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Abstract Our extension of the AMI1 semiempirical
molecular orbital technique, AM1*, has been parame-
terized for the elements Al, Si, Ti and Zr. The basis sets for
all four metals contain a set of d-orbitals. Thus, AMI1*
parameters are now available for H, C, N, O and F (which
use the original AM1 parameters), Al, Si, P, S, CI, Ti, Mo
and Zr. Special attention was paid to reproducing
homolytic and heterolytic bond-dissociation energies
correctly. Such bond-energy data help to avoid eccen-
tricities in the parameterization caused by inaccurate
experimental heats of formation. The performance and
typical errors of AM1* for the newly parameterized ele-
ments are discussed. Generally, the new method performs
less well than established techniques for heats of forma-
tion but considerably better for the heats of reaction.

Keywords AM1* - Parameterization - Aluminum -
Silicon - Titanium - Zirconium - Semiempirical
MO-theory

Introduction

We recently [1] introduced an extension of AMI
molecular orbital theory [2], named AM1*, which uses
d-orbitals for the elements P, S, Cl and a slight modifi-
cation of Voityuk and Rd&sch’s AM1(d) parameters for
Mo [3]. AMI1* performs significantly better than AM1
for P-containing, S-containing and Cl-containing com-
pounds but retains its advantages (good energies for
hydrogen bonds, higher rotation barriers for m-systems
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than MNDO [4, 5] or PM3 [6-8]) for the elements H, C,
N, O and F. We now report AMI1* parameters for
aluminum, silicon, titanium and zirconium, which are
important in zeolite [9] and olefin polymerization
chemistry [10]. Because the experimental data for heats
of formation of compounds of the four metals are rel-
atively sparse and prone to errors, we have for the first
time paid special attention to reproducing homolytic
and heterolytic bond-dissociation energies as closely as
possible in order to produce a robust parameterization.
Using such bond energies should ensure the correct
chemical behavior for most reactions, although the error
in calculated heats of formation compared to experiment
may become higher.

Theory

AM1* for the four new elements uses the same basic
theory as outlined previously [1] with the exception that
the core—core repulsion potential for the Ti—H interac-
tion used a distance-dependent term 6, rather than the
constant term used for core—core potentials for all other
interactions in AM1* [1]. A distance-dependent §; was
also used for the Mo-H interaction in AM1(d) [3]. The
core—core terms for Ti-H and Zr—H are thus:

E(i — j) = ZiZipQ[1 + rijSij exp(—ijriy) | (1)

where all terms have the same meaning as given in Ref.
[1].

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

Parameterization Data

Parameterization data for silicon and aluminum were
taken largely from the MNDO/d parameterization
dataset [11, 12], but were extended with data from the
PM3 [7] and AM1 [13, 14] datasets. Since these sets are
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dominated by the heats of formation, we have added a
series of geometrical parameters based on DFT geome-
tries to give greater coverage to a number of underrep-
resented bond types, such as Al-Al, AI-S, Al-P, Si-S
and Si—P bonds.

The data set for compounds involving Ti was based
on the MSINDO parameterization for third-row tran-
sition metals [15]. However, this data is based predom-
inantly on very small molecules (Ti(Cp),Cl, is the only
compound larger than five atoms). Because of this, we

expanded the data set to include titanium compounds
with heats of formation in the NIST WebBook database
[16] and used calculated geometrical values. Since no
previous data sets for Zr compounds existed, we have
based our parameterization on available heats of for-
mation from the NIST WebBook and calculated
geometries.

In addition to the standard parameterization target
values, we have added a series of calculated reaction
energies (dimerization, adiabatic ionization potentials,

Table 1 AM1* parameters for

the elements Al, Si, Ti and Zr Parameter Al Si Ti Zr
Uss [eV] 245602105 | -35.1025011 | -10.1084773 |  -9.9546468
Uy [eV] -13.7049056 | -27.4557671 |  -2.4462081 |  -2.2195281
Ui [eV] -6.8179405 | -12.7115757 | -23.9034044 | -20.2935796
& [bohr] 15808063 15486715 15696034 16607978
¢, [bohr™] 15598372 1.346864 15696034 16607978
& [bohr™] 0.1050463 0.2079484 2.7348707 3.0064733
B, [eV] 74011762 | -3.9886239 | -10.1909308 | -11.3107916
By [eV] 22331537 | -2.5760327 |  -2.8704589 |  -3.0054726
B [eV] -0.4441486 -0457257 | -0.8523629 |  -0.7912566
g5 [eV] 9.726034 |  14.6307585 3.078831 2.7135314
g [eV] 7.0181635 7.6410202 12549291 |  13.8163511
gy [eV] 3.9277121 4667435 | 254165018 22.895573
g [eV] 5.9450316 8.8079605 |  20.3430761 |  17.9306483
hyp [eV] 0.5830777 0.6711716 0.5863918 0.6997347
Zn [bohr] 23115349 | 47072332 | 144314615 |  12.3091799
Zpn [bohr ] 15740136 16790098 6.6592598 7.0226726
Za [bohr] 0.4796566 0.5564688 11708127 10850375
[I(core) [bohr''] 13127952 10001556 | 23830131 2.6422529
AHP (atom) [keal mol™"] 79.49 108.39 1123 145.5
Fy [eV] 4.496379 6.3386046 14582843 13979775
GuleV] 6.9241222 |  14.5719405 13237728 1.644892

o [A]

H 3.3050075 2.7069137 2.8366207 2.8186298
C 2.8051511 2.6612219 2.6583073 2.4664812
N 2.7291355 3.1765503 2.6399847 2.5734504
o 2.8693214 3.4253695 2.5623795 2.4752289
F 2.1741552 2.7852557 3.1991591 3.0002541
Al 2.4030559 2.8539528 2.4560418 2.3835763
Si 2.8539528 | 23452252 2.2545275 2.2220888
P 16942589 22061477 3.7754720 3.3027486
S 1.8406946 2.7078528 2.1732697 2.6575520
a 2.0611639 2.9030226 2.8990097 5.4791068
Ti 24560418 | 22545275 2.7149128 10700289
Zr 2.3835763 2.2220888 10700289 2.4980342
H 109172770 23321311 | 33024430 [  3.2885959°
C 7.6622796 | 41397608 |  4.7058331 5.4225345
N 5.1321889 9.5779805 3.6239466 4.4817796
0 4.7014268 8.9075202 2.4868107 2.3617297
F 13582859 2.6676348 7.0863573 6.6146056
Al 8.8461475 9.7389477 | 184753536 |  18.5000120
si 9.7389477 18296180 3.9075768 4.0818782
P 15246045 2.7227698 8.5207153 9.9851281
S 14176441 6.9100579 |  2.7018956 9.8466777
c 15267651 5.2459739 53612679 5.2262751
N ; Ti 18.4753536 3.9075768 9.7712491 10000047
a]?ggtr‘(‘j?ggfgpgggzﬁgi [(’1\)* 1 Zr 18.5000120 4.0818782 1.0000047 | 10.1338549




Table 2 Experimental and calculated heats of Formation, dipole
moments and vertical ionization potentials for the aluminum
training set. Calculated ionization potentials are those given by
Koopmans® theorem. The errors are ® (< 5kcal mol™Y),
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€ (5-10 keal mol™'), ¢ (10-20 kcal mol™!) and ® (>20 kcal
mol ™). The color codes for dipole moments (in Debye) are * < 0.5,
©0.5-1, ¢ >1 and for ionization potentials (V) * < 0.5, ©0.5-1, ¢
1-2and * >2

Compound Heat of Formation (kcal mol™") Error (kcal mol™)

Exper. | AMI | PM3 PM5 |MNDO/d| AMI1* | AMI PM3 | PM5 |[MNDO/d| AMI1*
Al 218.10 213.33| 279.75| 224.59| 218.10] 227.83 4.77 -6.49 0.00 -9.73
Al 11640 117.51] 97.80| 117.51 117.87| 132.70 -1.11 -1.47|  -16.30
AlH 57.70] 52.89] 70.06]  56.84 6298  64.83 0.86 -5.28 -7.13
AlH, 63.00] 45.03 4.24 50.32 50.91 62.19 2.4 12.09 0.81
AlH; 29.10] 13.62[ 84.46 16.77 2695 2549 2.15
Al:Hg 2460 -15.49 6.65| -48.94 27.63|  23.08 -3.03
AlC 164.80| 164.72| 134.12| 167.80] 192.41] 209.02
(CH3):Al -2090] -27.50]  -5.74[ -37.68 -20.52|  -18.88
(C:Hs),AIH -35.00 -27.98[ 10.79[ -28.14 -18.70|  -20.90
(C2Hs);Al -39.10] -46.27] -23.83[ -48.25 -39.37|  -42.48 717 2 ;
(n-C3Hj)5Al -57.10 -65.88] -47.03] -65.30 5169 -63.45 8.78| -10.07| 820 -5.41 6.35
(i-C4Hy)sAl -78.23| -80.08] -59.64| -84.17 -52.80]  -79.48 1.85[ -18.59| 5.94 1.25
AlO’ 237.30| 234.61| 202.36| 22420| 219.38] 237.22 2.69 13.10] 1792 0.08
AlO 16.00 7.76] -28.38 10.45 3.07 14.49 8.24 5.55 12.93 1.51
AlOY -64.40| -52.86| -50.87| -49.02 -2449| -60.83| -11.54| -13.53| -1538 -3.57
AlO; 155.90 147.04| 179.75] 146.74| 137.69| 126.35 8.86 9.16 18.21
AlO; -20.60| -17.25] -54.92[ -31.60 -25.60| -28.09 -3.35 11.00 5.00 7.49
AlOy -116.00] -9547| -117.09] -116.00] -127.48] -102.37 1.09] 0.00] 1148| -13.63
ALO -34.70| -39.16] -28.58| -47.91 -34.03|  -53.99 4.46 -6.12| 1321 -0.67|  19.29
ALO;" (linear) 126.00| 126.81| 59.10] 113.42 87.89| 110.22 -0.81 12.58 15.70
ALO; (linear) -94.30| -75.40| -124.00] -97.28| -101.47| -90.79| -18.90 2.98 7.17 -3.51
H-AI=0 -8.00] -21.89 2.19]  -22.10 2112 -17.33 13.89| -10.19] 14.10 13.12 9.33
HAIO -55.00| -44.83[ -109.27| -31.55 -14.90|  -6245]  -10.17 7.45
AIOH' 130.00| 157.53| 118.53| 158.62] 141.63] 142.90 11.47 -11.63| -12.90
AlOH -43.00| -38.91| -24.08| -51.29 -34.51 -55.31 -4.09)  -18.92 8.29 -8.49 1231
HO-AI=0 -110.00] -79.53| -105.09] -92.13| -101.31] -95.23 -4.91| -17.87 -8.69|  -14.77
(C,Hs)>AlOC:Hs -113.40| -103.61| -101.18| -108.96 -98.10] -115.62 979 -12.22| -4.44| -15.30 2.22
(C2Hs); AIOCH(CH3), -144.10| -110.47| -106.19| -114.62| -102.66| -123.53
PIIN -399.40| -308.13| -371.01| -429.95| -307.45| -410.41 11.01
tris(acetylacetonate) i
AlF* 16540 126.69| 244.57| 15629 126.86] 118.65 9.11
AIF -63.50 -77.87| -50.13| -65.11] -65.69| -87.80 1437 -1337] 1.61 2.19
AlF, 2200 18.38] 29.04]  36.69 22.96 6.25 3.62 -7.04| -14.69 -0.96 15.75
AlF; -166.00| -169.55| -164.29| -153.17| -171.31] -170.71 3.55 -1.71| -12.83 5.31 471
AlFy -217.00] -210.87| -229.60| -208.12| -201.03| -212.95 -6.13|  12.60| -8.88) -15.97 -4.05
AlF; -289.00| -285.85| -291.49| -280.36| -291.87| -295.71 -3.15 249 -8.64 2.87 6.71
AlFy -476.00| -427.69| -469.18| -453.80| -458.48| -433.19 -6.82 -17.82
AlF4 -629.50 | -645.98| -631.36| -648.90| -628.33| -636.82 16.48 1.86| 19.40 -1.17 7.32
F-Al=0 -139.00] -110.15]| -124.71] -11047] -126.65| -115.15 -14.29 -12.35
F>AlO° -311.56| -257.16| -285.97| -279.85| -287.25| -264.27
AlCr 206.00| 179.66| 197.53| 198.00] 169.61| 198.34 847| 8.00 7.66
AlCI -12.30] -2085]  -5.48 957 -12.74]  -10.06 8.55 -6.82| -2.73 0.44 -2.24
AlCI, 115.00] 104.18| 124.33] 111.27 93.93|  140.27 10.82 933] 373
AlCI, -67.00] -74.69] -69.90| -55.02| -7287| -58.17 7.69 2.90| -11.98 5.87 -8.83
AlCly -115.00] -119.95| -144.84| -113.61| -108.96| -122.34 4.95 -1.39 -6.04 7.34
AlCly -139.70] -140.31| -122.09| -135.81| -149.18| -125.34 0.61| -17.61| -3.89 9.48| -14.36
Al:Clg -309.70| -318.96| -311.24| -309.70| -296.02| -330.84 9.26 1.54]  0.00] -13.68
n-CgH s AICLAI(-C4Hy)s -99.12| -101.68| -83.58| -107.36| -87.71| -105.64 2.56| -15.54| 824| -1141 6.52
AICIF” 66.00| 60.75| 7495  70.79 58.07 67.45 5.25 -8.95| -4.79 7.93 -1.45
CI-Al=0 -83.20] -66.44| -72.42] -67.05] -78.58| -50.26] -16.76| -10.78| -16.15 -4.62
AICIF -117.00| -121.19| -117.85] -104.29| -121.24| -126.59 4.19 0.85| -12.71 4.24 9.59
AICIF; -238.80] -236.20| -234.59| -232.81| -242.95| -254.99 -2.60 4.21] -5.99 4.15 16.19
AICLF -189.00| -186.69| -177.98| -184.16| -195.36| -198.18 -2310 -11.02] -4.84 6.36 9.18

