
Abstract. The electron affinities of Ti, V, Cr, Fe, Co, Ni,
and Cu are computed using the density function theory
and CCSD(T) approaches. Overall the CCSD(T) ap-
proach yields the best results. For this property, the
B3LYP, BLYP, and BP86 functionals perform better
than the BPW91, PBEPBE, and PBE1PBE ones. The
accuracy of all the methods is higher if the number of 3d
electrons is the same in the neutral atom and the anion.
This is especially true for the density functional theory
methods.
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1 Introduction

Rienstra-Kiracofe et al. [1] recently reviewed the status
of density functional theory (DFT) for the treatment of
electron affinities (EAs). They demonstrated that, while
DFT is not the most accurate approach, it is sufficiently
accurate to make useful predictions of EAs and it can be
used to study larger molecules than cannot be treated by
more accurate techniques. While they did not consider
transition-metal-containing species, DFT EA values
have been reported [2,3,4,5,6] for several systems
containing transition-metal atoms and these computed
values agree reasonably well with experiment. These
results have been obtained with different basis sets and/
or different functionals. Barden et al. showed that DFT
does not yield consistently accurate results for the we, re
and De values for transition-metal dimers [7]. That is,
some functionals work well for some dimers, but not for
others. Thus the question arises, are the recent EA
results representative of all transition-metal-containing
systems?

Here we compare the EA values of Ti, V, Cr, Fe, Co,
Ni, and Cu atoms computed at the DFT level, using
several different functionals, with those obtained by the
coupled-cluster singles and doubles approach including
the effect of connected triples determined using pertur-
bation theory, CCSD(T). Many functionals are currently
available and the development of new functionals is an
important area of research, especially the question of the
self-interaction error [8,9]. However, we restrict our-
selves to a few of the commonly used functionals in basis
sets that can be applied to sizable molecular systems. We
should also note that some highly accurate calculations
of transition-metal EAs have been reported [10,11,12],
but these approaches would be difficult to apply to
molecules, and therefore we restrict ourselves to the
CCSD(T) approach, which can be used to calibrate DFT
for small molecules. The computed results are compared
with experiment [13]. The ground state of Sc) is
1D�(3d14s24p1) and since this state is not well described
by a single reference, we do not include it in our study.
Mn has no EA and is, therefore, not included either. Our
goal is not to obtain the most accurate atomic EAs
possible, but rather to see how the DFT and CCSD(T)
approaches perform relative to experiment, and to ob-
serve the consistency of the computed results as a
function of the metal atom. This should give some in-
sight into the problems that might be faced in the cal-
culation of EAs at the DFT level for systems containing
transition-metal atoms. However, it should be remem-
bered that this is only one property and for a different
property the functionals could perform very differently,
and choice of the optimial functional could be a
compromise between the accuracy of many different
properties.

2 Methods

In the DFT calculations, we consider several different functionals
as implemented in Gaussian98 [15]: hybrid [16] B3LYP [17] hybrid
PBE1PBE [18], BP86 [19,20], BLYP [19,21], BPW91 [19,22] and
PBEPBE [18]. In the DFT calculations, we use the 6-311+G* basis
sets [23,24,25,26]. We impose at least D2h symmetry in the DFT
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calculations. We achieve this by placing two He atoms at ± 100 Å
on the x-axis, ± 90 Å on the y-axis, and ± 95 Å on the z-axis. For
many systems we are able to achieve converged solutions with an
integral number of 3d electrons; however, for some atoms, there is a
mixing of the s and 3d orbitals when the pure functionals are used.
Since the full-configuration-interaction natural orbitals would
correspond to solutions with pure orbitals and with nearly integral
numbers of 3d electrons, we modified Gaussian94 to prevent mixing
of the different types of functions; thus, the BLYP, BP86, and
BPW91 results are for solutions that have integral numbers of
3d electrons. Unfortunately we do not have the source come to
Gaussian 98 and therefore the PBEPBE results correspond to
mixed solutions in a few cases. To put the functionals on equal
footing, we do not discuss those cases where the PBEPBE solutions
is mixed; however, we do include the results in the tables.

