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The performance of several different density functional theory (DFT) methods, including GGA, hybrid-
GGA, meta-GGA, and hybrid-meta-GGA methods, have been assessed in terms of their ability to accurately
compute both heats of formation and ionization potentials of systems containing third row transition metals.
Two different basis sets were used in this study: 6-31G** and TZVP. It is found that the &rigleity

TZVP basis set generally produces the best results for both heats of formation and ionization potentials. One
important observation made in this study is that the inclusion of exact exchange terms in DFT methods
generally results in more consistently accurate results for both heats of formation and ionization potentials of
transition metal systems. In general, DFT methods do not yield good ionization potential results for systems
containing titanium or zinc. For heats of formation, it is found that the hybrid-meta-GGA functional,
TPSS1KCIS, yields the best overall results when combined with the TZVP basis set, while PBE1PBE (hybrid-
GGA) gives the best results for the 6-31G** basis. The hybrid-GGA functional, B3LYP, is found to produce
the lowest overall errors for ionization potentials when combined with both 6-31G** and TZVP.

1. Introduction

TABLE 1: Various Functionals Employed in this Study

Transition metals and their complexes play a very important functional type refs
role in chemistry. These elements, for example, are crucial in ~ BLYP GGA 31,32
industrial catalysis, biological catalysis, proteligand interac- '\Pﬂgl\_:’\lljgvégl gg’z %gs‘r’
tions, and protein structure. Itis dlfflc_ult to treat transition metal B3LYP hybrid-GGA 31,32, 37,38
complexes using theoretical techniques because of the near pBE1PBE hybrid-GGA 36, 39, 40
degeneracies that occur in these systems due to the partial filing B98 hybrid-GGA 41
of d orbitals. In order to make very accurate wavefunction based ~ TPSSTPSS meta-GGA 42,43
calculations for these systems, it is necessary to use expensive TPSSKCIS meta-GGA 4246

Itireference methods such as multireference configuration BB9S meta-GGA 31,47
muttiret : onfigurat B1B95 hybrid-meta-GGA 31, 47
interaction (MRCI). As there is currently great interest in TPSS1KCIS hybrid-meta-GGA 4246, 48
performing calculations on large systems containing transition  BB1K hybrid-meta-GGA 31, 47,49

metals, it has become necessary to use computational method

methods. Density functional theory (DFT) presently offers hope
for the accurate determination of the molecular properties of

minant method. In this work we seek to assess the accuracydensity Generally

that can be expected of DFT methods for the calculation of
heats of formation and ionization potentials of systems contain-
ing third row transition metals.

. . : flonal and, in some cases, an exact exchange term, of the same
that are considerably less expensive than the multlreferenceform as HF exchange in order to approximate the exact density
functional. Therefore, DFT is not a single method but a family
. - ; . of methods. Some recently developed functionals also contain
large systems containing transition metals with a single deter- terms that are functionally dependent on the kinetic energy

density functional methods can be divided

into five classes according to the types of functional depend-
encies that they possess. The simplest type of DFT is the local
spin-density approximation (LSDA), which depends only on

In this work we consider two important physical properties: electron density. Generalized gradient approximation (GGA)

the ionization potential and the heat of formation. The ionization functionals depend on the electron density and its reduced
potential, the energy required to remove an electron from a gradient, while meta-GGA functionals also depend on the kinetic
bound state to infinite Separation, has been known for some energy density. Hybnd and hybrid_meta functionals are com-
time to be an important property of atoms and molecules. The pinations of GGA and meta-GGA functionals with Hartree
ability to predict ionization potentials accurately has significant Fock exchange. Examples of GGA, hybrid-GGA, meta-GGA,
implication for the field of photoelectron spectroscopy. The heat and hybrid-meta-GGA are examined in this study. Table 1 lists
of formation is the change in enthalpy that occurs when a gaj| of the functionals investigated in this work and indicates
molecule is formed from its constituent elements in their most the category to which each functional belongs.
stable states. This physical parameter is used to assess the perdew and Schmidt's “Jacob’s ladder” approach for the
stability of a molecule, to estimate the amount of energy releasedsystematic improvement of density functional approximations
ina reaCtion, and to calculate other thermOdynamiC properties.contains five rungs, with each possessing more accurate
Because the exact density functional is unknown, most DFT approximations than the one below!ifThe four classes of
methods comprise a correlation functional, an exchange func-density functionals investigated in this work contain elements
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Figure 1. Average unsigned heat of formation errors for the entire set of transition metal systems considered in this work.

of the second, third, and fourth rung of “Jacob’s ladder”, with and 3 give the experimental values for heats of formation and
the hybrid-meta-GGA functionals being the most complex. ionization potentials respectively.

Functionals residing on the highest rung in this scheme would  There have been several studies carried out within the past
include both an exact exchange term and an “exact partial few years that seek to assess the performance of DFT methods
correlation” term‘2 There have been a limited number of fifth in describing properties of systems containing transition
rung functionals developed in the past few years, bet they are metals5¢:15-24 Furche and Perdew evaluated the performance
not widely used. An example of a fifth rung functional is that  of several different density functional methods for the descrip-
of Perdew and co-workers that combines exact exchange andion of bond energetics, molecular structures, dipole moments,
second-order correlation with a gradient-corrected density and harmonic frequencies of transition metal systéhthjs
functional3# Since the use of functionals in this work is confined work was carried out using a quadrugfeguality basis set®

to more widely used DFT methods, functionals from the fifth Cundari et al. evaluate the accuracy with which heats of
rung of “Jacob’s ladder” are not included here. We have also formation of molecules containing transition metals can be
excluded members of the first rung of functionals, namely the computed with the B3LYP functional combined with the,
LSDA functionals, which depend functionally only on the pseudopotential based, LANL2DZ and CEP-31G(d) basis'&ets.
electron density. This is done because of extreme difficulties Glukhovtsev, Bach, and Nagel studied bond dissociation ener-
in getting LSDA calculations to converge properly and because gies, ionization potentials, enthalpies of formation, and harmonic
there is significant evidence that these functionals perform frequencies of iron containing compounds using the B3LYP
poorly for transition metal systems. Truhlar and co-workers have functional along with an “in house” pseudopotential based basis
shown that LSDA functionals give very poor results for bond setl? All of these prior studies provide interesting insights in

energies and ionization potentidlsyhile Gurling and co-  their own right, so the work described herein extend these
workers observed that SVWN, an LSDA functional, produces important works by thoroughly comparing a series of transition
very high errors for metal-carbonyl dissociation energies. metals with a consistent choice of functionals combined with

In this work we have employed two different basis sets, standard basis sets. While the present work provides important
6-31G**” and TZVP%° The Pople type split valence basis sets new insights, it also should be viewed as a starting point for
are the most extensively used basis sets in chemistry and arehe development of accurate and rigorously validated functionals
very well validated, in this study we utilize 6-31G**, a doutdfe-  that can be used routinely to study the properties of transition
Pople type basis set with polarization functions on all atoms. metal systems.