electron affinities and homo-lytic and heterolytic bond
cleavage) to supplement the data sets. This is somewhat
inconsistent with using heats of formation rather than
Born—-Oppenheimer energies, however the near atom-
additivity of thermal corrections [17] allows minimiza-
tion of these quantities simultaneously. The use of

reaction energetics increases the scope of the parame-
terization data, particularly in the case of transition
metals, where heats of formation are sparse. In addition,
the use of feasible chemical processes (rather than the
rather contrived, but convenient, heat of formation) in
the optimization procedure should increase the appli-
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Table 2 (Contd.)

AlS [ 48.00] 48.01] 21.95] 4031] 537] 41.29]  -0.01 [ - 6.71
Statistics, Heats of Formation (N=53)
Mean Signed Error -2.45 048 -0.21 -1.58 -0.81
Mean Unsigned Error 13.88 2098 12.20 14.66 12.99
Dipole Moments (Debye)
AlH 0.17 0.97 0.66 1.02 0.21 0.40 -0.80 -0.49| -0.85 -0.04 -0.23
H-Al=0 1.50 2.10 0.45 1.73 1.57 1.52 -0.60 1.05| -0.23 -0.07 -0.02
AlF 1.53 1.00 3.29 0.03 0.59 1.18 0.53 -1.76 1.50 0.94 0.35
Statistics, Dipole Moments (N=3)
Mean Signed Error -0.29 -0.40 0.14 0.28 0.03
Mean Unsigned Error 0.64 1.10 0.86 0.35 0.20
Ionization Potentials (eV)
Al 6.20 6.37 9.22 6.42 6.27 6.66 -0.17 -0.22 -0.07 -0.46
AlH 8.40 7.98 9.69 8.24 7.50 747 0.42 -1.29 0.16 0.90 0.93
(CHa):Al 9.76| 10.31 10.10 9.26 10.57 10.18 -0.55 -0.34 0.50 -0.81 -0.42
H-Al=0 7.50 8.67 8.60 9.66 7.83 8.92 -1.17 -1.10 -0.33 -1.42
AlF 9.80 8.90 9.29 9.97 8.44 9.32 0.90 0.51| -0.17 1.36 0.48
AlF; 16.10| 13.77 1520 14.10 15.26 14.34 0.90 2.00 0.84 1.76
AlCI1 8.50 8.75 9.08 9.71 8.29 9.39 -0.25 -0.58| -1.21 0.21 -0.89
AlCly 12.01| 1249 11.40| 11.63 11.59 11.84 -0.48 0.61 0.38 0.42 0.17
(CH3):AICI 10.25| 10.39 10.17 9.63 10.61 10.22 -0.14 0.08 0.62 -0.36 0.03
CI-Al=0 12.00| 11.65 11.01| 10.98 12.07 11.10 0.35 0.99 1.02 -0.07 0.90
Statistics, lonization Potentials (N=10)
Mean Signed Error 0.12 -0.32 0.09 0.21 0.11
Mean Unsigned Error 0.68 0.94 0.84 0.54 0.75

cability of semiempirical methods to chemical applica-
tions. While reaction enthalpies are often used to eval-
uate the appropriateness of a particular parameter
minimum they are not generally included in the
parameterization procedure.

While the NIST WebBook makes a large amount of
data available, many data points are of uncertain
accuracy, particularly for transition metal complexes.
For example, the heats of formation of large titanium
complexes are calculated relative to Ti(Cp),Cl,, which
may not be consistent with data with the smaller
compounds.

To avoid having our parameterization skewed by
possibly erroneous data, heats of formation, dipole
moments and geometries were checked using the fol-
lowing DFT-based scheme with the exception of tet-
raphenylsilane and ((CH;3);Si)sN. Geometries were
optimized using the Becke gradient corrected exchange
functional [18] in conjunction with the Lee—Yang—Parr
correlation functional [19] with three parameters
(B3LYP [20]), as implemented in Gaussian 98 [21].
For compounds which contained Ti or Zr the LAN-
Ldz basis set [22-24] was used for and for all of the
other compounds the 6-31+G(d) [25-29] basis set.
Harmonic vibrational frequencies were also calculated
at this level and used for extrapolation to 298 K.
Single point B3LYP/LANLdz+ + +//B3LYP/LAN-
Ldz and B3LYP/6-311+ G(2d.f)//B3LYP/6-31G(d)
calculations [30, 31] were used to refine the energies
and dipole moments. Heats of formation were calcu-
lated using these Born—Oppenheimer energies and the
thermodynamic corrections derived from the smaller
basis set by optimizing the atomic parameters through

a multi-linear least squares analysis. This method has
been demonstrated to give more accurate results than
the a priori atomic values [17].

We will draw special attention to some molecules for
which the situation is unclear.

We removed four molecules from the training set,
disobutylaluminum hydride, aluminum nitride, AIOF,
and Al(Cl),(i-Bu).

Rather than attempting to gather a comprehensive set
of reactions, we have chosen a representative series. In
doing so, we have relied exclusively on calculated ener-
gies, rather than reactions where heats of formation exist
for all the compounds involved. In addition to allowing
greater coverage as to the nature of the bonds being
broken and formed, this method has the advantage that
the systematic nature of the DFT calculations helps us
to create a consistent parameterization.

The final set contains 234 heats of formation 284
reaction energies, 27 ionization potentials, 23 dipole
moments, 351 bond lengths and 112 bond angles. The
individual datasets and the values used for parameteri-
zation are outlined in the tables and supplementary
material. These and other parameterization data will
soon be made available as a freely accessible web-based
dataset [32, 33].

Parameterization

The only change to the parameterization procedure from
that reported previously [1] was that we determined
appropriate weighting factors for each of the compo-
nents in the error function. Despite numerous additions
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Table 3 DFT and semiempirical calculated energies for the reactions used in the aluminum training set. The errors are indicated as for

Table 2
: AEg (keal mol” Error (keal mol™)
Renctian DFT | AMI PM3 « pms) MNDO/d
AIH; — H + AlH, 247.72 281.41 272.83 269.49 263.43
AIH; — H" + AIH," 87.05 83.519]  -28.122 85.65 76.06
AIH; — H + AlHy 378.31 318.18 197.36 331.00 353.97
ICH3AIH; — CHy + AIH," 244.92 268.73 263.40 259.40 262.67
CH;AIH; — CH;' + AlHy 285.16 270.80 131.18 293.64 287.34
AIH,OH — OH" + AIH," 253.06 258.48 269.44  227.65 266.56
IAIH,OH — OH' + AIHy 479.43 419.65 282.48 443.06 442.17
INH,AIH, —» NH; + AlH;' 568.58 545.70 524.11 535.64 530.50)
NH2AIH, —» NH;' + AlHy 68.74 96.02 -60.42 89.00 102.27
AIH.F - F + AlH, 242.81 304.39 270.45 246.78 283.63
AIH-F — F* + AlHS 542.80 465.80 361.33) 54558 516.38
AIH,Cl — CI' + AIH," 197.87 211.84 198.39 183.97| 196.14
AIH.Cl = CI + AlHY 394.88 367.15 194.40 362.38 370.65
IAIH,SH — AIH," + HS 206.04 197.48 206.05 179.63 233.23
IAIH,SH — AIH; + HS' 311.50 259.46 133.61 304.85 313.63
IAIH,SIH; — PHy + AlH, 206.06 180.69 285.18 200.77 224,94
IAIH,SIH; — PH,” + AIH, 273.78 252.47 178.00 295.93 285.57
SiH;AIH; — SIH; + AIH,' 200.95 187.03 174.07 203.64 215.24
SiH3AIH, — SIH; + AlHy 231.09 219.18 62.90 238.89 249.86
ZrH:AlH; —> ZrHs™ + AlHy 205.71 426.65 273.78 802.83
ZrH3 AlH; - ZrHy + AlH,' 202.33 265.83 235.05 626.35
H, + CH3AIH, - AlH; + CH, -7.19 11.58 31.22 0.91 3.50
ICH, + CH;AIH; - CoH,, + AlH; 12.86 6.54 25.72 14.39 8.39
H, + AIH,OH — AlH; + H,0 28.60 22.70 65.86 19.22 21.00)
ICH, + AIH,OH — AlH; + CH;0H 58.05 28.50 67.03 44.07 37.25
H, + NH,AIH, — AIH; + NH; 18.50 38.18 67.84 17.48 20.59
ICH. + NH>AIH; - AIH; + CH:NH, 45.64 41.68 65.34 40.45 32.09
H, + AIH:F — AIH; + HF 41.05 36.02 71.28 26.00 50.64
CH, + AIH,F — AlH; + CHSF 67.98 52.86 79.84 55.36 62.13
H, + AIH,Cl - AlH; + HCI 35.21 34.24 61.50 12.48 48.55
ICH, + AIH;Cl — AlH; + CH;CI 57.90 43.49 66.90 44.19 53.57
H, + AIH:SH — AlH; + HaS 23.32 19.90 53.34 16.60 48.89
ICH, + AIH,SH — AIH; + CH,SH 44.18 17.95 48.35 34.02 57.03 ?
Electron Affinity Al 3.22 4.07 -87.34 72.33 54.78 13.65  -0.85
Electron Affinity AIO -58.12 -60.63 -22.50 -59.47 -27.56) 7531 251 1.35
Electron Affinity A0, 111.42 -78.21 -62.17 -84.40  -101.88 -74.27 )
Electron Affinity AIF, -46.91 -41.33 -65.31 -54.94 -29.72 4224 -5.58 1840 8.03]
Electron Affinity AICI -54.34 -45.26 -74.93 -58.59 -36.10) -64.17]  -9.08 4.25|
AIH;" + AlH:" — AlLH, -59.06 -63.82 153.99 -85.90 -56.41 5161 4.76
ICH:AIH, — AIH," + CH5" 80.57 76.55 -21.41 80.35 64.74 8232  4.02 0.22|
IAIH," + CH;AIH® — CH;AIHAIH; -57.82 -59.40 73.84 -81.61 -58.76 5249 1.58
CH:AIH® + CH:AIH" —
CH.AIHAIHCH. -56.02 -54.77 -6.99 -77.51 -59.31 -52.69|  -1.25
IAIH,OH —» AIH," + OH" 128.11 108.82 28.52 120.27 106.85 135.88]  19.29
ICH;OAIH; — =
CHLO" + AlH,* 112.35 96.30 14.05 105.61 96.88) 121.66/ 1605
NH>AIH; — AIH," + NH," 108.31 109.44 12.50 106.43 88.04 103.72)  -1.13
IAIH,F — AIH," + F* 157.01 155.42 59.30 154.32 153.94 17259 1.59
ICFsAIH; - AlH," + CF3* 76.04 51.30 -23.97 79.00 58.65 65.68
AIH,Cl — AIH," + CI* 117.29 114.07 17.34 114.16 112.80 113.090  3.22
IAIH,SH — AIH." + HS® 93.97 84.38 -1.80 95.40 108.03 108.46f  9.59
ICH3SAIH; — AIH," + CH,S' 87.71 75.93| 42.26 86.59 103.86) 98.06] 11.78