Our highest level of theory is the restricted coupled-cluster
singles and doubles approach [27,28], including the effect of con-
nected triples determined using perturbation theory [29,30]. In the
valence treatment, we correlate the 3d and 4s electrons. In some
calculations of Ti, we also include the metal 3s and 3p electrons in
the correlation treatment. The valence basis sets are those opti-
mized by Partridge [31], for Ti, the (21s13p8d) set is used, while for
the other atoms, the (20s12p9d) sets are used. To all atoms, we add
the three p and one d supplemental functions optimized by Par-
tridge. To improve the description of the negative ions, a diffuse s
and a diffuse p functions are added to each atom. The s and p
exponents are 0.009 and 0.005 for Ti, 0.010 and 0.007 for V, 0.010
and 0.008 for Cr, 0.011 and 0.009 for Fe, 0.012, and 0.010 for Co,
0.013 and 0.011 for Ni, and 0.013 and 0.012 for Cu. Scalar rela-
tivistic effects are included using the Douglas–Kroll–Hess (DKH)
approach [32,33]. These primitive basis sets are contracted using
nonrelativistic self-consistent-field (SCF) wave functions and using
DKH SCF wave functions for the atomic ground state. The first 16
s primitive functions are contracted to three functions and the first
ten p primitives are contracted to two functions, while the re-
maining primitives are uncontracted. For V–Cu, the first six
primitive d functions are contracted to one function, while for Ti
the first five functions are contracted to one function in the valence
basis set and the first four functions are contracted to one function
in the Ti core–valence basis set. For all the atoms, the averaged
atomic natural orbital (6f4g)/[3f2g] polarization sets are used [34].

For SCF and CCSD(T) calculations the occupation that cor-
responds to the pure ground state is clear [25] and these are the
occupations that we used. For hybrid functionals, the same occu-
pations tend to correspond to the lowest-energy solution. However,
as discussed by Baerends et al. [14], the occupation that yields the
lowest energy for pure functionals can correspond to one that is
actually a mixure of ground and excited states. They found that the
splitting among the different occupations was up to about 0.3 eV.
In this work, we use the same occupation at all levels of theory;
thus, the DFT results could change if an occupation that does not
correspond to the pure ground state was used. However, as dis-
cussed later, our best EA values correspond to the addition of an
electron to the 4s orbital, and therefore some of the uncertainty
associated with the question of 3d occupation will cancel when the
EA is computed since the number of 3d electrons in the neural atom
and the anion are the same.

The CCSD(T) calculations were performed using Molpro [35]
which was modified to compute the DKH integrals, while the DFT
calculations were performed using the Gaussian 94 or Gaussian 98
programs [15].

3 Results and discussion

The ground states of the metal anions studied in this
work are derived from the 3dn+14s2 occupation. The
ground state of the neutrals can be derived from either
the 3dn4s2 or 3dn+14s1 occupations; thus, the EA can
correspond to the addition of an electron to either the 3d
or 4s the orbitals. The EA value computed with respect

to the neutral ground state is denoted EA(GS). If the
neutral ground state has a 3dn4s2 occupation, we also
compute the EA with respect to the 3dn+14s1 state,
which we correct to the ground state using the exper-
imental 3dn4s2 ) 3dn+14s1 separations [36]. This alter-
native approach is denoted EA(4s) since the attachment
corresponds to addition of the extra electron to the 4s
orbital.

We first consider Cr, Ni, and Cu, which have neutral
ground states derived from 3dn+14s1; the results are
summarized in Table 1. Using the difference between the
CCSD(T) and DKH–CCSD(T) results, we determine
the relativistic effect on the EA, and use this difference
to determine the nonrelativistic ‘‘experimental’’ value.
Since the DFT results do not include scalar relativistic
effects, they are compared with this corrected value. Our
scalar relativistic correction for Cr is smaller than that
found by Osanai et al. [11], but is consistent with the
values obtained for the other atoms in this work. We
should note that using our relativistic effect instead of
their value would reduce the error in their best computed
value.

