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lonization potentials (IPs) or electron affinities (EAs) for transition metal clusters are an important property
that can be used to identify and differentiate between clusters. Accurate calculation of these values is therefore
vital. Previous attempts using a variety of DFT models have correctly predicted trends, but have relied on the
use of scaling factors to compare to experimental IPs. In this paper, we introduce a new density functional
(BFW) that is explicitly designed to yield accurate, absolute IPs for transition metal clusters. This paper
presents the numerical results for a selection of transition metal clusters and their carbides, nitrides, and
oxides for which experimental IPs are known. When tested on transition metal clusters, the BFW functional
is found to be significantly more accurate than B3LYP and B3PW91.

1. Introduction clusters and the relative changes that occur upon binding to a
ayariety of molecules. However, accurately calculating these
values has been shown to be problem&ibue to the large
number of electronic states that must be considered, ab initio
methods require multiconfigurational approaches and calcula-
tions are largely intractable for all but the very smallest clusters.
Present DFT methods give values that vary dramatically with
the chosen functional and basis set, which is not surprising since
metal cluster species are not included in their parametrization.
Therefore, by optimizing a specific functional for cluster species,
it may be possible to improve the performance of DFT for
calculating such parameters.

In this paper we present a simple DFT functional for cal-
culating IPs and EAs of transition metal clusters (and their car-
bides, nitrides and oxides). Following the procedure used to
ptimize the EDF3? and EDF23 functionals, we have devel-
ped a density functional specifically for IPs and EAs of metal
clusters. The training set consists of 47 metal atoms and metal-
containing diatomic molecules. We apply our functional to a

The past decade has seen an explosion in the experiment
and theoretical study of transition metal clusters. Due to
the size-dependent variation of each cluster’s electronic and
geometric structure, the interaction of a molecule with a specific
cluster is unique, yielding species with novel chemical and
physical propertie&.” Consequently, considerable effort has
gone into understanding the physical and chemical properties
of molecules, both experimentally and computationally. How-
ever, the partially filledd-shells of the metal atoms that
constitute the clusters make this a difficult task.

For transition metal clusters, two of the most readily
determined physical properties are the ionization potential (IP)
or electron affinity (EA). These are easily obtained experimen-
tally over a large range of sizes and their importance in
understanding cluster properties has been documented in severag
reviews!~>7 It has been shown that the IP and EA can provide
information about electronic and geometric structure as well as

chemical reactivity with other molecules. Therefore, the ability set of larger metal clusters and find that it yields results that

to acgurately calculgte IPs'and EAs, and compare them with are significantly improved over those of the popular B3LYP
experiment, can provide an important component to understand-, |+ Bap\w91 functionals

ing the physical and chemical properties of metal clusters. The
reaction between Ag clusters and ethylene is an example wherez. Method
the use of IP information has been instrumental in determining
the structure. For Ag-C,H4, DFT calculations predict two
close-lying minima where thg-bonded ethylene is either
or uz bonded. Relative to Agthe two isomers were predicted
to have lower and higher IPs, respectively, the former being in
better agreement with experimérit. More recent work by some
of the present authors has shown that the reaction of CO with
Nbsz and Nh yields a product with an IP that is consistent with
DFT calculations in which the CO is dissociaféd.

Hence, it is important to have the best possible computational fu
tool for calculating absolute IPs and EAs for transition metal b

A common strategy in forming new density functionals, is
the recombination of existing functionals into a compound
functional. B3LYP!* one of the most successful and widely
used functionals, is of this form and comprises exact (or Fpck
exchange, the Dird¢and Becke'8& exchange functionals, and
the Voske-Wilk —Nusaif® and Lee-Yang—Part® correlation
functionals. Other functionals of this form include the family
of empirical density functionals; EDF1 and EDF2.