to the parameterization data, the weighting factors used
have remained constant since MNDO. As Dewar and
Holder noted in the parameterization of AM1 for alu-
minum, the choice of weighting factors was originally
developed by trial and error based on ‘“‘chemical
acceptability of the results for as many additional mol-
ecules and properties as the available data will allow”.
As we have observed previously [1], the current com-

position of data sets and weighting factors emphasizes
heats of formation (as a larger number of data of this
type has been added relative to the others) at the expense
of the other factors. The new weighting factors were
determined so that the error function at the minimum
was composed of approximately one-third each of the
heats of formation and reaction energetics. The
remaining third consisted of errors in dipole moments,
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Table 3 (Contd.)

AIH:PH, — AIH," + PH," 68.85 59.84 67.49 90.51 74.25 72.48) 9.01 1.36) -5.40 -3.63
SiH;AIH; — AIH," + SiH;" 66.89 48.92 -42.28 76.94 67.04 72.24] 17.97 -10.05 -0.15 -5.35
SiF;AlH; — AlH," + SiFy* 72.64 31.98 -75.23 62.10) 60.06) 48.63] 10.54 12.5

[TiH3;AIH, —» AIH," + TiHs" 27.56 238.82 66.50 331.72 62.85]

ZrH;AlH, — AlH," + ZrHy' 44.58 180.81 56.35] 545.21 46.94 -11.77 -2.36
IAdiabatic lonization Potential Al 138.86 133.84 233.73 145.10 140.11 148.55 5.03 -6.24 -1.24 -9.69
Adiabatic lonization Potential AlO 238.94 226.85 230.74 213.75 216.30 222.73 012109 8.20] 16.21
IAdiabatic lonization Potential AIF 224.67 204.57 294.70 221.40 192.55 206.44 3.27 18.23
Adiabatic lonization Potential AIF; 205.11 187.92 193.33 189.86 194.27 176.96]  17.19] 11.78] 15.25 10.

IAdiabatic lonization Potential AICI 213.37 200.51 203.01 207.57 182.35 20840, 12.86) 103 5.81 4.97
Adiabatic lonization Potential AICI, 182.72 178.87 194.23 166.30 166.79 198.44 3.85 -11.51] 16.43 15.93 -15.72
IAdiabatic lonization Potential AICIF 192.68 181.94 192.80 175.09 179.32 194.04

RAIH; — Al:Hs -33.56 -42.72 -162.27 -82.48 -26.27 -27.91

2AI(CH3): — Al:(CHa)g -9.45 17.17 -11.72 -45.01 -0.87

RAIF; — AlLF; -46.16 -74.28 -48.37 -88.18 -44.58

RAICl; — Al Clg -22.74 -38.33 -67.07 -38.07 -26.27

AIH;TiH; — AlHy + TiHy' 194.78 450.611 236.728)  573.044

IAIH.TiH; — AIH," + TiH;~ 161.25 392.644 313,55| 451.836

Statistics, Heats of Reaction (NV=68, N=62 for MNDO/d)

Mean Signed Error -8.68 24320 3034  -0.64) 4.06
Mean Unsigned Error 35.53[ 66.85  50.46 15.49 17.28

ionization potentials and geometries. This led to the
choice of 1 mol kcal™! for the reaction, whereas the
MNDO values were retained for the rest of the error
function.

Results

The optimized AM1* parameters are shown in Ta-
ble I. Most of the parameters are quite consistent
along the second row. Above all, the d-type polariza-
tion functions on Al and Si have the expected diffuse
exponents.

Geometries were optimized with the new AMI*
parameterization using VAMP 8.1, [34] while the AMI1,
PM3 and PMS5 calculations used LinMOPAC?2.0 [35].
The two programs give essentially identical results for
the Hamiltonians that are available in both.

Aluminum

The results for aluminum are summarized in Table 2.
The overall MUE is approximately equal to that of the
DFT-based methods (MUE=12-15.3 kcal mol !,
depending on the basis set).

Particularly large errors in AM1* occur in fluorinated
compounds such as AIF,0~ (—47.3), AIF " (46.8), AIC
(—44.2) and AlF; (—42.8). The MUE for compounds
containing fluorine is 18.6 kcal mol™', significantly
higher that overall. In addition, oxygenated compounds
are represented by ALO™ (29.6) and ACIO (—33). Both
the fluorine-containing and oxygen-containing com-
pounds have mean signed errors (MSE) near zero,
indicating that there is no residual systematic error.
Generally, AM1* performs comparably to AM1 and
PMS5 for the heats of formation and very well for the
three available dipole moments. The four semiempirical
methods are comparable for the ionization potentials.

However, our parameterization set also consisted of a
series of reactions, as outlined above. Table 3 shows the
results obtained.

For the reactions examined, the seven adiabatic ion-
ization potentials have an MUE of 13.5 kcal mol !,
and the five electron affinities are in error by 15.9 kcal
mol~!. This indicates that in the errors in the ions and
the neutral compounds are consistent. The dimerization
energies are well predicted, about 5 kcal mol ™!, with the
exception of AICl;, where the dimer is too strongly
bound despite relatively accurate predictions of the heat
of formation of the monomer and the dimer. The bond
homolysis energies are particularly well predicted with
an MUE of 9.3 kcal mol™~'. The AI-O and AI-S bonds
are predicted to be too strong, while AI-C and Al-Si
bonds are slightly too weak. Bond heterolysis is less
accurate, an MUE of 28.9 kcal mol™!, with the largest
errors coming from cases resulting in a negatively
charged aluminum, with H',F", and Cl" as the other
products. These errors are a direct result of the incorrect
ionization potential of those species, and are seen in all
of the reactions examined here.

The geometric parameters used for the parameteri-
zation and the results obtained with the four semiem-
pirical methods are shown in Table S1 of the
supplementary material. A statistical analysis of the re-
sults is shown in Table S2. For aluminum compounds,
the AM1* bond lengths are systematically too short by
0.13 A. This is primarily a result of Al-halogen bonds,
where F-Al bonds and Al-CI are 0.15 and 0.24 A in
error, respectively. This systematic error in chlorine
bonds was noted previously [1] in our parameterization
for chlorine, and is seen for the other metals as well. The
errors in bond distances with Al for the other first row
elements are quite small, less than 0.05 A. The corre-
sponding errors with second-row elements are also fairly
large, although they are typically based on only one or
two observations.
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Table 4 Experimental and calculated heats of Formation, dipole moments and vertical ionization potentials for the silicon training set.
Calculated ionization potentials are those given by Koopmans’ theorem. The errors are color coded as for Table 2

Compound Heat of Formation (kecal mol'l) [ Error (keal mul'l)