TZVP is a triple§ basis set that uses a single Gaussian

contraction to describe inner shells and three basis functions tos \jethods

describe outer shells. Both of these basis sets are used throughout

chemistry and have been widely utilized, along with density  All calculations were carried out using the Gaussian 03 suite
functional methods, for studies of transition metal systems (for of programs® Heats of formation were calculated using the
examples see refs +14). method specified in “Thermochemistry in Gaussian” white paper

The two test sets utilized in this study consisted of 94 heats available at http:/Awww.Gaussian-.com/g_whitepap/thermchtm.
of formation and 58 ionization potentials for atomic and Values for ionization potentials were calculated adiabatically.
molecular systems containing third row transition metals. For At this point it is worth describing the philosophy of this
all of these systems, the most recent available experimental datavork. Our main interest is to estimate the accuracy that can be
are used. It should be noted that scandium has been omittedexpected of DFT methods for the prediction of heats of
from our tests because, for heats of formation, the experimentalformation and ionization potentials of larger systems. In order
atomic enthalpy of formation is unavailable, but it is necessary to carry out this assessment, we compute the values of these
for the calculation of molecular heats of formation. Tables 2 properties for small systems, for which experimental data are
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TABLE 2: Experimental Heats of Formation for All Molecules Considered in this Work (kcal/mol)

TiH 116.4+ 2.3 MnH 64.2+ 7.0 Niy 156.7
TiO 13.7+£ 2.2 MnO 29.6+ 3.0° NiH 85.6+ 2.6°
TiN 1121+ 7.0° MnOH 3.7+ 3.2 NiO 75.0+ 5.0
TiF 4.0+ 8.0 MnF ~19.9+ 3.0° NiF 17.9
TiF> —164.5+ 10.0+ MnF, ~126.2+ 1.0° NiF, ~77.8+ 1.1
TiFs —284.1+ 10.09 MnFs —188.0+ 14.0° NiCl 417+16
TiCl 24.2 MnCl 11.3+2.1° NiCl, ~17.4+ 1.0
TiCl, —57.0+ 3.0° MnCl, —63.0+ 0.5¢ NiS 81.7+5.00
TiCls —128.gde MnS 63.3+ 2.0° Ni(OH), ~60.8+ 3.0°
TiS 76.2+ 2.2 NiCO 35.14+ 5.9
Fe 172.4+ 8.0° Ni(CO), ~39.0+ 2.5
Vs 187.4+ 5.2 FeH 117.2£ 1.0 Ni(CO)s —92.7+ 1.9
VH 125.9+ 2.0 FeO 61.1+ 3.0 Ni(CO), —144.0+ 0.6°¢
VO 30.59 FeF 11.4
VN 121.0+ 3.0° Feh —93.0+ 3.4 Cw 113.8+ 2.8°
VF 0.7+ 15.0 FeFR ~196.2+ 5.09 CuH 65.9+ 2.0°
VCl 378+ 1.5 FeCl 495+ 1.6¢ Cuo 76.5+ 10.00
VCl, —51.6+ 3.8 FeCb —32.8+ 1.0¢ CuOH 28.7+ 4.0°
VCls —88.2+ 2.1° FeCk —60.6+ 1.0° cucl 19.3+ 2.0°
VS 80.4+ 3.2 FeS 83.8+ 5.0° CuCh 9.0
Fe(OH) ~79.0+ 0.5 CuF —3.2+2.0
CrH 80.2+ 10.0° Fe(CO) 63.9+ 3.5 CuR —66.0
Cro 45.09¢ Fe(CO) 0.2+ 4.9 cus 75.1+ 5.0
Cro; —18.0vde Fe(CO} —55.8+ 7.6
Cro; ~70.5+ 20.00 Fe(CO) —105.1+ 3.4 Zn, 57.7+ 1.9
CroH 18.9+ 1.8 Fe(CO)H, ~131.0 ZnH 62.94+ 0.5
Cr(OH). ~78.1+ 2.6 Zno 52.84+ 0.9
CrN 120.79 CoH 110.7+ 1.0 Znk ~118.9+ 1.1°
CrF 3.1+ 2.4 CoO0 7.0+ 5.1° ZnCl 6.5+ 1.0°
CrR —99.1+ 4.2 CoR, -87.5 ZnCl, —63.5+ 0.4
CrFs ~199.8+ 3.4 Cocl 50.3+ 1.6¢ Zns 48.7+ 3.0°
crcl 31.04+0.6" CoCh —22.6+ 1.0¢ Zn(CHs) 26.0+ 2.9
crCl, —28.1+ 0.4 CoCk —39.1de Zn(Chy); 12.9+2.0°
CrCls —67.7+£ 1.5
crs 78.2£ 5.1

aReference 50° Reference 51¢ Reference 52¢ Reference 53¢ Reference 54\ Reference 199 Reference 55" Reference 56.Reference 57.
I Reference 58¢Reference 59.Reference 607 Reference 21.

available, and compare these values to those determined by3. Results and Discussion

experiment. Because our main goal is to estimate the perfor- . . . .
mance of DFT methods for larger systems, we have employed H€ats of Formation. Figure 1 gives the average unsigned
only standard methods in this study, that is to say, default grid _heat_of formation errors for e_ach of the 94 systems conS|de_red
sizes, convergence criteria, and optimization procedures havel” this work as calculated with all twelve functionals used in

been used. This approach seems reasonable because the use S Study along with both the 6-31G** and TZVP basis sets.
special techniques, such as very fine grids and very tight Not entirely unexpectedly, it can be seen that the larger, TZVP,