The determination of the linear mixing coefficients in these
nctionals is usually achieved by minimizing the residual error
etween the predicted and experimentally measured values for
a set of training data. This results in a functional that depends
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TABLE 1: The 26 Transition Metal Atoms in the Training This gives rise to a total of 2046 different functionals which,
Set for each value ok, were ranked according to their mean absolute

neutral cation deviation (MAD).

state state expt exp-BFW exp-B3LYP exp-B3PW91 As k increases from 1— 3, the MAD of the optimal
Sc Dy, °D; 6.56  0.00 0.03 0.15 combination of functionals decreases sharply from 0.45 to 0.23
Ti o s 683 0.24 0.24 0.50 to 0.16 eV. This is to be expected as the increased flexibility
v Foz Do 675 —0.13 0.04 0.01 of the functional is better able to model the data. The MAD
Mn 3, 7S; 7.43 —0.15  —0.12 0.21 . a -
Fe S, ®Dgp 7.90 —0.15  —0.13 0.11 decreases slightly to 0.158 eV fér= 4, but beyond this it
Co ‘Fop 3F, 7.88  0.34 0.07 0.10 remains almost constant and does not drop below 0.153 eV.
Ni §F4 iDslz 764 -0.03  -03 —-0.25 The absence of significant improvement beyérd 3 indicates
%J 12/2 22 ;-;g :g-ég :8-‘1‘2 _%%% that there are appreciable linear dependencies within our
v 2Dapy 180/2 622 —011 012 029 functiongl basis. T_his, tqo, is _to be expected as each exchange
7r 3, Y, 663  0.06 0.06 0.26 (correlation) functional is trying to model the same compo-
Nb Dy, Do 6.76  0.00 —0.17 —-0.33 nent of the total energy. On the basis of these results, it was
¥'0 % 3258/2 ;-gg 8-8; —8-12 —8-22 decided to restrict our attention to three-parameter functionals.

c /2 . . —0. -0. . . _ . . .
RU SEe YRy 736 —001  —0.25 032 A list of the top five three-parameter functionals is shown in
Rh “Fo, F, 7.46 002 —0.24 ~0.27 Table 3. _ _ o
Pd 'S, 2Dsp 834 —0.17 —-0.26 —-0.28 The five functionals shown in Table 3 can be divided into
Ag iSuz ;So 758 -0.06 -0.31 —-0.27 two distinct classes: The first are those based on the Wigner
o 2 S0 o % oo correlation functional, include around 29% exact exchange and
W 5030/2 GDll/z 798  0.12 0.95 0.48 have excha_mge coeffi(.:ienfts that sum to 1.02. The second are
Re 6%, 7S; 7.88  0.02 0.07 0.48 those functional combinations based on the PW91 correlation
Os Ds "Dgp 8.70  0.02 0.30 0.55 functional. Both of these include 37% exact exchange and have
'th ‘3‘59/2 zgs g-(l)g —%1032 g-llg ooi%al exchange coefficients that sum to only 0.92. This, along with
AU 2313,2 15(;”’2 923 023 —o001 001 the much larger coefficient of the correlation component in these
' . Y . functionals, indicates there is a significant portion of the
MAD (atoms) 0.10 0.17 0.26 _ther 9 p _
MSD (atoms) 0.00 —0.06 0.02 exchange energy that is being captured by the PW91 correlation
functional.

2The Cr, La, Hf, and Hg atoms were excluded because of either . . .
SCF convergence difficulties or lack of available ECPs for the SRSC It is clear that the Wigner-based functionals perform better
basis set. Atomic data were obtained from the NIST dataBase. for this set of training data, however, there is little to choose

Calculated differences (eV) for the functionals tested are shown in the between them. We selected the first combination, (B88, HF and

final three columns. Wigner) and used this as a basis for further refinement.>A 5
_ - 5 x 5 grid, centered at the coefficients in Table 3 was
mental values, such as those in the G2 dat&*detr transition- constructed, with step sizes corresponding to 5% of each

metal clusters, few reliable thermochemical data are available coefficient. Theself-consistenenergies for all the members of
in the literature and for this reason we were limited to transition- the training set, along with the associated MAD values were
metal atoms, metalmetal dimers and metal oxides for which  computed at each of these grid points. Of these 125 self-
the ionization potentials (IPs) or electron affinities (EAs) are consistent MAD values, the lowest (0.154 eV) was obtained
well-established. Systems larger than diatomics were ruled outby decreasing the Wigner coefficient by 5%, while leaving the
due to difficulties in obtaining reliable experimental values B88 and HF coefficients unchanged. We attempted to further
and/or uncertainties in the electronic states involved. A list of minimize this error by fitting a tri-quartic polynomial to the
the 47 systems in the training set is shown in Tables 1 and 2. grid points values and finding the minimum on this three-
For each system in the training set a reference density wasdimensional surface, however, when the new estimates of the
computed using the B3LYP functional and SRSC effective core mixing parameters where used self-consistently, there was no
potential and associated basis%éfBond lengths for diatomics  improvement over the best grid point value.
were optimized at the same level of theory and are listed in  The final form of our proposed functional is based on the