Exper. AM1 PM3 PM5 MNDO/M | AMI* AM1 PM3 PMS MNDO/ |  AMI*
Si 75.50 111.14 110.36 96.07 123.49 81.09 -5.59
Si, 139.90 159.89 143.21 155.97 145.91 164.49 -19.99 -3.31 -16.07 -6.01
Siy’ 87.90 85.71 54.02 103.80 11160 107.93 2.19 -15.90
Sis 152.20 184.88 152.79 151.74 161.78 [ 151.81 -0.59 0.46 -9.58 0.39
Siy’ 100.30 114.99 80.75 100.82 11173 99.23 -14.69 | 19.55 0.52 [ -1143 1.07
Siy’ 120.20 188.93 83.88 105.89 11293 117.89 14.31 7.27 2.31
Sis’ 106.50 146.14 62.52 96.02 10785 137.18 1048 | -1.35 [NES00EN
HSiSiH 90.00 89.40 93.98 89.44 £8.06 7291 0.60 -3.98 0.56 1.94 17.09
H.Si (singlet) 65.20 67.83 72.79 67.88 63.21 46.67 -2.63 -7.59 -2.68 1.99 18.53
H;,Si (triplet) §6.20 39.94 68.15 71.63 78.53 82.18 18.05 14.57 7.67 4.02
SiH;' 234.10 222.90 223.29 212.42 22426  217.28 1120 | 10.81 9.84 16.82
SiH;" 47.90 24.48 42.11 41.24 44.79 47.76 5.79 6.66 311 0.14
SiHy 14.00 -1.82 -2.80 13.82 2727 22.92 1582 | 16.80 018 | -1327 -8.92
SiH, 8.20 4.12 12.48 10.53 10.41 7.23 4.08 -4.28 -2.33 -2.21 0.97
H,Si=SiH, 65.70 54.50 56.80 50.68 74.94 63.70 11.20 8.90 15.02 9.24 2.00
H,SiSiH (singlet) 74.60 79.93 72,65 66.28 75.18 4121 -5.33 1.95 8.32 -0.58 F
Si;Hs" 53.30 34.45 45.08 39.52 52.89 51.03 1885 3.22 13.78 0.41 2.27
Si;H, 19.10 16.15 17.85 11.70 24.42 32.77 2.95 1.25 7.40 532 i367
Si;Hy 28.90 24.62 21.71 11.76 2766 -26.20 4.28 7.19 17.14 1.24
CSi 147.00 151.61 155.32 148.68 168.99 | 200.62 -4.61 -8.32 -1.68
H,Si=CH, 37.00 21.75 40.21 39.53 46.59 80.75 15.25 -3.21 -2.53
CHSiH (singlet) 44.00 45.10 49.09 43.84 42.99 40.38 -1.10 -5.09 0.16
CHSiH;" 30.60 7.10 2230 22.27 2439|  33.06 |DDNBRSON 8.0 8.33
CH1SiH; -7.00 -11.14 -4.21 -6.17 -8.30 -5.09 4.14 -2.79 -0.83
CH,SiH=SiH, 21.00 5.81 21.59 3273 25.85 69.97 1519 -0.59 -1.75
(CH,),Si (singlet) 26.00 24.71 25.54 20.36 23.76 34.26 1.29 0.46 5.64
CH,=CHSiH; 1.00 11.41 19.67 15.01 12.34 13.25 -1041 | -18.67 -14.01
(CH,).SiH" 14.60 -9.25 2.95 4.17 443 28.55 1165 | 1043 |
(CH,).SiH, -22.60 -25.68 -20.79 -22.53 -26.45 -16.53 3.08 -1.81 -0.07
C,H,SiH; -15.00 -16.51 -10.20 -11.04 16.28 -18.41 1.51 -4.80 -3.96
(CH,),Si=CH 5.00 -9.26 3.40 6.99 5.90 59.72 14.26 1.60 -1.99
(CH,):Si° -0.70 -24.65 -16.11 -12.96 -14.95 19.35 15.41 12.26 4.25
(CH,):SiH -39.10 -39.38 -37.30 -38.52 -43.90]  -27.05 0.28 -1.80 -0.58 480  -12.05
(C;Hs),SiH, -43.60 -36.41 -32.62 -32.26 4174 -43.19 -7.19 1098 | -11.34 -1.86 -0.41
(CH,):Si -55.70 -52.16 -53.75 -53.96 -60.51 -36.66 -3.54 -1.95 -1.74 4.81 -19.04
1.1-Dimethylsilacyclobut -33.70 -37.23 -35.65 -38.54 -46.89|  -25.78 3.53 .95 4.84 | 13.19 -1.92
1.1-Dimethylsilacyclopentane -43.40 -57.08 -54.43 -57.24 -65.37 -52.19 13.68 ADEISER | 13.84 8.79
(C;Hs);SiH -39.50 -54.92 -55.38 -52.58 -64.52 -66.82 15.42 15.88 13.08
(C;Hs),Si -71.00 -71.95 -78.02 -72.26 -84.40 -88.86 0.95 7.02 1.26 13.40 17.86
Si(CyHsh 79.80 74.58 76.04 63.97 62.59 7.95 5.22 3.76 1583 | 1721
SiH;SiH,CH; 2.10 1.25 0.77 -4.41 3.53 15.21 0.85 1.33 6.51 -1.43 -13.11
CH,SiH,SiH,CH; -14.90 -13.35 -16.20 -20.34 -17.00 7.97 -1.55 1.30 5.44 2.10
SiH;SiH(CH,), -14.90 -12.89 -16.10 -20.17 -16.77 -1.04 -2.01 1.20 527 1.87|  -13.86
SiH;Si(CH;)s -31.90 -26.12 -32.81 -35.56 23629 -16.10 -5.78 0.91 3.66 4.39
Si(CH;)2HSi(CH;),H -49.00 -40.91 -49.83 -51.60 5563 -16.42 -8.09 0.83 2.60 6.63
Sis(CH;)sH -66.00 -53.72 -66.54 -66.85 7362 -31.78 -12.28 0.54 0.85 7.62
1,1.3.3-Tetramethyl-1.3- o
dsflucyalobutine -72.00 -75.37 -78.12 -78.31 90.63| -74.23 3.37 6.12 631 | 18.63
(CH,):SiSi(CH,)s -83.00 -66.38 -83.26 -81.95 9100 -40.77 -16.62 0.26 -1.05 8.00
Si0 -24.60 -2.08 -26.03 -18.60 -20.63 19.94 1.43 -6.00 -3.97
Si0, -73.00 -67.49 -88.93 -66.64 9690  -12.60 -5.51 15.93 -6.36
H,Si0 -23.50 -19.06 -21.54 -16.00 -32.41 2.50 -4.44 -1.96 -7.50
trans-HSIOH -23.70 -21.68 -31.41 -29.53 -25.02 -39.02 -2.02 7.71 5.83 1.32 15.32
SiH;OH -67.50 -64.16 -62.85 -58.59 -66.21 -78.16 -3.34 -4.65 -8.91 -1.29 10.66
Si(OH), (singlet) -117.50 -113.72 -134.39 -142.22 -116.33]  -124.08 2378 | 16.89 -1.17 6.58
HSIO(OH) -110.60 9996 | -113.25 -106.66 -112.33 -84.11 -10.64 2.65 -3.94 1.73
H,Si(OH)s -149.00 | -137.90 | -144.08 | -139.47 -143.00 [ -164.70 1110 -4.92 -9.53 -6.00 15.70.
(CH,):SiOH -119.50 | -11034 | -11550 | -113.86 -116.84[  -109.50 9.16 -4.00 -5.64 22,66 -10.00
Si(CH;):0C,Hs -119.00 | -112.21 -119.27 | -115.88 11702 -122.54 -6.79 0.27 3.2 -1.98 3.54
Si(CH3),(0C;Hs)s -185.70 | -174.93 -184.51 -183.05 -173.88 [ -211.01 -10.77 -1.19 -2.65 | -11.82
Si(OCH)s -263.27 -273.14 | -305.72 -284.12 -268.57|  -336.45 9.87 5.30
(CH;):Si0Si(CH;)s -185.70 | -167.66 | -176.54 | -179.80 -186.42|  -210.17 -18.04 9.16 -5.90 0.72
SiN 89.00 77.04 92.62 95.18 11879 17526 11.96 -3.62 -6.18
(CH3):SiNHCH; -54.30 -60.54 -62.01 -56.27 -59.21 -44.17 6.24 7.71 1.97 4.91 -10.13
(CH;):SiN(CH), -59.30 -55.38 -65.94 -53.41 -55.94 -47.75 -3.92 6.64 -5.89 -3.36 -11.55
(CH1):SINHSI{CH1)4 -114.00 -117.96 -119.69 -113.95 -115.86 -107.95 3.96 5.69 -0.05 1.86 -6.05

Most significantly, however, the methods (AMI,
PM3 and PM5) that were parameterized using only
heats of formation for energies show significant weak-
nesses when calculating heats of reaction. Thus, al-
though AM1* is no improvement on the other methods
for heats of formation, it provides a very important

improvement in heats of reaction, suggesting a generally
more robust parameterization. We will return to this
point in the discussion. As noted previously [1], the
MNDO/d parameterization is particularly robust.
MNDOY/d gives comparable results to AMI1* for the
heats of reaction.
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Table 4 (Contd.)

Mean unsigned error I | | [ [ I I 16.04 | 938 | 1233 | 750] 2294
DIPOLE MOMENTS (Debye)

CH;SiH3 0.73 0.37 0.44 0.11 0.95 0.01 0.36 0.29 0.62 -0.22 0.72
HCCSiH; 0.32 0.69 0.04 0.30 1.72 0.76 -0.37 0.28 0.02 -1.40 -0.44
CH>=CHSiH; 0.66 0.55 0.23 0.12 1.44 0.43 0.11 0.43 0.54 -0.78 0.23
(CH;):SiH, 0.71 0.44 0.46 0.07 1.04 0.07 0.27 0.25 0.64 -0.33 0.64
C;H;5SiH; 0.81 0.37 0.36 0.02 0.96 0.03 0.44 0.45 0.79 -0.15 0.78
(CHj3):SiH 0.53 0.39 0.37 0.03 0.85 0.11 0.14 0.16 0.50 -0.32 0.42
Sio 3.10 1.76 074 | 227 234 1.02 134 EEEN o033 [ 0.7 NSOE
(CH;):SiNHSi(CHs)s 0.37 0.55 0.21 0.17 0.46 0.17 -0.18 0.16 0.20 -0.09 0.20
SiF» 1.23 0.95 0.04 1.43 1.17 0.41 0.28 1.19 -0.20 0.06 0.82
SiH;F 1.30 1.30 1.03 2.29 0.69 1.50 0.00 0.27 -0.99 0.61 -0.20
SiH-F» 1.54 1.57 1.41 3.11 0.99 2.15 -0.03 0.13 -1.57 0.55 -0.61
SiF;H 1.26 1.53 1.51 3.34 1.08 231 -0.27 -0.25 0.18 -1.05
CH;SiH2F 1.71 1.52 1.30 2.42 1.42 1.50 0.19 0.41 -0.71 0.29 0.21
CH;SiF;H 2.11 2.02 1.72 3.26 1.90 2.23 0.09 0.39 -1.15 0.21 -0.12
SiH;Cl 1.30 1.63 2.29 2.47 0.60 2.56 -0.33 -0.99 -1.17 0.70 -1.26
SiH,Cly 1.13 1.75 2.70 2.60 0.44 3.15 -0.62 -1.57 -1.47 0.69

SiClLH 0.86 1.40 2.38 2.08 0.21 3.27 -0.54 -1.52 -1.22 0.65

CH;SiCls 1.91 2.51 3.15 2.75 1.46 3.62 -0.60 -1.24 -0.84 0.45 -1.71
SiH;S0 0.24 1.95 2.74 3.40 2.38 3.07 -1.71

Statistics, Dipole Moments

Mean signed error -0.08 -0.07 -0.55 -0.01 -0.34
Mean unsigned error 0.41 0.78 0.98 0.56 0.99
IONIZATION POTENTIALS (eV)

SiH4 12.82 12.35 11.79 11.23 13.69 12.96 0.47 1.03 1.59 -0.87 -0.14
CH>=CHSiH; 10.40 10.39 10.01 9.75 10.78 10.86 0.01 0.39 0.65 -0.38 -0.46
(CH;)»SiH: 11.20 11.18 10.65 10.13 11.96| 11.57 0.02 0.55 1.07 -0.76 -0.37
C,HsSiH; 10.95 11.07 10.63 998 11.85 10.97 -0.12 0.32 0.97 -0.90 -0.02
(CH;):SiH 10.80 10.95 10.51 9.94 11.74 11.48 -0.15 0.29 0.86 -0.94 -0.68
(CH3)4Si 10.23 10.91 10.42 9.73 11.54 11.39 -0.68 -0.19 0.50 -1.31 -1.16
(CH3):SiNHSI(CHs)s 8.66 9.49 8.29 7.89 10.60 9.98 -0.83 0.37 0.77 -1.94 S132
SiF4 16.46 14.72 15.19 14.29 16.65 15.31 1.74 1127 1.15
SiHsF 12.80 11.75 11.17 10.85 13.85| 12.77 1.05 1.63 | 195 | -1.05] 0.03
SiHJF, 12.90 11.61 10.82 10.72 14.07| 1295 1.29 -0.05
SiCly 12.03 12.98 11.22 11.83 12.00 12.37 -0.95 0.81 0.20 0.03 -0.34
SiH;Cl 11.61 11.55 10.24 10.55 12.48 11.10 0.06 1.7 1.06 -0.87 0.51
SiH,Cls 11.70 11.57 10.27 10.56 12.16 11.33 0.13 1.43 1.14 -0.46 0.37
SiCl;H 11.94 11.97 10.62 10.91 12.00 11.75 -0.03 1.32 1.03 -0.06 0.19
(CH3):8iCla 10.79 11.49 10.27 10.25 11.53 11.26 -0.70 0.52 0.54 -0.74 -0.47
Statistics, Ionization Potentials

Mean signed error 0.09 0.88 1.11 -0.78 -0.18
Mean unsigned error 0.55 0.90 1.11 -0.78 0.48

Silicon

The results obtained for heats of formation, dipole
moments and ionization potentials for silicon com-
pounds are shown in Table 4.

The AMI1* errors in heats of formation for silicon
compounds are larger than for aluminum compounds
and significantly larger for the other semiempirical
methods. This is unlikely to be an experimental problem
as the errors given by the DFT calculations for this
dataset are smaller than those for aluminum
(MUE=5.6-10 kcal mol™"). In particular, compounds
with Si-Si bonds are predicted poorly with dominant
errors due to the alkyl substituted disilanes, such as
hexamethyldisilane (—42.2), pentamethyldisilane
(—34.22), and 1,1,2,2-tetramethydisilane (—32.6). While
these errors are fairly large, they are systematic and the
trends observed on methylation are reproduced cor-
rectly. This systematic error is introduced by corre-

sponding large positive errors in hexachlorodisilane
(71.6) and trisilane (55.1).