convergence criteria, is often expensive. Indeed, in several test?2SIS set produces the lowest unsigned heat of formation errors
calculations we have found that finer grids and tighter conver- for seven of the twelve functionals testepl here. It is interesting
gence criteria have little effect on the outcome of most to note that, for all three meta-_GGA funpthnals, the TZ_VP basis
calculations. It should be noted that single point energy OUtPerforms the 6-31G** basis by a significant margin.
calculations on atoms for the computation of heats of formation ~ The hybrid-GGA and hybrid-meta-GGA functionals, always
were calculated using théght keyword in Gaussian. pr_oduce the lowest heat of formation errors when they are paired
Previous studies have used molecular geometries obtained/ith the 6-31G** basis set. It should be noted however that
at high levels of theory for the calculation of molecular the BB1K/6-31G** method yields errors that are only slightly
properties at lower levels of theory. Because information based ower than those of BLYP/6-31G**. The best overall result for
on high levels of theory is not available for larger molecules, this basis set corresponds to an average unsigned error of 11.8
we feel that it is more appropriate to optimize the molecular kcal/mol and is given by the PBE1PBE functional.
geometry using the same basis set and density functional that For the TZVP basis, there is no clear pattern for the
is being evaluated for a given molecular property. We have done relationship between functional class and the quality of the heat
this for all of the calculations in this work. As DFT methods of formation results, although it can be said that the GGA
do not always predict the same spin states as higher levelfunctionals, which contain neither exact exchange nor kinetic
methods, such as MRCI, we have carried out calculations for energy density terms, generally produce higher errors than the
all of the systems considered in this work at several different other methods. As in the case of the 6-31G** basis, the BB1K/
spin multiplicities (2, 4, 6, and 8 for even multiplicity systems TZVP method produces disappointing results. With an average
and 1, 3, 5, and 7 for odd multiplicity systems). The spin state unsigned error value of 9.1 kcal/mol, the TPSS1KCIS functional
with the lowest electronic energy for any given system is used Yields the lowest overall average heat of formation errors for
for the computation of both heats of formation and ionization the TZVP basis set.
potentials (please see Supporting Information for calculated Tables 4 and 5 give the average unsigned and signed heat of
multiplicities of each system for all functional/basis combina- formation errors (respectively) for systems containing the
tions). various transition metals considered in this work. Considering
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TABLE 3: Experimental lonization Potentials for All BB1K functionals, produce average unsigned errors lower than
Sytems Considered in this Work (eV) 20.0 kcal/mol for these systems. All of the GGA and meta-
TiH 62 FeCbh 10.63+ 0.1C GGA functionals produce average errors greater than 35.0 kcal/
TiO 6.8194 0.006' Fe(CO 6.66+ 0.17 mol for chromium systems. It is interesting to note that, with
TiF, 122+ 05 Fe(CO) 6.68+ 0.24 the 6-31G** basis set, all of the GGA functionals produce
EES 1(7):ii 8:35,: E:Eggi ;:ig} 0.3% average errors greater thgn 20.0 kcal/mol for.sy_stems containing
V, 6.357—+ 0.00F CoH 786+ 0.07 chromium, iron, cobalt, nickel, and copper. Similarly, the meta-
VO 7.23864 0.00068 CoO 8.0+ 0.2 GGA methods produce average errors greater than 20.0 kcal/
VN 8.0+ 1.0 CoCl 8.71+ 0.1C° mol for systems containing chromium, nickel, and copper.
VS 84103 CoCb 10.75+0.1C B1B95 is the only functional considered in this work that yields
CroH 7.54+0.09 NiH 8.50+ 0.1¢° an average unsigned error smaller than 20.0 kcal/mol for each
CrO 8.16+ 0.0 NiO 9.5+ 0.2 . S .
Cro, 10.3+ 0.5 NiF» 115403 of the transition metal system types studied in this work.
CrOs 11.6+ 0.5 NiCl 9.28+0.1C¢ In Table 5 it can be seen that, for the 6-31G** basis set, all
CrF 9.3+ 0.4 NiCl, 11.24+ 0.0F of the GGA and meta-GGA functionals produce positive average
Crk 10.6+0.3 Ni(CO) 7.30+0.29' signed heat of formation errors for all types of transition metal
gg lg:gélofw “:Egggi ;:ggi 8:3?; systems, indicating gtendency for Fhese methods to underesti-
CrCh 9. Ni(CO)a 8.722+ 0.010" mate heats of formation (errer experiment-theory). In contrast,
MnH 7.8 Cwp 7. most of the hybrid-GGA and hybrid-meta-GGA functionals tend
MnO 8.65+ 0.20* CuF 10.90+ 0.0 to overestimate heats of formation for all systems except for
MnF 8.51+ 0.20 Cuk, 13.18 those containing chromium, copper, and zinc.
MnF, 11.38+ 0.2¢¢ CuCl 10.7£ 0.3 For the TZVP basi t th ticular t f
MnFs 1257+ 0.20¢ or the asis set, there are no particular types o
MnCl 85+ 0.3 zZn, 9.0+ 0.2 transition metal systems that are very problematic for all of the
MnCl, 11.03+ 0.0% ZnH 9.4 DFT methods considered here. It should be noted, however,
. 65 éng 12-3111 8-8;4; that all of the GGA functionals produce high errors (bigger than
ngo 604 0.2 7nC, 11.80.L 0.008 20.0 kcal/mol) for §ystems containing iron, cobalt, and nickel.
FeR 11.3+ 0.3 Zn(CHy) 7. Among the functionals that produce the best all around results
FeR 125+ 0.3 Zn(CHg)2 9.4 are B3LYP (hybrid-GGA), B98 (hybrid-GGA), and TPSS1KCIS
FeCl 8.08+ 0.1C (hybrid-meta-GGA), which all produce heat of formation errors
aReference 52 Reference 5% Reference 51¢ Reference 57. lower than 20.0 kcal/mol for each type of transition metal
e Reference 61" Reference 58¢ Reference 62" Reference 63. system. TPSS1KCIS gives average errors lower than 15.0 kcal/
mol for all of the transition metal systems with the exception
TABLE 4: Average Unsigned Heat of Formation Errors for of the chromium Systems, for which this functional yleldS an
Systems Containing the Various Transition Metal Elements average unsigned error of 15.4 kcal/mol.
Treated in this Study Table 5 shows that, for the TZVP basis set, the GGA and
Ti V. Cr Mn Fe Co Ni Cu Zn total meta-GGA functionals underestimate the heats of formation of
6-31G** most of the transition metal systems. All of the hybrid-GGA
BLYP 13.2 14.1 36.1 12.4 22.8 24.3 21.3 31.8 11.0 21.6 and hybrid-meta-GGA methods, with the exception of B98 for

MPWPWO1 14.6 18.4 50.3 17.3 32.7 24.1 31.1 35.0 15.0 28.3 jron systems, tend to overestimate the heats of formation of
PBEPBE  17.8 18.4 47.0 17.5 36.7 25.7 35.3 35.5 16.2 29.7 gach type of transition metal system. Notably, the heats of
IE:?B)LELPDBE 109.23 22%?5 Ey 9499 1121'.38 77'.321 1122'99 11311'?4 18695 112i(.38 formation of systems containing zinc are overestimated by all
B98 10.8 193 209 11.0 11.9 11.6 153 17.4 9.3 145 density functional methods considered here, while only two
TPSSTPSS 14.4 13.2 39.3 14.3 19.7 30.3 26.4 33.8 17.1 23.6 functionals (BLYP and BB95) underestimate the heats of
TPSSKCIS 15.3 14.3 39.9 14.3 22.6 19.3 29.8 32.1 15.1 23.8 formation of systems containing chromium.

BB9IS 18.6 20.2 47.2 17.4 38.6 27.3 39.3 37.1 155 310  y4pe 6 gives the average unsigned heat of formation errors

B1B9S 9.8 18.4 14.9 6.9 13.1 46 140143 98 12.3 for all of the transition metal coordinating groups considered

TPSS1KCIS 9.6 10.6 220 58 8.8 7.8 12.7 21.7 11.7 12.7 | . .

