MOPAC2007, Stewart Computational Chemistry,
Colorado Springs, CO; http://OpenMOPAC.net

35. Stewart JJP (2007) J Mol Model 13:1173–1213. doi:10.1007/
s00894-007-0233-4

36. Horn AHC, Lin J-H, Clark T (2005) Theor Chem Acc 114:159–
168 Erratum: (2007). Theor Chem Acc 117:461–465.
doi:10.1007/s00214-006-0167-4

308 J Mol Model (2009) 15:295–308

dx.doi.org/10.1002/jcc.540040303
http://OpenMOPAC.net
dx.doi.org/10.1007/s00894-007-0233-4
dx.doi.org/10.1007/s00894-007-0233-4
dx.doi.org/10.1007/s00214-006-0167-4

	AM1* parameters for bromine and iodine
	Abstract
	Introduction
	Theory
	Parameterization data
	Results
	Bromine
	Heats of formation
	Ionization potentials and dipole moments
	Geometries

	Iodine
	Heats of formation
	Ionization potentials and dipole moments
	Geometries

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