Extremely small compounds such as silicon nitride
(—86.3) and silicon dicarbide (—53.6) also exhibit large
errors, but are not expected to be important for the
typical silicon chemistry to be treated by AM1*.

The large errors for Si(OCH3),, silicon tetrafluoride
(—32.9) and SiOF, can be attributed to the limitations in
oxygen and fluorine parameters that noted previously [1]
and above.

Despite the relatively large errors in the heats of
formation, those for the series of reactions is on a par
with those for aluminum. Table 5 shows the calculated
heats of reaction for silicon compounds.

The ionization potentials and electron affinities have
MUEs of 18.7 and 16.4 kcal mol™', comparable with
those for aluminum. The bond homolysis energies have
an MUE of 8.3 kcal mol™!, indicating a high degree of
accuracy. The largest errors are found for the Si—Si bond



Table S DFT and semiempirical calculated energies for the reac-

tions used in the silicon training set. The errors are color coded as for Table 2

447

AEg (keal mol™)

Error (keal mol™)

Reaction DFT | AMI | PM3 | PM5 |MNDO/d] AMI* | AMI | PM3 | PM5 MNDO/ AM1*

H;TiSiH; — SiH;™ + TiHy' -12.95) -159.98)  -68.36/ -171.06 36.8

H* + SiH;—> SiHs -157.57| -115.84]  -184.60 -121.60] -114.08 -128.8

SiHy— SiH; ++ H 278.34 30434 302.60 283.71] 287.68  295.63 -5.37 934 -17.29
SiH;— H' + SiH; 41023 33527 38322 33739 361.06  355.

(CH3)SiH; — CHy + SiHs" 273.90 29175  279.01] 27070 289.41] 280.12] -17.85 -5.11  3.20[ -15.51 -6.22
(CH3)SiH; — CH;' + SiHy" 283.990 261.67  257.96 269.68 279.45  280.3 1431 454 3.61
(HO)SiH; — SiH;" + OH 268.20 272.94] 268.64] 22936 284.700 281.33 -4.7 -0. | -16.50]
(HO)SiH: — SiHy + OH" 495.87| 428.26] 437.76] 436.93] 44321 4655

(NH,)SiH; — SiHy + NH,' 583.63| 550.25 51423 53342 544.100  532.1

NH-)SiH; — SiH;™ + NH» 85.090 94.72 8578  78.95]  98.78|  105.5 -9.63  -0.6 6.14 -13.6¢

SiH;F — F + SiH;' 256,58 31215 26947 24835 297.99  307.91 = 8.23

SiHsF — F' + SiHy" 557.87 467.71] 51643 539.300 513.65 4923 18.5°

F3Si)SiH; — SiH; ™ + SiFy 208.11] 190.21] 181.61] 16573 17639 185.11]  17.90
(F3Si)SiH; — SiHs" + SiF;' 290.91| 20540 21869 24528 270.83  280.35 10.56
SiHyCl — SiH;" + CI 208.62] 22292 199.69 188.15 201.400 232.34] -14.3 8.93 7.2

SiH;Cl — SiH; + CI° 406,93 37238  351.790 358.72) 358.81] 346.81
(HS)SiH; — SiH;" + HS 218.94 20924  204.79] 181.90  230.11] 1934 9.70,  14.15 -11.17
(HS)SiH: — SiHy + HS® 325.69] 265.36 288.44 29928 29341 299.8

P(SiH3;)H, — SiH;" + PHy' 228.09 19832  202.21] 199.44] 23241 228.1 432 -0.09
P(SiHs)H> — SiHy + PH," 297.11] 264.26] 253.12]  286.77 27593  286.7 10.34 1041
(AIH;)SiH; — SiHy + AlH," 20095 187.03] 17407 203.64 21524  182.03] -2.69 -1429 1892
(AIH,)SiH; - SiH; + + AIH, 231.09 219.18)  62.90] 238.89] 249.86  228.23| -7.80] 1877  2.86
H;TiSiHs — SiHs™ + TiH:" 415420 31526 418.17  312.10 315.1 -2.75,
(ZrH3)SiH; — SiH:" + ZrH;” 421.3| 650.66]  688.37  565.76 336.2
(ZrH3)SiH; — SiHy + ZrHy' 23.08 72.56]  86.28  27.34

Electron affinity Si -7.85 -13.14 197 -1232 1632

Adiabatic electron affinity SiH -9.78  -4.87 -6.85 1.54 13.33

Adiabatic electron affinity SiH, -46.81] -10.23 -50.77 -35.48 -26.93

Adiabatic electron affinity SiHs -31.44 -26.30] -44.91 -27.42 -17.52|

SiH,— H + SiH, 95.12 7246 8174  82.81  86.49

H,SiSiH; — SiH; + SiH; 73.41 32.82 6637  70.78  65.17
(CH3)SiH; — CH; + SiH; 8699 6557 7428 7458  77.72
(CH3)SiH; — H + (CH:)SiH, 9559 7035  78.62  80.54  84.79
(CH;),SiH; = CH; + (CH3)SiH, 87.51 62.73 71.05 7197 7547

SiH3)SiHCHs — SiHs3 + (CH3)SiH, 73.170 3033 63.64 6792  65.65
(HO)SiH; — SiH; + OH 12069  89.28  107.80{ 10491 111.23

SiH;OCH; — SiH; + CH;O 10585 7633  9424f 9230 101.40
(CH3)Si(OH)H; — (CH3)SiH; + OH 12291| 8840 10592 10547 108.98
(CH3)SiH,OCH; —» (CH3)SiH, + CH;0 10843 74770 9107 9149  98.90
(NH,)SiH; — SiH: + NH, 100.81]  79.99] 82700  87.15  87.89
(CH3)SiH2(NH,) — (CH;)SiH; + NH, 10227 79.05 81.13  86.73  85.09

SiHsF — SiH; +F 148.23] 129.18] 138.41] 138.82  154.54
(F3Si)SiH; — SiH; + SiFs 77.3] 1465  53.23] 5817 50.62
(CH3)SiH,F — (CH3)SiH, + F 150,94 127.94  136.79 138.50  151.76
(CF3)SiH; — CF; + SiHs 81.08, 35100  58.53 6047  57.10
(CH3)SiH,(CF3) — CF; + (CH3)SiH, 83.320 33.54 5628  59.58 5529
(CH3)SiH,(SiF;) = (CH3)SiH, + SiF; 7973 11321 5041 5581 50.86

SiH3Cl — SiH; + Cl 10549  91.15|  98.73] 101.28  104.30
(CH3)SiH,Cl — (CH3)SiH, + CI 108.21] 9033 97.04 10047  103.05

SiHy — SiH; + HS 84.31  62.13 77.03  80.61]  91.15
(CH3)SiH(SH) — (CH3)SiH; + HS 86.07 6098 7525  79.69  89.17
(CH;8)SiH; —» SiH; + CH3S 79.51]  53.86  71.58  73.12  88.20

CH3)SiHA(SCH3) — (CH3)SiH, + CH:S 80.92 5225  68.69  71.160  86.69

energies where, errors of 2.6, 10.7, 12.2 and 18.0 kcal
mol ! contribute to the errors in the heats of formation
of the di-silanes and trisilanes. Oxygen—silicon bonds are

predicted well with errors of 5 kcal mol~" when the for

Si-OH bonds, and 13 kcal mol™' for Si-OCH;. The
errors in sulfur—silicon bond energies do not show this
dependence on the leaving group. Bond-heterolysis er-
rors are again dominated by the errors in the ionization
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Table 5 (Contd.)

SiH3(PH,) — SiH; + PH, 6833 4348 6461  72.12] 6795

(CH3)SiH»(PH2) — (CH;)SiH; + PH» 69.05]  42.74) 61.13 70.53] 66.86|

(AlH2)SiH; — AlH, + SiH3 66.89  48.92 -42.28 76.94 67.04

(AIH;)SiF; — AlH; + SiF; 72.64  31.98 -75.23 62.10) 60.06]

HTiSiH; — SiHs; + TiHs 40.35) -123.09 -9.23]  -109.64

(TiH3)SiF; — SiF; + TiH; 4549 -219.48 -32.33] -107.86

(ZrH;)SiH; — SiHs + ZrH; 52.32) 178.26 213.76 127.74

lonization potential Si 187.11]  154.30) 172.33]  164.03]  165.14

Adiabatic IP SiH, ('A)) 208.34] 173.69 178.96 176.34  188.02

Adiabatic IP SiH3 188.05] 198.41 181.18  171.18]  179.47

Adiabatic IP SiH, 263.39 227.81 207.82]  220.94 271.32

Adiabatic IP Si;H, 205.7) 198.29] 204.25 179.76  174.07 4 :

Adiabatic IP Si;Hs 181.84 193.20 185.76)  202.94  182.40| 175.46] -11.3

Adiabatic IP Si>Hs 176.61 19827 162.32] 158.69  183.86 I56.92H

Adiabatic IP Si;Hs 220.8] 22478  208.56] 203.36] 232.68 176.8 -3.98

Statistics, Heats of Reaction (N=68, N=61 for MNDO/d)

Mean Signed error 23100 16.68 18.39 5.83 6.88
Mean Unsigned Error 4276/ 32,99 28360 16.64 18.74

potentials of monoatomic groups. Once again, MNDO/
d gives results comparable to those obtained with
AMI1*.

Tables S1 and S2 of the supplementary material also
show geometrical details for the silicon compounds. The
errors in the AM1* bond lengths for silicon-containing
compounds are smaller than those for aluminum, partly
reflecting their increased weight in the error function
because of their number. Silicon—nitrogen bonds are too
long by about 0.22 A and Si—Si bonds are typically too
short by 0.28 A. The H-Si bonds have an MUE of 0.12
and the C-Si bonds a MUE of 0.04 A, and, contrary to
the aluminum case, F-Si bonds are only in error by
0.11 A, and Si~Cl bond lengths are extremely well pre-
dicted w1th an MUE of 0.02 A.

Titanium

The results for the experimental parameterization data-
set for titanium are shown in Table 6.

The overall error in the heats of formation for tita-
nium compounds is dominated by three compounds,
TiH,4 (115.3), Ti(Cp)o(O(CO)CCl3), (156.9) and (Mes.
Si)4Ti (174.4), which are all predicted to be significantly
more stable than the experimental data indicates. TiHy is
a particularly challenging task, and despite introduction
of a distance-dependent core—core term (see above) re-
mains significantly in error. While this term was unable
to limit the error in this compound, it was able to in-
crease the accuracy of reactions involving the breaking
of other H-Ti bonds. The error in (Me3Si),Ti reflects an
overall trend in underestimating the steric repulsion of
large substituent groups, with tetrakis(neopentyl)tita-
nium having an error of 61.8 and tetrabenzyl titanium
also to stable by 63.1 kcal mol~'. To a lesser degree,
this underestimation of steric repulsion is reflected in the
series of tetra-n-alkoxy compounds, where the entire
series is in error by about 28 kcal mol™!, Ti(O-Et),

(25.6), Ti(O-n-Pr)4 (28.3), Ti(O-n-Bu)4 (27.8), and Ti(O-
n-Pe), (33.7). While the errors in these compounds are
somewhat larger than desired, their systematic nature
allows the model to be used for chemical reactions.
Another error to note is that of titanocene where the
error is —66.5 kcal mol~!, however the DFT calcula-
tions also give a similar error.

The results for the heats of reaction for titanium
compounds are shown in Table 7.