BB1K 16.9 38.7 14.9 13.4 32.0 9.9 335 11.4 8.8 21.3 In this study. Here it can be seen that the types of systems for
T2VP which density functional methods generally give poor results

BLYP 135 13.6 10.0 8.7 47.1 22.2 43.6 6.1 12.6 21.8 are the transition metal dimers, the transition metal oxides, and

MPWPWO91 12.4 10.6 9.3 41.9 23.4 29.4 47.3 51 6.2 21.0 the transition metal carbonyl complexes. For both the 6-31G**
PBEPBE  13.2 13.2 9.8 14.1 27.1 28.2 26.1 55 6.3 16.4 and TZVP basis sets, most density functionals give relatively

B3LYP 136 181 16.8 9.9 195 9.9 19.1 10.5 12.6 15.2 ggod results for transition metal hydrides and chlorides.
PBEIPBE 14.1 22.2 255 6.6 16.7 6.8 127 9.9 8.0 14.6 o o .
B98 143 169 156 125 96 7.7 151 6.7 10.6 124  Forthe 6-31G** basis set, one of the most salient aspects of

TPSSTPSS 11.2 92 6.6 11.2 140 325 4.7 43 6.4 10.1 these data is that all of the GGA and meta-GGA functionals
TPSSKCIS 11.1 10.5 8.0 11.3 354 10.0 8.3 4.8 6.0 12.9 give average errors larger than 25.0 kcal/mol for systems

E?Sgs ig% é‘;-g éé-g 13-? igg Zg-f fg-g g-g ;-g %g-g coordinated by nitrogen, oxygen, or carbonyl groups. BLYP is
TPSSIKCIS 107 13.4 153 40 88 48 64 70 77 91 eonly f“n‘?t'ongl W'tholm exat?]t ex;:g%nge tl?at lpfroducets an
BB1K 246 31.6 37.6 16.1 37.0 17.0 34.8 12.8 10.7 26.8 aVe€rage unsigned error lower than £5.0 kcal/imol for systems

coordinated by fluorine. The carbonyl coordinating group proved
the 6-31G** basis set, there are several types of transition metalto be particularly problematic for functionals that do not
systems that prove to be particularly problematic for these DFT incorporate an exact exchange term, with several methods
methods, these are chromium, nickel, and copper. The worstyielding errors larger than 50.0 kcal/mol, the largest average
results were obtained for systems containing chromium, only error for these systems (84.4 kcal/mol) is obtained with the
four of the twelve functionals, the hybrid-GGA B3LYP and BB95 functional. It is interesting to note that all of the
PBELPBE functionals and the hybrid-meta-GGA B1B95 and functionals that incorporate exact exchange terms yield errors
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TABLE 5: Average Signed Heat of Formation Errors for Systems Containing the Various Transition Metal Elements Treated
in this Study

Ti Vv Cr Mn Fe Co Ni Cu Zn total
6-31G**
BLYP 7.2 3.8 36.1 6.2 19.6 24.3 17.3 31.8 7.9 18.0
MPWPW91 11.6 15.8 50.3 14.2 32.7 24.1 29.3 35.0 14.4 27.1
PBEPBE 16.5 15.9 47.0 14.3 36.7 25.7 335 35.5 16.1 28.7
B3LYP -7.9 —22.3 14.2 —6.8 -11.3 4.4 —-6.9 12.6 3.8 —2.4
PBE1PBE —6.2 —-18.7 11.7 —-3.6 -11.3 7.3 -7.6 13.0 7.4 -15
B98 -10.5 -19.1 20.9 -9.7 -10.3 7.7 —-13.8 16.7 4.7 —-2.8
TPSSTPSS 10.9 9.0 39.3 12.1 19.4 30.3 26.4 33.8 17.1 22.6
TPSSKCIS 11.9 9.4 39.9 11.6 22.5 18.9 29.8 32.1 14.8 22.6
BB95 17.1 171 47.2 14.1 38.6 27.3 38.3 37.1 14.4 29.9
B1B95 —-7.3 —17.0 8.4 —6.2 —-12.8 —2.1 —10.6 13.3 55 —3.6
TPSS1KCIS 0.7 -5.9 22.0 1.7 —-1.0 4.8 4.7 21.7 10.2 6.8
BB1K —16.9 —37.9 —7.7 —13.4 —31.8 -9.9 —32.6 3.1 2.9 =175
TZVP

BLYP 3.4 4.0 3.0 2.7 47.1 22.2 43.6 —-1.5 —-12.6 15.1
MPWPW91 4.8 1.4 —-0.4 41.9 21.0 29.4 47.3 0.4 —6.0 15.8
PBEPBE 7.5 7.0 -3.1 —-11.2 25.7 28.2 26.1 2.3 —4.2 12.3
B3LYP —-11.9 —-15.2 —16.8 —-9.9 —-18.0 -9.9 —-19.1 -9.9 —-12.6 —145
PBE1PBE —-11.9 —-20.5 —-25.5 —6.6 —15.1 —6.8 —-12.7 -9.9 —-8.0 —-14.0
B98 —-13.1 —-13.7 —15.6 —-125 6.1 7.2 —-15.1 —5.7 —10.6 —9.4
TPSSTPSS 1.7 1.4 -3.1 9.0 9.7 325 25 0.6 -3.3 4.4
TPSSKCIS 3.5 2.7 -0.8 8.9 35.1 10.0 5.2 -0.5 —5.6 7.7
BB95 7.7 6.9 5.7 11.1 32.7 23.2 26.9 2.9 —6.2 135
B1B95 —13.9 —-19.7 —26.8 -9.1 —18.2 -8.1 —13.9 —9.4 —-9.9 —-15.4
TPSS1KCIS -5.8 -10.5 -15.3 -1.0 -3.9 -0.2 -5.1 —-6.5 -75 -6.7
BB1K —24.5 —-30.1 —37.6 —-16.1 —36.9 —17.0 —34.8 —-12.8 —-10.7 —26.6

TABLE 6: Unsigned Heat of Formation Errors for Various Transition Metal Coordinating Groups (MD Denotes Metal Dimers,
# Refers to the Number of Examples of a Particular Coordinating Group within the Test Set)