Table 2. Five exchange functionals (F&tRiracl’ Becke’'886 best grid value and is given by
Perdew-Wang '92° and Gill '96%9) and six correlation func-
tionals (Perdew '867 Perdew-Zunger?8 VVosko—Wilk —Nusair Eyo = 0.7365388 + 0_28EE>F(ock+ 1_1785\(/:Vigner @

fifth parametrizatiort® Lee—Yang—Parr® Wigner® and Per-
dew—Wang '92° were applied to these reference densities to
obtain a set of 11 non-self-consistent energy vectors. Correction - ! )
for differences in zero-point vibrational energies are small in yPridized form of the BeckeWigner functional that was
the reactions considered, and were not included. Al calculations ProPosed some time agd.
were undertaken using a development version of the QChem
3.0* software package using a 50 point Ewtéfaclaurin radial
grid and 302 point Lebedev grid for angular integration. Tables 1 and 2 contain the results of applying the BFW,
Estimates of the mixing coefficients were obtained by B3LYP and B3PWO91 functionals to the training set, B3PW91
performing ‘external’ optimizatiorf8 using the non-self- was included as it has recently been successfully applied to
consistent energies. This involved considering all possible clusters by Fielicke and co-workets.Geometries for the
k-subsets of the 11 energy vectors for<l k < 10 and diatomics were fixed at the B3LYP values to allow consistent
performing a linear regression using each subset of functionalscomparison. As a test, geometry optimizations were also
to determine the optimal values of the mixing coefficients. No performed with each of the three functionals and it was found
constraints were imposed on the coefficients and for simplicity, that the IPs changed very little. For the 26 transition metal atoms
we included exchange-only and correlation-only combinations. in the set BFW has a MAD of 0.10 eV, compared with 0.17

sWe call this the BFW functional and it can be considered as a

3. Results and Discussion



BFW: A Density Functional J. Phys. Chem. A, Vol. 111, No. 13, 2002627

TABLE 2: The 21 Dimeric Species in the Training Set
neutral  B3LYP bondlength cation  B3LYP bondlength

state ([angst]A) state A exp. exp-BFW exp-B3LYP exp-B3PW91

Vo D 2.00 N 1.86 6.36 0.10 0.04 —0.05
Cr, 3yt 1.60 Yy 1.58 7.00 —0.06 —0.50 —0.49
Cw gt 2.25 DY 2.39 7.90 —0.02 —0.23 -0.14
Nb; DO 2.07 PO 2.02 6.37 0.05 0.01 0.02
Mo, DY 1.96 Y 1.94 6.95 0.07 —0.05 —0.07
Ag: DN 2.61 Y 2.76 7.66 0.12 -0.12 —0.07
TiO SA 1.63 °Asp 1.59 6.82 —0.24 —0.38 -0.37
VO P 1.64 33 161 7.25 0.44 0.44 0.45
CrO ST 1.65 PO 1.65 7.85 —0.52 0.90 0.93
FeO 5A4 1.65 D) 1.68 8.56 0.13 0.07 0.18
CuO I3 1.77 D) 1.84 9.41 —0.01 —0.07 0.32
ZrO SA 1.77 2> 1.73 6.81 0.00 —0.15 —-0.17
MoO 1 1.74 PO 1.68 7.45 —0.30 0.85 0.80
NbO 43 1.76 Do 1.69 7.15 —0.12 -0.26 —0.35
TaO 2A 1.77 DY 1.71 8.61 0.46 0.48 0.28
NiO~ I3 1.68 Don 1.65 1.47 0.09 0.18 0.16
PdO I3p 1.86 N 1.90 1.67 0.54 0.46 0.44
PtO I3 1.83 Don 1.90 2.17 —0.08 —0.02 —0.10
RhC 1 1.69 DX 1.65 1.46 0.93 0.87 0.80
RhN~ 11 1.77 3+ 1.66 1.58 0.20 0.16 0.18
RhO™ 83 1.81 I 1.76 151 —0.23 -0.27 —0.28
MAD (dimers) 0.21 0.32 0.32
MSD (dimers) 0.07 0.11 0.12
MAD (overall) 0.15 0.24 0.29
MSD (overall) 0.03 0.02 0.06

a Data for dimers were obtained through DiRednd references therein. Calculated differences (eV) for the functionals tested are shown in the
final three columns.