The adiabatic ionization potentials for titanium
compounds are significantly underestimated with a
MUE of 81.8 kcal mol~! (approximately 3.5 eV), much
higher than desired. The atomic ionization potential is
only 1.5 eV in error, which is comparable to the other
elements. The MUE in bond-homolysis energies,
17.8 kcal mol™', is higher than for Al and Si. The
largest error is for the breaking of the Cp-Ti bond
(37.9 kcal mol™"), about five times the C-Ti bond
homolysis error of 8 kcal mol™'. In contrast to titanium
hydride, the H-Ti bond-homolysis energies are only in
error by 15 kcal mol~'. The bond-heterolysis energies
have an MUE of 62.0 kcal mol~'. When the positive
charge resides on the Ti fragment, the energy is under-
estimated by 90 kcal mol™ ', which is directly compa-
rable to the error to the ionization potential.

In contrast to previous semiempirical parameteriza-
tions, the geometrical data for titanium is depends lar-
gely on calculated data.

Tables S1 and S2 show geometrical parameters for
the titanium compounds The overall MUE in bond-
lengths for AM1* is 0.12 A, and bond angles, 11.4°.
The errors in bond lengths compare favorably with
those for Al and Si but those for bond angles are twice
as large. However, they are dominated by errors in H—
Ti-H and Ti-O-Ti angles. The bond length for tita-
nium hydride is significantly in error (0.37 A) and
skews the error for H-Ti bonds. Without this com-
pound, the error is generally 0.2 A, more in line with
the other elements. Carbon—titanium bonds comprise a
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Table 6 Experimental and calculated heats of Formation, dipole moments and vertical ionization potentials for the titanium training set.
Calculated ionization potentials are those given by Koopmans’ theorem. The errors are color coded as for Table 2

Compound Heat of Formation (kcal mol™) Error (kcal mol™)
Exper. AMI1 PM3 PMS5 AMI1*
TiH 116.40 37.35 38.02 28.47 1.10
Ti(C2) 174.50 177.30 175.63 162.69 16992 | -2.80 |  -1.13 | 1181 |
Ti(Cp)a -2.70 59.52 78.83 79.37 64.14
Ti(Cp)a(CH3)s 12.60 12.18 15.23 6.63 33.04
(neo-CsHyy)4Ti -45.50 -120.81 -129.74 -153.37 -106.86
Ti(Cp)a(CHs) 83.70 71.64 94.05 80.83 84.86
Ti(Cp)a(m-Tol) 62.70 57.40 76.25 65.33 69.77
Ti(Cp)a(p-Tol)s 63.30 56.59 75.44 64.96 69.92
Ti(Cp)(CH.CgHs), 66.70 61.32 82.51 60.45 70.74
Ti(CH2CsHs)s 111.70 31.85 34,21 15.37 49.07
TiO 13.70 -7.93 0.62 -28.95 68.07
TiO, -71.00 -46.69 -42.11 -74.19 -15.05
Ti»0; -136.00 -175.16 -218.89 -225.59 -107.75
Ti»04 -242.00 -264.39 -321.91 -295.76 -200.39
Ti(Cp)2(OCsHs)s -71.10 -50.53 -41.02 -49.31 -57.89
Ti(Cp)a(2-MeCeH10), -82.50 -62.47 -53.74 -64.17 -70.88
Ti(Cp)a(3-MeCgH40), -72.80 -65.64 -59.47 -65.20 -72.78
Ti(Cp)a(4-MeCgH40) -82.40 -65.65 -59.58 -65.10 -72.75
Ti(Cp)a(4-MeOCgHa)n 2.90 -4.72 17.38 6.54 9.10
Ti(OC,Hs)4 -325.20 -340.28 -337.45 -326.78 -349.16
Ti(0-i-C5H1)4 -360.40 -358.01 -355.80 -358.07 -369.65
Ti(O-n-C3H7)4 -355.70 -363.86 -360.48 -345.50 -382.41
Ti(0-i-C4Hq)s -381.50 -382.17 -372.27 -384.19 -393.12
Ti(O-n-CsHo)y -377.60 -387.48 -376.78 -366.85 -403.84
Ti(O-5-C4Hg)4 -382.50 384.40 -375.10 -381.00 -393.49
Ti(O-1-CsHq)s -395.70 -365.21 -375.80 -348.70 -380.81
Ti(O-n-CsHyy)4 -397.30 -412.93 -390.76 -395.39 -429.35
Ti(O-neo-CsHy s -436.00 -395.22 -385.54 -403.61 -406.04
Ti(Cp)2(O(CO)CeHs)s -162.20 | -153.59 | -15938 | -151.26 | -155.89
TiN 112.10 110.47 118.78 123.29 124,94
Ti(Cp)a(NCsHg)a 69.20 143.17 133.11 119.50 140.75
((CaHs):N),Ti 5020 | -54.92 60.84 | 4817 | -82.52 4.72 10.64 -2.03
((CH3)2N)4Ti -96.40 -93.17 -91.13 -94.05 -126.34 -3.23 -5.27 -2.35
Ti(Cp)o(N3): 120.90 134.98 | 144.42 14822 | 130.25 -14.08 -9.35
TiF -4.00 -34.24 -6.56 -63.85 -11.12 2.56 7.12
TiF, -164.50 -166.47 -146.90 -165.33 -127.91 1.97 | 7.60 0.83
TiF;" 284.10 | -283.02 | -266.16 | -269.01 | -265.61 -1.08 -15.09 | -1849
TiF, -370.80 -388.93 -380.62 -371.08 -413.88 18.13 9.82 0.28
TiFy" -426.30 -399.83 -402.96 -415.71 -356.55 -10.59
TiFs -515.00 -505.22 -516.77 -511.93 -502.18 -9.78 1.77 -3.07 |
Ti(Cp)a(4-CF3CsHa)» -246.90 -242.05 -223.43 -247.12 -231.02 -4.85 0.22 -15.88
TiOF -103.50 -111.02 -77.74 -125.52 -75.26 7.52
TiOF, -221.10 -221.16 -217.50 -221.12 -229.64 0.06 -3.60 0.02 8.54
Ti(Cp)2(O(CO)CF3)2 -512.60 -509.15 -515.54 -506.48 -516.76
TiCl 24.20 10.96 21.76 -12.98 9.53
TiCl, -57.00 -78.00 -77.34 -70.66 -44.24
TiCly -128.90 -135.70 -136.62 -132.33 -103.00
TiCl, -182.40 -182.23 -180.69 -177.37 -176.76
Ti(Cp)2(C1)(Me) -29.90 -24.15 -12.68 -20.84 2115
Ti(Cp)»(CI)(CHs) 9.70 431 25.32 16.71 2.32
Ti(Cp).Cly -63.20 -59.37 38.58 -45.04 -71.61
Ti(Cp)Cls -124.50 -125.24 -115.37 -115.86 -133.75
TiOCl -58.40 -69.51 -70.59 -82.01 -35.31
TiOCly -130.40 -132.80 -138.28 -137.88 -123.68
Ti(Cp)a(2-CICsH40), -83.70 -61.90 -50.83 -68.34 -123.53
large portion of the data and are well predicted, al- Zirconium

though there is a difference_in the MUEs of n and o
bonds, with 0.06 and 0.15 A, respectively. The results
of the parameterization for the experimental heats of
formation and DFT heats of reaction are shown in
Tables 8 and 9, respectively.

As for titanium, the errors in the heats of formation for
zirconium compounds are dominated by ZrHy
(95.3 kcal mol ') and (Me;Si)4Zr (146.9 kcal mol™").
The systematic underestimation of steric repulsion in
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Table 6 (Contd.)

Ti(Cp)o(O(COYCCl3)2 -230.70 -227.56 -232.93 -233.39 -377.11 -3.14 2.69

TiS 76.20 23.24 30.79 -23.96 49.67

Ti(Cp)2(SC,Hs), -25.30 -27.49 -19.01 -35.47 -13.74 2.19 10.17 -11.56
Ti(Cp)a(S-n-C3Hs), -38.20 -37.77 -27.81 -41.78 -25.37 -0.43 -10.39 3.58 -12.83
Ti(Cp)a(S2:CsH3Me) 19.00 25.78 25.83 25.49 42.37 -6.78 -6.83 -6.49
Ti(Cp)2(SCeHs)s 35.10 4391 54.60 37.04 70.13 -8.81 -19.50 -1.94
((CH3):SiCH2)4Ti -163.60 348.19 -115.32 331.07 -337.57

Statistics, Heats of Formation (V=62)

Mean Signed Error -5.63 -3.58 -3.43 1.89
Mean Unsigned Error 24.55 21.61 28.45 28.32
DIPOLE MOMENT (Debye)

TiO 2.96 | 3.96 | 436 | 4.57 | 734 [ -100 [ C140 [ -1.61 SRR
IONIZATION POTENTIALS (eV)

H;TiCH; 11.67 11.35 11.96 11.29 7.76 0.32 -0.29 0.38

H;TiOH 12.00 13.15 13.33 12.81 7.83 -1.15 -1.33 -0.81

Statistics, ionisation potential (N=2

Mean Signed Error -0.42 -0.81 -0.22 4.04
Mean Unsigned Error 0.74 0.81 0.60 4.04

AML1 is reflected in the error for tetrakis(2,2-dimethyl-
propyl)zirconium (44.6 kcal mol™') and tetrabenzyl
zirconium (20.7 kcal mol™"). The results for ZrH are
also analogous to the titanium situation where the error
in this one compound is large while the results for the
series of hydrogen—zirconium reactions are predicted
with useful accuracy.

The error in the ionization potentials is lower for
zirconium than for titanium, 36 kcal mol™'. The atomic
ionization potential is overestimated by 10 kcal mol ™",
increasing by 20 kcal mol™' with each additional
hydrogen substitution. The bond-homolysis energies
have an MUE of 13.7 kcal mol~'. When examining li-
gand-exchange reactions, the MUE is 12.5 kcal mol !,
approximately equal to the error in the homolysis en-
ergy. The bond heterolysis MUE is 75.5 kcal mol !,
comparable to the titanium results. This error can also
be traced to that in the ionization potential of ZrHj.

Tables S1 and S2 show that the errors in geometrical
parameters for zirconium are slightly larger than for
titanium, but are still reasonable with a MUEs of
0.15 A, and 6.7°. The largest errors in bond lengths
again_come from H-Zr bonds, where the MUE is
0.36 A. There is again a difference in the MUEs of & and
o carbon-zirconium bonds, although they are both
within a reasonable range. Most of the second-row
bonds are consistently too long, and S—Zr and Al-Zr
bonds and Si—Zr bonds being overestimated by 0.05,
0.18 and 0.15 A. The exceptions to this are Zr-Cl, which
has an MSE of 0.34 A and Zr-P with is too short by
nearly 0.5 A.

Discussion

A complete summary of the errors in calculated energies
obtained with AM1, PM3, PMS5, MNDO/d and AM1*
is given in Table 10.

AMI1* gives mean unsigned errors for the entire
dataset and for most elements 30-40% larger than those

obtained with the other parameterizations, of which
PMS5 is slightly better than AM1 or PM3 for this dataset.
As found for P, S and CI [1], the MNDO/d parameter-
ization is particularly reliable, both for heats of forma-
tion and heats of reaction. However, AMI1* results for
heats of reaction are typically 50-100% better than for
the other methods, of which AM1 generally performs
best. The exception is MNDQO/d. This situation is partly
the result of the fact that the heats of formation are
weighted less heavily in the AMI* parameterization
because of the additional heats of reaction. However, we
believe that the reason for this behavior also lies in the
nature of the parameterization process and the data used
to parameterize.