# BLYP MPWPW91 PBEPBE B3LYP PBELIPBE B98 BB95 TPSS TPSSKCIS B1B95 TPSS1KCIS BB1K
6-31G**

MD 5 164 15.8 16.0 32.3 36.2 275 195 149 13.0 37.8 22.2 62.9
H 9 9.3 10.6 9.9 6.3 6.7 7.7 9.9 114 8.5 11.2 8.3 12.5

N 3 317 39.5 40.6 8.0 6.1 11.4 422 293 33.8 7.1 14.5 19.5
(0] 11 395 46.6 47.2 14.9 8.6 140 502 37.0 37.5 8.0 15.9 19.5
S 8 108 18.5 19.0 10.6 14.2 11.0 20.5 17.2 17.1 12.3 7.6 17.9
F 19 24.2 29.5 29.8 14.7 134 174 311 27.1 26.5 13.5 16.6 15.3
Cl 23 124 17.3 18.1 10.3 10.0 142 178 19.0 16.4 10.0 9.6 14.9
OH 6 184 27.1 27.4 11.5 9.4 151 283 19.5 19.6 10.8 13.1 13.7
COo 8 449 68.8 79.8 9.7 8.6 121 844 37.2 51.1 9.8 10.2 51.6
CH3 2 152 17.9 19.6 15.9 16.7 16.6 183 221 18.0 15.8 16.9 14.8

TZVP

MD 5 3938 21.8 154 21.8 27.7 13.1 203 6.0 15.6 27.9 11.0 48.4
H 9 19.6 154 12.1 9.2 8.9 99 120 124 12.0 9.1 9.2 9.9

N 3 178 13.2 17.5 9.9 22.0 11.4 195 6.7 12.4 18.8 55 39.4
(6] 11 249 24.2 21.8 11.8 17.2 16.9 24.6 12.6 15.3 21.2 9.1 39.6
S 8 184 19.3 12.9 12.2 11.0 11.0 141 10.3 13.2 15.0 8.3 17.1
F 19 147 17.4 9.7 14.6 15.9 128 10.2 9.5 9.2 16.3 10.8 24.6
Cl 23 149 13.9 9.6 15.3 9.3 10.2 9.7 9.1 8.2 10.2 6.6 15.7

OH 6 14.3 18.6 9.2 16.0 18.3 114 9.8 11.0 10.6 18.2 13.4 25.9
(6{0) 8 56.0 59.6 58.6 27.4 20.0 154 62.1 10.4 33.7 23.1 9.1 59.8
CH3 2 224 12.0 13.1 18.2 13.0 18.3 143 13.6 11.5 17.8 12.3 18.5

higher than 25.0 kcal/mol for the metal dimers while functionals reasonably good average heat of formation for carbonyl
without exact exchange all produce errors smaller than 20.0 kcal/compounds (10.4 kcal/mol). All functionals yield average errors
mol for these types of systems. It is also noteworthy that all of lower than 15.0 kcal/mol for transition metal hydrides with the
the functionals considered here yield errors lower than 15.0 kcal/ exceptions of BLYP (19.6 kcal/mol) and MPWPW91 (15.4 kcal/
mol for the transition metal hydrides. mol), while only B3LYP (15.3 kcal/mol) and BB1K (15.7 kcal/
With respect to the TZVP basis set (in Table 6), the most mol) produce errors higher than 15.0 kcal/mol for transition
prominent aspect of these data is that, with this basis, most of metal chloride compounds.
the DFT methods produce large average errors for transition Table 7 gives the average unsigned heat of formation errors
metal dimers and for transition metal carbonyl complexes. As for all of the systems studied in this work as a function of the
in the case of the 6-31G** basis set, the functionals that do not number of coordinating groups associated with the transition
contain exact exchange generally produce extremely poor resultsmetal (please note that transition metal dimers are neglected in
for the carbonyl complexes, with the BB95/TZVP method this analysis).
yielding an average unsigned error of 62.1 kcal/mol for these For the 6-31G** basis set, there are two interesting trends
compounds. It should be mentioned that the TPSSTPSSregarding the quality of a functional's predicted heat of
functional, which does not include exact exchange, predicts aformation in relation to the degree of transition metal coordina-
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TABLE 7: Unsigned Heat of Formation Errors for Transition Metal Complexes Based on the Number of Coordinating Groups
Present (# Refers to the Number of Examples for Each Case; Please Note That Metal Dimers are Omitted in this Analysis)

# BLYP MPWPW91 PBEPBE B3LYP PBEIPBE B98 BB95 TPSS TPSSKCIS B1B95 TPSS1KCIS BB1K

6-31G**
1 51 1538 19.9 20.0 10.2 8.9 12.4 213 174 16.9 10.0 9.7 14.6
2 24 246 32.2 33.7 13.9 14.4 17.2 343 294 28.5 13.6 15.6 20.2
3 12 3338 48.0 52.3 12.8 9.7 14.1 53.8 36.6 39.0 9.8 15.3 275
4 2 702 108.1 126.1 8.5 7.6 4.1 1295 56.1 78.5 7.1 16.6 65.2
TZVP
1 51 19.2 18.5 13.1 10.0 9.8 10.7 14.3 9.8 11.8 11.5 6.9 17.5
2 24 207 191 13.8 17.8 155 13.0 14.6 9.9 11.0 16.6 10.2 27.1
3 12 208 25.0 23.9 25.0 25.6 17.2 246 132 15.4 26.2 14.3 47.2
4 2 617 79.9 85.5 42.2 28.8 19.1 88.0 12.2 43.7 33.4 15.8 84.7

tion. For the GGA and meta-GGA functionals, there is a clear TABLE 8: Average Unsigned lonization Potential Errors
pattern in which the heat of formation errors increase with an for Systems Containing the Various Transition Metal
increasing degree of coordination. With the exception of BB95 Eléments Treated in this Study

(21.3 kcal/mol), all of these methods produce average errors Ti V. Cr Mn Fe Co Ni Cu Zn total
lower than 20.0 kcal/mol for one-coordinated compounds but 6-31G**
for the four-coordinated systems yield very high errors (higher BLYP 1.58 0.59 1.36 1.43 1.08 0.69 0.67 1.73 1.28 1.16