TABLE 3: The Five Combinations of Functionals with the TABLE 4: MAD and MSD Errors (eV) for the IPs of
Lowest MAD? Transition Metal Complexes
MAD (eV) functionals in the mix expt  exp-BFW  exp-B3LYP exp-B3PW91
0.162 0_2865;°°k+ 0.736€E5% + 1,24(]5%"‘91"er Y, 4.98 0.11 —0.07 -0.11
0.164 0_2955;00k+ 0.7285;W91+ 1.1325\2“9”” Ys 5.00 0.16 —-0.04 —-0.14
Fock Gilloe Wigner Y3C2 4.22 0.10 —0.13 —-0.15
0.164 0.284, "+ 0.73F; " + 1.38%F; 7r 522 0.20 0.09 003
Fock PW9L PW9L 3 : : : :
0.171 0.37F, "+ 0.551E; """+ 1.69&, Zr;0 5.19 0.17 0.00 —0.01
0.173 0.37FE %+ 0.5445% + 1.81&2"" Nbs 5.80 0.07 -0.18 -0.25
0.214 B3LYP NbsC; 5.05 0.07 —0.09 —0.08
) ~ NbsO 5.51 —0.05 —0.20 0.25
2Note that these are based on the non-self-consistent energies NbsCO 5.82 —0.02 -0.21 —0.23
obtained from B3LYP/SRSC densities. The (self-consistent) B3LYP  NbyCO),  5.85 —0.14 —0.26 —0.26
MAD is also shown for comparison. NbsN, 5.44 —0.09 -0.25 —-0.27
) MAD 0.11 0.14 0.16
and 0.26 eV for B3LYP and B3PW91, respectively. Upon MSD 0.05 -0.12 —0.16

inclusion of the diatomic species, these values increase to 0.15,
0.24, and 0.29 eV, respectively, as shown at the bottom of Tablehave included the species NiNb;CO and NB(CO),. These
2. Similarly, the mean signed deviation (MSD) of the BFW species have only had their IPs determined by photoionization
functional are improved over B3LYP and B3PW91 for the efficiency (with an error of 0.05 eV), however, we have included
atomic and diatomic sets. Fortuitous cancellation of errors resultsthem due to their similarity to the other niobium cluster
in the overall MSD for B3LYP being slightly better than that species? Clusters containing late transition metal atoms gener-
of BFW. Overall, it is clear that BFW significantly out-performs  ally have much higher ionization potentials that make them more
the other two functionals for this training set. difficult to characterize experimentally and therefore were not
In order to test the performance of the new functional on selected for the test set.
metal clusters, we needed to use only species whose geometric Published DFT geometries were used as the starting guesses
and electronic structure have been unambiguously characterizedfor B3LYP optimizations. Single point energies using the new
these are listed in Table 4. Most of these species have beerBFW functional as well as B3PW91 were carried out on the
characterized by PFI-ZEKE, which is capable of extremely optimized structures. The maximum overlap mefiodas
accurate ionization potential determinatiogs3(cnm ). More- employed in the single point energy calculations to ensure that
over, geometric information is conveyed in the vibronic features the correct electronic state was maintained. The results are
of the spectrum, although they rely on comparisons with shown in Table 4.
predicted geometric structures. Yang and HaéReltave Overall, the predicted ionization potentials for the BFW
performed such experiments on a range of metal clusters andfunctional are better than B3LYP and B3PW91, as can be seen
some of their carbides, nitrides and oxides. Other species forin Table 4. The mean signed deviations of BFW, B3LYP and
which ZEKE spectra are available have not been included, i.e., B3PW91 are+0.05, —0.12, and —0.12 eV, respectively,
V3, V4, Nbs, and NBBX (X = Cy, Ny). For these species there is  showing that, unlike B3LYP and B3PW91, the new functional
considerable uncertainty about their structures since insufficienttends to underestimate IPs. The MAD value for the BFW
vibronic information is carried in their spectra. However, we functional is also less than those of the others, indicating that
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TABLE 5: Experimental 3> and Calculated Frequencies
(cm™1) for Clusters in the Test Set.

Addicoat et al.

References and Notes
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