Consider the dimerization energy of AlF3. The cal-
culated heats of formation for the monomer all show
moderate errors (—3.2, 2.5, —8.6 and 6.7 kcal mol~! for
AMI1, PM3, PM5 and AM1*, respectively). The errors
for the dimer are generally larger (16.5, 1.9, 19.4 and 7.3)
but significantly AM1*, which gives the second largest
error for the monomer and the third largest for the
monomer, gives the best result (error=0.8 kcal mol ')
for the dimerization energy. If the experimental heats of
formation were used to determine the dimerization en-
ergy, the value obtained (—51.5 kcal mol™') would be
“in error” by 5.3 kcal mol~'. PM3 gives a very good
dimerization energy (error=2.2 kcal mol™') because it
is very accurate for both monomer and dimer, whereas
AMI1 and PMS5 give errors in reverse directions for
monomer and dimer, resulting in a very large error for
the dimerization energy. This is only one of many
examples to be found in the tables, but illustrates the
fundamental difficulty of using only heats of formation
to parameterize. Rogue data [36, 37], which certainly is
present in the parameterization dataset, can cause dif-
ferent systematic deviations according to the circum-
stances and the nature of the systems. The three
Ti(Cp)>(MeCsH40), isomers, for instance, show an
inconsistency for the 3-isomer that has little effect on the
parameterization. All four methods give an error about
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Table 7 DFT and semiempirical calculated energies for the reactions used in the titanium training set. The errors are color coded as for

Table 2
o AEg (keal mol™) Error (keal mol™)
DFT AM1 | PM3 PM5 | AMI* | AMI PM3 PM5 | AMI*

H:TiSiH; — SiHy + TiHy 12,95 -159.98]  -68.36| -171.06  36.84

TiH;— H + TiH' 277.64]  347.72]  358.08  364.43  178.10

TiH; — H + TiHy 340.87  326.53] 359.43] 30474 32352 14.34]  -18.56 17.35
CH,TiH; — CHy + TiHs' 26225 317.69 31824 342.11  166.21

CH;TiH; — CH;" + TiHy 256.05 261.80] 262.84]  255.13] 27692  -575 679  0.92]
Ti(Cp):H —> Cp + Ti(Cp)H," 21731 217.59] 19433 21990  132.77 0.28 2.59
Ti(OH)H; — OH" + TiH; 202.51]  302.30]  308.91]  302.67  173.57 979 -1639 -l
Ti(OH)H; — OH' + TiHy 457.38] 40551 398.77]  396.87  443.39

(NH,)TiH; — NHy + TiHs' 288.65  314.75  305.70] 32040 170.83 " 0
(NH.)TiH; — NH,' + TiHy 35217 32134 29253 319.14  344.03

TiHsF — F + TiHs' 27698 358.86 31595 32444  214.90

TiH:F— F" + TiHy 516,09 46230  483.65|  502.02]  484.96

TiHsCl — CI' + TiHs' 22121) 24691 235.79] 25072  136.17

TiH:Cl = CI' + TiHy 373.17]  344.25  308.63]  307.93]  336.24

(HS)TiH; — TiH; + HS 219.75|  253.58] 25934 27729  105.12

(HS)TiH; — TiHy + HS' 28043 257.59]  263.72] 28130 297.13

(PH,)TiH; — PH, + TiH;" 218.83  207.98) 243.67] 286.62]  180.50]

(PH)TiH; — PH,' + TiHy 241.46)  221.80,  21531]  260.58  324.62] .

H:TiSiH; — SiHy + TiH;" 41542 31526] 41817  312.10,  315.12
(AIH.)TiH; — AlH, + TiHy' 194.78]  450.61] 23673 573.04  149.93

(AIH)TiH; — AIH, + TiHy 16125 392.64] 31355  451.84  214.18

CH. + CH;TiH; —» CH, + TiH, 0.17 577 0.81  -11.33 12371 594  -0.64

CH, + CH3TiH; = CoHe + TiHa 21200 -10.81 -4.69 2.15 7.32 _

H, + Ti(Cp)> - Ti(Cp):H, 1658 -62.95  -64.85 -101.19 2.11

CH. + Ti(Cp); = Ti(Cp):H(CHs) 045 -49.70,  -5841]  -7424,  -11.06

CH. + Ti(Cp):H; = H, + Ti(Cp),H(CH;) 1703 1325 643 2695 895  3.78]

C,H, + Ti(Cp)> — Ti(Cp)o(CHs)s 3.000  -2989 4544 -57.52

C,Hg + Ti(Cp)2Ha = Hy + Ti(Cp)a(CHs)z 13.58]  33.06 19.41 43.67

H. + Ti(OH)H; — H20 + TiH, 52.09 0.21 20.08 -0.71

CH. + Ti(OH)H; — CH30H + TiH, 77.39 6.01 2125 2415

H,0 + Ti(Cp); = Ti(Cp)o(OH)H 4494 -63.84]  -86.48]  -90.86

H-0 + Ti(Cp):H> —> Ha + Ti(Cp)>(OH)H 2836 0.89]  -21.63 10.33

CH;0H + Ti(Cp), = Ti(Cp),(OH)H 4934 -53.23]  -77.84  -85.28

HOOH + Ti(Cp)> = Ti(Cp)»(OH)s 132.13]  -132.86] -150.88] -144.70] -

HOOH + Ti(Cp),H; — H, + Ti(Cp)(OH), 11555 -69.91]  -86.03]  -43.51 -

HOOH + Ti(Cp):H: —» H20 + Ti(Cp)o(OH)H 10175 -78.85|  -7431  -64.23] -

H, + (NH,)TiH; — NH; + TiHy 35.33 -1.97 11.45 9.41

CH, + (NHy)TiH; — CH3(NH,) + TiH, 59.33 1.53 8.95 13.56

H, + TiHsF — HF + TiH; 6234, 2417 3153 8.71

CH, + TiHsF — CHSF + TiH, 83.69|  41.02]  40.100  38.08

HF + Ti(Cp)> = Ti(Cp).HF 62.11]  -84.06]  -94.03 -102.05

HF + Ti(Cp):H, - H, + Ti(Cp),HF 4553 -21.10]  -29.19 -0.86 -16.34

CH;F + Ti(Cp), = Ti(Cp)H(CH3) -63.2 -84.94] 9429/ -101.11 -69.95

Fs + Ti(Cp): — Ti(Cp)F» 21033 21525 20762 24033 208.15] 491 271

F, + Ti(Cp):H. — H; + Ti(Cp):F» 193.75  -152.29] -142.78] -139.14] -206.04

F, + Ti(Cp):H, — HF + Ti(Cp),HF 159.95  -142.00 -119.59] -147.15, -165.10]

H, + TiH:Cl - HCI + TiH, 51.97 2.99 13.65  -15.71 50.20

CH. + TiHsCl — CH;Cl + TiH, 72.49 12.25 19.06 16.01 52.42

Ti(Cp)s + HCl — Ti(Cp),HCI 5601 -69.000  -78.100  -80.19]  -56.90]  12.99

HCI + Ti(Cp):H> — Hs + Ti(Cp),HCI -39.43 605 -13.25 21000 -54.79

Ti(Cp)2 + CHsCl — Ti(Cp)2(CH3)CI 5524 -64.71]  -76.82]  -82.79]  -69.90 9.46

10 kcal mol~' larger for this compound than for the
other isomers. More significant are errors in heats of
formation that may skew the parameterization for a
given type of bond can occur if only one member of a

class of compounds is in error.

We have used DFT calculations extensively to check
experimental data and to provide training data that
would otherwise not be available. This procedure brings
the danger that systematic errors in the DFT results will

be introduced into the parameterization but we see little
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Table 7 (Contd.)

Ti(Cp): + Cla = Ti(Cp):Cls 126.90] -104.72] -105.83] -116.52] -155.61 -10.3

Ti(Cp):H, + Cla — Hs + Ti(Cp).Cly 11032 -41.77)  -40.98  -1533] -153.50

Ti(Cp)>H, + CH3Cl = Ti(Cp);HCI + HCI -85.22] 35921 2921  -40.68  -97.55 12.33
H; + (HS)TiH; — H,S + TiH, 32.51 9.69 21.38 19.31 52.68 1113 13.2C

CH, + (HS)TiH; — CH;SH + TiH, 52.60 7.74 16.39 36.74 45.84 15.8¢ 6.76
Ti(Cp)s + HaS — Ti(Cp)a(SHYH -42.09  -72.56]  -85.95 -104.93]  -40.39 -1.70
H.S + Ti(Cp)zH2 = Ha + Ti(Cp)2(SH)H -25.51 9.6l  -21.11 374 3828 -15.9( -4.41 12.77
Ti(Cp), + CH3SH — Ti(Cp)>(CH: )(SH) -40.16]  -55.40|  -73.65|  -90.14]  -40.26]  15.24 0.10
HSSH + Ti(Cp), — Ti(Cp)(SH)s 27219, -81.79]  -103.33]  -112.53]  -70.25 9.60) -1.94
HSSH + Ti(Cp):Hz = H, + Ti(Cp)2(SH)» -55.62]  -18.83]  -38.48  -11.34]  -68.14 -17.14 12.52
HSSH + Ti(Cp):Ha — Ti(Cp)2(SH)H + H,S -43.51)  -10.57]  -18.20[  -18.07  -36.87 -6.64
TiHs— H + TiH; 59.80 74.31 72.17 84.17 44.02)  -14.51)  -12.37 15.78
CH,TiH; — CH; + TiH; 61.26 49.99| 4847 66.62 37.83 11.2° 12.79 -5.3

Ti(Cp):H: — Cp + Ti(Cp)Ha 8440  46.66 19.89 46.51 46.36

Ti(Cp):H> — H + Ti(Cp),H 54.78 57.24 54.10 72.96 39.95 -2.45 0.68)  -18.18 14.83
Ti(Cp):H(CHs) — CH + Ti(Cp).H 39.04 25.44 23.15 39.78 3.6 5.89

Ti(OH)H; — OH + TiH, 119.10 77.12 83.03 98.85

Ti(Cp)2(OH)H — OH + Ti(Cp).H 90.35 60.72 66.51 78.03

(NH2)TiH; = NH, + TiH; 93.41 60.08 56.40 78.05

TiH:F — F + TiH; 14147 134.37]  119.85  135.54

Ti(Cp):HF — F + Ti(Cp).H 119.64)  114.23 99.43  116.47

(CF3)TiH; — CF; + TiH; 125.06 97.40 57.28 73.98

TiH;Cl — CI + TiH; 101.23 73.62 69.79 84.49

Ti(Cp);HCl — Cl + Ti(Cp);H 83.67 59.61 51.32 67.98

(HS)TiH; — TiH; + HS 72.16 64.95 66.53 96.62

Ti(Cp)2(SH)H — Ti(Cp).H+ HS 60.15 4779 48.19 69.84

(PH,)TiH; — PH, + TiH, 44.32 11.61 41.03 79.94

HTiSiH; = SiHs + TiHs 4035 -123.09 9.23]  -109.64

Table 8 Experimental and calculated heats of Formation, dipole moments and vertical ionization potentials for the zirconium training set.
The errors are color coded as for Table 2

Compound Heat of Formation (kcal mol") Error (kcal mol™)
Exper. AMI1 PM3 PM5 AMI1*