than 55.0 kcal/mol). This trend is also seen for BB1K (hybrid- MPWPW91 1.55 0.53 1.18 1.32 0.95 0.70 0.76 1.61 1.20 1.08
meta-GGA). Itis also interesting to note that, with the exception SELE\'(DF‘?E 11-45f 00-755‘ 01-7244 019346 00-7958 5)6703 00-4765 11;1743 116231 olé152
of BLYP for two-coordinated systems (24.6 kcal/mol), none of PBEIPBE 147 0.77 0.80 0.91 0.84 0.66 068 1.33 1.10 0.92
the GGA or meta-GGA methods produce average errors lower B98 156 0.64 1.14 0.97 0.64 0.87 0.61 1.30 1.14 0.95
than 25.0 kcal/mol for any systems with two or more coordinat- TPSSTPSS 1.56 0.69 1.24 1.40 0.96 0.85 0.72 1.87 1.32 1.15
ing groups. For the hybrid-GGA functionals, as well as B1B95 TPSSKCIS 1.59 0.67 1.29 1.44 0.98 0.86 0.76 1.86 1.33 1.18
(hybrid-meta-GGA) the two-coordinated systems always exhibit 5?385 i-gg g-gé égg é-gg é-gg g-% 8-52 i-gg iig i-%‘i
e o e o e e et esikois 151 039 12> 1 696 052 067 §75 127 109
! : ' BB1K 1.89 1.22 0.79 0.80 0.95 0.82 1.02 1.26 1.06 1.04
PBE1PBE, and B1B95 are the only functionals to produce heat
of formation errors lower than 15.0 kcal/mol for all degrees of Tzve
L . 9 BLYP 1.41 0.39 0.77 0.98 0.59 0.55 0.48 0.66 0.98 0.75
coordination considered here. MPWPW91 1.41 0.37 0.64 0.87 0.56 0.55 0.51 0.60 0.89 0.70
For the TZVP basis set, the trend of increasing error with  PBEPBE ~ 1.37 0.37 0.68 0.95 0.59 0.57 0.53 0.65 0.93 0.73
increasing degree of coordination is exhibited in all but two B3LYP 1.13 0.32 0.31 0.51 0.42 0.39 0.30 0.35 0.74 0.48
cases (TPSSTPSS, three-coordinated to four-coordinated;PBEIPBE ~ 1.33 0.38 0.34 0.50 0.50 0.55 0.36 0.48 0.81 0.56
TPSSKCIS one-coordinated to two-coordinated). B98, TPSSTPSS"l?ggSTPSS 1'13?g8067.?140'05.'%406584066.20065.'240633606%?7Ofgzogss
and TPSS1KCIS are the only three functionals to produce errors tpsskcis  1.36 0.44 0.76 0.97 0.52 0.54 0.50 0.77 1.04 0.76
lower than 20.0 kcal/mol for four-coordinated complexes while BB9s 1.42 0.42 0.82 0.99 0.61 0.58 0.56 0.67 0.99 0.79
all of the GGA functionals give very high errors for these B1B95 1.57 0.32 0.44 0.55 0.70 0.56 0.49 0.42 0.88 0.65
compounds (at least 61.7 kcal/mol). The only functional that TPSS1KCIS 1.23 0.38 0.58 0.74 0.39 0.59 0.31 0.67 0.97 0.63
yields errors lower than 15.0 kcal/mol for all degrees of 1.50 0.69 0.49 0.43 0.93 0.59 1.21 0.62 0.80 0.82
coordination is TPSSTPSS. exchange produce errors that are lower than all of the methods
It is interesting to compare these heat of formation results that do not have exact exchange terms. The BB1K (hybrid-
for transition metal systems with results obtained for standard meta-GGA) outperforms the GGA and meta-GGA methods
organic compounds, Riley et al. have recently performed a studywhen used with the 6-31G** basis set, but produces the highest
evaluating the performance of a wide variety of density ionization potential errors for the TZVP basis. It can also be
functional methods and basis sets for the computation of severalseen in this figure that, for each of the functionals, TZVP
atomic and molecular propertiésin this study the 6-31G* basis  outperforms 6-31G** by a significant margin.
set was utilized, this basis is identical to 6-31G** except that  The hybrid-GGA functionals generally produce the best
polarization functions on hydrogen are omitted. It was found ionization potential results, for the 6-31G** basis these func-
that, for the twelve functionals considered in this work, the tionals outperform all others, the lowest overall unsigned error
average unsigned heat of formations errors for organic systemsfor 6-31G** is 0.85 eV and is obtained with B3LYP. For the
follow a trend very similar to that of the transition metal systems. TZVP basis set, two of the three hybrid-GGA functionals,
The DFT heat of formation computations for the organic B3LYP and PBE1PBE, outperform all other functionals while
complexes are generally more accurate than those for transitionB98 vyields errors that are higher than those of B1B95 and
metal compounds, typically yielding errors about six to twelve TPSS1KCIS (both hybrid-meta-GGA functionals). The best
kcal/mol lower. Methods including exact exchange vyield the overall result for TZVP is obtained with the B3LYP functional
best results for both organic and transition metal systems, whileand corresponds to an average error of 0.48 eV.

GGA functionals produce the highest errors for both types of  Table 8 gives the average unsigned ionization potential errors
compounds. for compounds containing the various transition metals studied
lonization Potentials. Figure 2 gives the average unsigned in this work. Here it can be seen that, for both the 6-31G**
ionization potential errors for each of the 58 systems used in and TZVP basis sets, density functional methods yield poor
this study as calculated with all twelve functionals considered results for systems containing titanium. For the 6-31G** basis,
in this work along with both the 6-31G** and TZVP basis sets. the best results for these systems correspond to an average error

One of the most interesting aspects of these data is that, forof 1.44 eV (B3LYP); for the TZVP basis, the lowest error
both basis sets, five of the six methods that include exact obtained is 1.13 eV (B3LYP).
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Figure 2. Average unsigned ionization potential errors for the entire set of transition metal systems considered in this work.

ideri _ ok ; ; TABLE 9: Average Signed lonization Potential Errors for
Considering only the 6-31G™* basis set, it seems apparent Systems Containing the Various Transition Metal Elements

that these DFT methods give better results for systems in higherryeated in this Study
spin states, all methods yield very poor results for systems that
tend to have low multiplicities, namely those containing

titanium, copper, and zinc. It should also be noted that these BLYP Laa 050 1 32‘31'1%*’; 65 0.60 045 173 128 1.07
functionals also produce high errors for systems containing MPWPWO1 138 053118 1.32 0.71 0.70 0.39 1.61 1.20 0.97

chromium and manganese; for these systems, functionalSpgepge 141 0.54 124 1.36 0.73 0.73 0.41 1.73 1.21 1.01
containing no exact exchange terms yield very high errors paLyp 1.04 0.70 0.67 0.94 0.65 0.60 0.34 1.44 1.03 0.77
(greater than 1.15 eV). Generally the best results are obtainedPBEIPBE 1.12 0.77 0.38 0.91 0.81 0.66 0.55 1.33 1.10 0.80
for systems containing cobalt and nickel, with the hybrid-GGA B98 1.26 0.64 0.98 0.97 0.46 0.87 0.33 1.30 1.14 0.83

; ; TPSSTPSS 156 0.69 1.24 1.40 0.87 0.85 0.48 1.87 1.32 1.10
functionals producing the lowest average errors for these TPSSKCIS 150 067 1.99 1.44 0.00 0.86 0.54 1.86 1.93 1.12

systems. _ _ _ . . BB% 1.56 0.67 1.39 1.50 0.81 0.83 0.44 1.79 1.29 1.11
For the TZVP basis set, the highest unsigned ionization g1ggs 1.24 0.58 0.67 0.99 0.87 0.79 0.63 1.38 1.17 0.89

potential errors are obtained for systems containing titanium TPSS1KCIS 1.38 0.51 1.22 1.19 0.96 0.83 0.60 1.75 1.27 1.06

Ti V. Cr Mn Fe Co Ni Cu Zn total

and zinc, the systems that tend to have the lowest multiplicity BB1K 0.52 0.750.48 0.80 0.86 0.43 0.48 1.26 1.06 0.72
among those considered here. The lowest errors are generally TZVP
produced for systems containing vanadium, cobalt, and nickel; BLYP 0.99 0.36 0.77 0.95 0.28 0.37 0.01 0.66 0.98 0.58

all functionals, with the exceptions of B98 and BB1K, produce MPWPW91 0.95 0.29 0.62 0.79 0.22 0.38).09 0.60 0.89 0.49

average unsigned errors lower than 0.60 eV for all of these typesggl_E\';’FE3 E 019061 00'1391 é) '1688 00'5818 00é236 (;) '2‘;1)'03 ooéGg) ??5'903 7%56" 37
f systems. As was the case for the 6-31G** basis, the hybrid- ' . 3 ' . 3 . . x .

or sys : ] _ , the Nyorid- pge1pBE  0.71  0.30 0.20 0.43 0.41 0.55 0.22 0.48 0.81 0.43

GGA class of functionals yields the best results for ionization Bgg 0.90 0.73 051 0.58 0.63 0.56 0.25 0.46 0.86 0.59

potentials, with the B3LYP and PBE1PBE functionals producing TPSSTPSS 1.23 0.43 0.74 0.91 0.32 0.54 0.06 0.77 1.02 0.63

errors lower than 0.60 eV for all transition metal systems types, TPSSKCIS 1.13  0.42 0.76 0.94 0.35 0.54 0.10 0.77 1.04 0.64
excluding those containing titanium and zinc. BB95 1.19 0.42 0.82 0.96 0.30 0.430.03 0.67 0.99 0.61

. . oS . B1B95 1.08—0.06 0.17 0.53 0.61 0.48 0.36 0.42 0.88 0.50
Table 9 gives signed ionization potential errors for each type tpss1kcisS 1.06 0.37 0.58 0.74 0.39 059 0.17 0.67 0.97 0.59

of transition metal system studied here. These data indicate thatg1k 1.00 0.14 0.08 0.35 0.69 0.54 0.58 0.62 0.80 0.52
for both basis sets, these DFT methods generally underestimate
ionization potentials. Indeed, for the 6-31G** basis, every containing fluorine (1.53 eV). For the TZVP basis, B3LYP
functional produces a positive average signed error for each ofproduces errors higher than 0.70 eV only for compounds
the transition metal types. For the TZVP basis, there are only containing fluorine (0.80 eV) and nitrogen (0.80 eV).
four entries in Table 9 with negative values, these are B1B95 For the 6-31G** basis set, the worst results are obtained for
(vanadium), MPWPW9L (nickel), PBEPBE (nickel), and BB95 transition metal systems coordinated by fluorine, with all
(nickel). functionals yielding errors higher than 1.50 eV; it should be
Table 10 gives the average unsigned ionization potential errorsnoted that the GGA and meta-GGA functionals all produce
for each of the coordinating groups considered in this study as errors higher than 2.00 eV for these systems. The metal dimers
calculated with all functional/basis combinations. Here it can also proved to be quite problematic for these DFT methods;
be seen that, for both basis sets, the functionals considered herenly one of the functionals gives an average error lower than
generally give disappointing results for compounds containing 1.20 eV, and B98/6-31G** produces an average error of 0.82
nitrogen and fluorine. B3LYP stands out as the best functional eV for these systems. The methods containing no exact exchange
for producing consistently good results; for the 6-31G** basis terms yield errors no lower than 1.00 eV for systems coordinated
set, this functional gives errors no higher than 1.00 eV for all by chlorine, while only the GGA functionals and B3LYP
types of systems except the metal dimers (1.41 eV) and systemsproduce errors lower than 1.00 eV for systems containing
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TABLE 10: Unsigned lonization Potential Errors for Various Transition Metal Bonding Partners (MD Denotes Metal Dimers;
# Refers to the Number of Examples of a Particular Bonding Partner within the Test Set)

# BLYP MPWPW91 PBEPBE B3LYP PBEIPBE B98 BB95 TPSS TPSSKCIS B1B95 TPSS1KCIS BB1K

6-31G**
MD 4 143 1.20 1.20 1.41 1.66 0.82 1.23 1.42 1.37 1.70 1.61 1.83
H 5 0.88 0.94 0.96 0.86 0.97 1.01 0.93 1.01 1.03 1.10 1.09 1.15
N 1 1.00 0.96 0.97 0.91 1.03 1.28 1.13 1.14 1.11 1.18 1.12 1.20
(¢} 10 0.59 0.54 0.56 0.46 0.57 0.77 066 0.70 0.72 0.69 0.72 0.79
S 2 040 0.29 0.30 0.84 1.00 0.15 048 0.41 0.42 0.96 0.17 1.33
F 14 217 2.08 2.13 1.53 1.50 1.62 226 2.13 2.17 1.55 1.86 1.26
Cl 12 1.17 1.02 1.08 0.59 0.63 0.79 124 1.10 1.14 0.76 0.94 0.82
OH 1 090 0.74 0.77 0.38 0.51 0.68 0.90 0.90 0.90 0.70 0.79 0.62
CO 7 035 0.46 0.46 0.37 0.46 0.53 0.36 0.27 0.30 0.55 0.45 0.93
CH3 2 07 0.54 0.56 0.46 0.46 0.57 0.68 0.64 0.68 0.56 0.62 0.50
TZVP

MD 4 042 0.45 0.46 0.62 0.92 0.79 0.48 0.64 0.64 0.94 0.79 1.16
H 5 077 0.79 0.73 0.69 0.82 0.60 0.71 0.62 0.70 0.83 0.74 0.88
N 1 087 0.82 0.84 0.80 0.94 1.17 0.98 1.00 0.97 0.76 1.01 1.13
O 10 0.29 0.30 0.30 0.24 0.32 0.67 0.34 0.36 0.36 0.50 0.40 0.71
S 2 030 0.17 0.20 0.06 0.55 0.72 0.37 0.26 0.28 0.42 0.09 0.49
F 14 1.32 1.21 1.30 0.80 0.78 091 137 1.31 1.34 0.85 1.05 0.85
Cl 12 0.89 0.75 0.80 0.45 0.41 0.52 089 0.78 0.85 0.55 0.57 0.73
OH 1 025 0.07 0.12 0.03 0.05 0.23 0.28 0.22 0.23 0.16 0.19 0.15
CO 7 050 0.60 0.59 0.19 0.39 0.36 057 0.37 0.38 0.52 0.22 1.07
CH3 2 050 0.35 0.38 0.33 0.32 0.41 049 0.46 0.50 0.42 0.46 0.39
TABLE 11: Unsigned lonization Potential Errors for Transition Metal Complexes Based on the Number of Coordinating

Groups Present (# Refers to the Number of Examples for Each Case; Please Not That Metal Dimers are Omitted in this
Analysis