ZrH 123.40 83.07 83.48 92.76 28.12
Zr(Cp)(Me), 8.89 16.02 15.27 22.42 38.99 -13.53
fem ot (G imetnioeamly 6150 | -6143 | 7926 | 7260 | -10569 | 007 | 1776 | 1110
zirconium
Zr(Cp)a(CsHs)2 87.90 70.74 81.78 74.26 91.73 17.16 6.12 13.64 -3.83
Zr(CH,CgHs)4 85.40 64.02 61.27 60.22 65.11
ZrO 14.00 2049 25.06 29.62 32.10 -6.49 -11.06 -15.62 -18.10
Zr0s -68.40 -69.31 -67.44 -72.52 -66.06 0.91 -0.96 4.12 -2.34
Zr(0-i-C3Hq)s -409.30 -408.67 -408.12 -408.75 -417.43 -0.63 -1.18 -0.55 8.13
ZrN 170.50 98.72 68.47 79.93 147.26
((CH3)2N)4Zr -69.80 -72.82 -72.93 -69.56 -76.57 3.02 3.13 -0.24 6.77
((C>Hs)aN)aZr -114.60 -96.05 9971 | -10530 | -120.54 | -18.55 | -14.89 -9.30 5.94
ZrF 19.80 2.63 7.34 4.57 37.23 17.17 12.46 15.23 -17.43
ZrF> -133.40 -139.23 -130.85 -134.01 -118.82 5.83 -2.55 0.61 -14.58
ZrF;' -264.20 -268.51 -264.13 -272.20 -258.31 4.31 0.06 8.00 -5.89
ZrF, -400.00 -392.18 -400.36 -395.65 -416.74 -7.82 0.36 -4.35 16.74
ZrCl 49.10 51.67 48.91 51.93 51.15 -2.57 0.19 -2.83 -2.05
ZrCl, -44.50 -44.81 -48.05 -44.49 -30.73 0.31 3.55 -0.01 -13.77
ZrCly* -125.30 -125.72 -128.94 -60.12 -109.28
ZrCly -207.93 | -209.36 | -207.94 | -207.98 | -213.67
Zr(Cp),Cl, -103.60 -77.85 -63.86 -74.09 91.56
((CH3);SiCH,),Zr -185.30 | -185.73 | -185.10 | -185.35 | -331.88
Statistics, Heats of Formation (N=22)
Mean Signed Error 5.46 6.15 8.97 11.27
Mean Unsigned Error 12.07 13.82 16.21 24.24
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Table 9 DFT and semiempirical calculated energies for the reactions used in the zirconium training set. The errors are color coded as for

Table 2
—— AER (keal mol™) Error (kcal mol™)
eaction
DFT | AM1 | PM3 | PM5 |AMI*| AMI1 PM3 | PM5 | AMI1*
ZrH, — H + ZrH;' 284.95| 409.29] 427.68 39242 :
ZrH, — H' + ZrHy 378.33] 285.23] 313.49 277.46| 284.42
(CH3)ZrH; — CH5 + ZrH;' 267.31] 375.93] 39030, 360.64 :
(CH3)ZrH; — CH;' + ZrHy 291.26] 217.17] 219.35] 218.41) 22545
(HO)ZrH; — OH + ZrH;' 297.87| 397.29 409.44| 364.70 ;
(HO)ZrH; — OH' + ZrHy 492.88| 397.64] 383.75| 403.64) 408.86
(NH2)ZrH: — NHy + ZrH;' 293.62| 402.79] 409.67| 373.30 !
(NH2)ZrHs — NH,' + ZrHy 387.29] 306.52] 280.94] 316.77 294.75
ZrHsF — F + ZrHy' 281.95| 418.69 402.06] 366.34) 227.28
ZrHsF — F' + ZrHy 551.20[ 419.28] 454.20, 488.66| 439.29
ZrH;Cl— CI + ZrH;" 229.24( 310,99 323.51] 298.90 i
ZrH;Cl— CI” + ZrHy 411.34] 30547 280.79 300.83| 298.46
(HS)ZrH; = ZrH;" + HS 226.90] 245.06] 248.05 632.90 :
(HS)ZrH; — ZrHy + HS® 317.73] 146.21) 136.89 581.65| 266.62
(PH2)ZrH; — ZrH;' + PHy 224.55 261.54) 310.30, 443.08 3
(PH2)ZrH; — ZrHy + PH," 277.32] 172.50[ 166.39] 361.77| 272.06
(ZrH;)SiH; — SiH;' + ZrH;' 421.30] 650.66] 688.37| 565.76, 336.26
(ZrH;)SiH; — SiHy + ZrHy 23.08 72.56{ 86.28 27.34
(AlH;)ZrH; — ZrH;" + AlHy 205.71] 426.65 273.78 802.83
(AlH;)ZrH: — ZrHy + AlH,' 202.33| 265.83] 235.05| 626.35
Zr(Cp): + Ha — Zr(Cp)a(H)» -40.68] -95.56] -66.15 -64.64|
Zr(Cp): + CHsy — Zr(Cp):HMe -27.84| -59.55| -45.17] -25.55
Zr(Cp):H; + CHy — Zr(Cp)HMe + H, 12.85] 36.000 20.99 39.09
Zr(Cp): + C:Hg — Zr(Cp)a(Me), -34.59] -17.49] -17.59 3.19
Zr(Cp)-H> + C;Hg — Zr(Cp)a(Me): + Ha 6.09] 78.07 48.57] 67.83
Zr(Cp)z + HyO — Zr(Cp)>(OH)H -73.92| -106.32] -96.12] -75.68
Zr(Cp)-H, + HOH — Zr(Cp)2(OH)H + H» -33.24] -10.76] -29.97 -11.04|
Zr(Cp): + CH;OH — Zr(Cp):(OH)Me -82.74] -71.24) -71.76] -58.37
Zr(Cp): + HOOH — Zr(Cp)>(OH), 170.30| -190.13| -172.43| -155.45|-200.17
Zr(Cp):H> + HOOH — Zr(Cp)2(OH), + Hs 129.62| -94.57| -106.28] -90.81/-161.71
Zr(Cp):H> + HOOH — Zr(Cp)>(OH)H + H,O 106.63| -88.72 -82.65| -85.59-122.17
Zr(Cp): + HF — Zr(Cp)HF -91.76] -96.17] -95.59] -76.14
Zr(Cp):H: + HF — Zr(Cp):HF + H» -51.08]  -0.61] -29.43] -11.50
Zr(Cp): + CH;F — Zr(Cp):FMe -97.63] -75.10] -81.59, -63.97 ;
Zr(Cp)z + F2 = Zr(Cp):F2 249.85| -208.23| -209.25| -224.06/-236.12
Zr(Cp):Ha + Fa — Zr(Cp)aF2 + Ha 209.17| -112.67| -143.10, -159.42|-197.65
Zr(Cp):H; + F; — Zr(Cp),HF + HF 165.50] -121.50( -119.84) -157.80[-160.63
Zr(Cp)z + HCl — Zr(Cp),HCI -87.40[ -89.20, -76.56] -53.22
Zr(Cp):H, + HCl — Zr(Cp).HCI + H, -46.72 6.35 -10.41] 1142
Zr(Cp)> + CH1Cl — Zr(Cp)>,CIMe -91.67| -62.79] -60.68 -44.27 :
Zr(Cp): + Cly — Zr(Cp)>Cly 169.73| -114.63| -103.29| -100.67|-194.99
Zr(Cp):H2 + Cly = Zr(Cp):Cl: + Ha 129.05, -19.08] -37.14] -36.03|-156.52
Zr(Cp):H2 + Cly — Zr(Cp)>HCI + HCI -92.51| -23.52] -26.37] -50.26
Zr(Cp): + HaS — Zr(Cp)2(SH)H -70.81] -20.68 0.40] -353.56
Zr(Cp):H> + HSH — Zr(Cp):(SH)H + Ha -30.13 ‘!4.8?| 66.55| -288.92
Zr(Cp): + CH3SH — Zr(Cp)2(SH)Me -74.17]  17.98  26.84] -319.63 ;
Zr(Cp)z + HSSH — Zr(Cp)2(SH)2 109.62]  54.23]  70.36] -550.80/-133.32
Zr(Cp):H: + HSSH — Zr(Cp)o(SH): + Ha -68.93] 149.79] 136.51 -486.17
Zr(Cp):H> + HSSH — Zr(Cp)2(SH)H + HSH -48.121  73.91| 69.46, -303.25
ZrHy— H + ZrH; 70.13] 93.33] 86.80, 82.81

alternative at the moment. The dichotomy between the
results for (experimental) heats of formation and (DFT)
bond-dissociation energies illustrates that there are
insufficient accurate experimental data for a truly robust
parameterization for elements like the ones treated here.

There is, however, a more fundamental reason than
missing or inaccurate experimental data for using heats
of reaction rather than relying only on heats of forma-

tion. Semiempirical

molecular—orbital techniques are

almost never used to calculate heats of formation (i.e.
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Table 9 (Contd.)

(CH3)ZrH; — CH; + ZrH; 58.58]  38.77] 41.30 37.50] 44.73 19.81

(OH)ZrH:; — OH + ZrH3 110.58] 106.68 107.55[ 109.25 112.80 3.90

(NH2)ZrH; — NH; + ZrH; 104.47| 114.06] 113.15] 114.66] 60.92 -9.59

ZrH;F — F + ZrH; 140.54] 129.82] 132.38] 136.98) 141.63

ZrH;Cl — Cl + ZrH; 106.31] 83.29] 8IL.17] 87.43

(HS)ZrH; — ZrH; + HS 80.11]  -0.60[ -6.77 364.88

(PH»)ZrH; — ZrH; + PH» 56.12)  31.12]  60.45 220.11

(ZrH3)SiHs — SiHs + 4745 52.32] 178.26] 213.76] 127.74

(AlH.)ZrH; — AlIH, + ZrH; 44.58) 180.81] 56.35 545.21

TiZr— Ti+Zr 102.66| 66.59 273.31] 2299

Cyclic Zr-O-Ti = Zr + TiO 124.57|  65.13] 236.96] 46.53

lonization potential Zr [Zr—Zr + ] 124.71] 141.28 142.07] 138.48

Adiabatic IP ZrH 153.48| 242.63] 254.21] 246.15

Adiabatic IP ZrH, 152.71] 241.75| 248.49] 248.98

Adiabatic IP ZrH; 177.27] 273.99] 293.43] 266.84

Adiabatic IP ZrH,4 190.08] 255.11| 244.06, 245.54

Adiabatic IP ZrO 128.32] 220.73] 217.52] 215.35

Adiabatic IP ZrN 154.89] 248.25] 239.82] 228.91

Adiabatic IP ZrS 173.00] 219.86] 220.67| 130.73

Statistics, Heats of Reaction (V=69)

Mean Signed Error -35.13| -38.38 -33.16] 27.83

Mean Unsigned error 71.68]  69.77 110.78] 33.76
the heat of formation is not the quantity of interest). 3. Voityuk AA, Résch N (2000) J Phys Chem A 104:4089-4094

They are used to compare energies between isomers,
calculate bond energies, heats of reaction, complexation
and binding energies and a host of other applications
that all depend on the difference between one or more
calculated energies. Thus, the heats of formation initially
provided the basis for parameterizations of methods like
MINDO/3 and MNDO because there were few alter-
natives. We do not usually care if, as in the case of the
AlF; dimerization, if the calculated heat of formation is
off by 6-7 kcal mol™!, as for AMI*, or even more.
What we care about is the energy difference between the
sum of two monomers and the dimer. Moreover, in the
case of sequential parameterizations (first fitting H, C,
N, O compounds, fixing the parameters and then fitting
F, etc. As in MNDO, AM1, and AM1%*), then known
limitations in the previous parameters can significantly
skew the results of a computational study in which
reaction energetics are calculated.

For the above reasons, we have made extensive use of
calculated heats of reaction for the parameterization of
AMI1* for Al, Si, Ti and Zr. We will continue this
practice for further transition-metal parameterizations.
Detailed comparisons between AM1* and the methods
like PMS that rely more heavily on heats of formation
will show whether the former really is more robust for
applications.
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