# BLYP MPWPW91 PBEPBE B3LYP PBE1PBE B98 BB95 TPSS TPSSKCIS B1B95 TPSS1KCIS BB1K
6-31G**
1 29 0.79 0.75 0.78 0.70 0.77 0.88 0.85 0.90 0.90 0.87 0.86 0.99
2 17 1.58 1.47 1.51 0.98 1.05 1.12 1.64 1.43 1.49 1.16 1.36 1.02
3 7 1.64 1.59 1.64 0.91 0.86 091 171 1.56 1.59 0.89 1.16 0.81
4 1 0.15 0.13 0.10 0.59 0.65 1.12 0.00 0.00 0.08 0.84 0.45 1.43
TZVP

1 29 0.51 0.47 0.48 0.36 0.46 0.57 0.52 0.50 0.52 0.58 0.49 0.75
2 17 113 1.02 1.08 0.66 0.65 0.83 118 1.03 1.09 0.73 0.81 0.89
3 7 1.13 1.13 1.16 0.44 0.48 049 1.22 1.10 1.12 0.52 0.67 0.60
4 1 0.10 0.16 0.15 0.62 0.70 0.72 0.03 0.03 0.05 0.92 0.47 1.55

nitrogen. The GGA and meta-GGA methods all yield good systems. The GGA and meta-GGA functionals produce very
results for compounds coordinated by sulfur and carbonyl high errors (greater than 1.40 eV) for two-coordinated and three-
groups, these methods give errors lower than 0.50 eV for thesecoordinated compounds, reasonable errors (60790 eV) for
systems. one-coordinated systems, and very low errors (less than 0.15
Considering the TZVP basis set, the only types of systems eV) for four-coordinated molecules. For the functionals contain-
that proved to be particularly problematic are those that contain ing exact exchange terms, the ionization potential errors increase
either fluorine or nitrogen. All of the functionals considered as the degree of coordination increases from one to two and
here, with the exception of B1B95 (0.76 eV), give errors that then generally decrease as the degree of coordination increases
are higher than 0.80 eV for all systems containing nitrogen. from two to four. This trend applies to all of the functionals
Only PBE1PBE (0.78 eV) produces errors lower than 0.80 eV except for B98 and BB1K for which the four-coordinated
for fluorine systems; it is also interesting to note that all of the systems have higher errors than the three-coordinated ones.
GGA and meta-GGA methods vyield errors greater than 1.00 For the TZVP basis, the trend exhibited by the GGA and
eV for these compounds. Interestingly, the best results for metalmeta-GGA functionals is the same as with 6-31G**. For these
dimers are obtained with the GGA functionals, and BLYP gives functionals with no exact exchange terms, the errors for the two-
the best result with an error of 0.42 eV. These DFT methods coordinated and three-coordinated systems are significantly
all produce very good results for transition metals coordinated lower for TZVP than for 6-31G** (between 1.02 and 1.22 eV).
by hydroxyl groups, with all functionals yielding errors lower For the functionals with exact exchange terms, the one-
than 0.30 eV. coordinated and three-coordinated complexes generally have the
Table 11 gives the average unsigned ionization potential errorslowest errors while the two-coordinated and four-coordinated
for all of the systems studied in this work as a function of the systems have higher errors. This trend is true for all hybrid-
number of coordinating groups associated with the transition GGA and hybrid-meta-GGA functionals with the exception of
metal (please note that transition metal dimers are neglected inTPSS1KCIS (hybrid-meta-GGA), for which the four-coordi-
this analysis). nated systems exhibit the lowest average unsigned error.
There is an interesting trend among the functionals that do  As was done for the case of heats of formation, we will now
not include an exact exchange term for the 6-31G** basis set. compare the 6-31G** transition metal results to the 6-31G*
For these functionals, the unsigned ionization potential errors organic system results obtained by Riley et al. for ionization
increase as the degree of coordination increases from one tgpotentials. The most striking difference between the two sets
three, and dramatically decrease for the four-coordinated of data is that the errors obtained for transition metal systems



6052 J. Phys. Chem. A, Vol. 111, No. 27, 2007 Riley and Merz

are larger than those for organic complexes by a large margin, for transition metal systems that are higher than those of organic
transition metal errors are in the range between 0.85 and 1.20compounds by about six to twelve kcal/mol. The disparity
eV, while the errors for organic systems are between 0.25 andbetween the ionization potential results for transition metal and
0.35 eV. As evidenced by the narrow range of ionization organic complexes is even larger, with errors for the former
potential errors for organic compounds, there is very little being about three to four times greater than those of the latter.
difference in the quality of any particular type of functional for Validating the ability of quantum mechanical methods for
these systems, this contrasts the results for transition metaltransition metals continues to be a very challenging task. This
complexes for which gradient corrected methods generally is due in part to the electronic nature of transition metals
produce superior results. It is interesting to note that the hybrid- themselves, but the dearth of accurate thermochemical data is
GGA functional, B3LYP, gives the lowest ionization potential a major impediment to making significant progress. This can

errors for both the organic and transition metal systems. be alleviated by a renewed experimental effort to generate data
of this type, but the use of very sophisticated electronic structure
4. Conclusions methods like couple-cluster theory can help to fill in some of

the gaps in our understanding of transition metal systems.
Improvements in functionals continue to advance, but our results
*Show that this does not necessarily translate into significant
improvements in the model. Ex post facto corrections can be
applied, for example, utilizing the localized orbital model of
Friesner and co-workef8;?° but while this is a powerful
approach, it is less “theoretically satisfying” than having an
accurate quantum chemical model.

In the future, we believe that it would be valuable to assess
the performance of DFT methods for the computation of atomic
and molecular properties of transition metal systems with several
more functionals and basis sets. It would be particularly
interesting to determine the accuracy that can be expected from
density functional techniques when they are used in conjunction
with basis sets that incorporate pseudopotentials, which would
both lower the computational cost of these calculations and allow
for the use of larger valence basis functions.

In terms of heats of formation, the TZVP basis set generally
produces results that are more accurate and consistent than tho
of 6-31G** for transition metal systems. It can also be said
that, while there is no strong tendency for one functional class
to be better than another in terms of overall performance,
functionals containing exact exchange tend to yield more
consistently good results for the various types of transition metal
systems and coordinating groups. The hybrid-GGA and hybrid-
meta-GGA functionals generally yield poor results for transition
metal dimers compared to their “non-exact-exchange” counter-
parts. Itis also interesting that the inclusion of the kinetic energy
density seems to improve the accuracy with which heats of
formation are calculated for methods without exact exchange
terms but not for functionals with exact exchange.

For the 6-31G** basis set, PBE1PBE (hybrid-GGA) produces
the lowest average unsigned heat of formation error of 11.8
kcal/mol. This functional produces errors lower than 21.0 kcal/
mol for each type of transition metal system and also yields Acknowledgment. We thank the NIH (GM066859) for
errors no higher tharj _20.0 kcal/mpl for each type of coordinating providing the funding for this research
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