Overall, of the DFT approaches, the hybrid B3LYP
approach yields the best agreement with experiment. In
fact, on average, the B3LYP results agree slightly better
with experiment than theCCSD(T) results. It is interesting
that the other hybrid approach considered, PBE1PBE,
provides EA values that are consistently smaller than
experiment, with an error of 0.34 eV for Cr. The BLYP
results agree with experiment to within 0.12 eV and the
BP86 values towithin 0.22 eV. BPW91 andPBEPBEhave
fairly sizable errors for Cr, but errors of less than 0.1 eV
for Ni and Cu. The error in Cr is especially interesting
since there is only one 3d occupation and hence no
uncertainty in how best to apply the DFT approach. We
should note that the PBEPBE solution for Ni has a 3d
population of 8.89 electrons, instead of 9.0.

The results for Ti, V, Fe, and Co are included in
Table 2. We first note that the EA(GS) values are in
poor agreement with experiment for all of the methods.
Even the DKH–CCSD(T) approach has errors ranging

Table 1. Summary of computed electron affinity (EA) values for
Cr, Ni and Cu. All the values are in electron volts

EA(GS)a EA(GS) EA(GS)
Cr Ni Cu

BPW91 0.29 1.07 1.16
BLYP 0.61 1.19 1.27
BP86 0.61 1.29 1.37
PBEPBE 0.41 1.15b 1.23
B3LYP 0.65 1.14 1.21
PBE1PBE 0.31 0.91 0.98
CCSD(T) 0.58 1.05 1.09
DKH–CCSD(T) 0.60 1.12 1.17
D 0.02 0.07 0.08
Experimentc 0.67 1.16 1.23
Nonrelativistic experiment 0.65 1.09 1.15

aEA(GS) is computed as the energy difference of the anion and
neutral ground states
bThe neutral state is a mixture of the 3dn 4s2 and 3dn+1 4s1 occu-
pations
cThe EA values are from Ref. [13]
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from 0.18 to 0.39 eV. An inspection of the 3dn4s2)
3dn+14s1 separations shows that it is hard to describe
states with different numbers of d electrons. We should
note that the CCSD(T) results have smaller errors than
the DKH–CCSD(T) values since the relativistic effects
actually increase the error in the 3dn4s2 ) 3dn+14s1

separations. The EA(4s) approach avoids the error as-
sociated with states with different numbers of 3d elec-
trons by computing the energy associated with adding an
electron to the 4s orbital, and uses experimental data to
correct the computed value to a ground-state EA result.
Since this approach reduces the error in the CCSD(T)
and DKH–CCSD(T) values, we use EA(4s) values to
compute our relativistic correction.

The EA(4s) approach reduces the maximum error in
the DKH–CCSD(T) approach to 0.12 eV, which is
similar to that found for Cr, Ni, and Cu. For Ti, cor-
relating the 3s and 3p semicore electrons reduces the
error in the 3dn4s2 ) 3dn+14s1 separation and improves
the EA(GS) value, but the EA(4s) value is hardly af-
fected by core correlation, since most of the differential
3s3p effect is associated with states possessing different
numbers of 3d electrons.

For the DFT approaches, the EA(4s) values are
better than the EA(GS) values, but the errors can still be
sizable. The B3LYP results have an average absolute

error of 0.078 eV and a maximum error of 0.16 eV
(for Ti), which is larger than found for Cr, Ni, and Cu,
but quite similar to the DKH–CCSD(T) approach. The
BP86 approach has an average absolute error of
0.088 eV and is the second-best approach, while the
BLYP is third best, with an average absolute error
0.10 eV. Thus, the B3LYP, BP86, and BLYP ap-
proaches have similar errors for all of the metal atoms
studied. The PBE1PBE EA(4s) results are consistently
smaller than the experimental values, as found for Cr,
Ni, and Cu. The BPW91 results are also too small, but
the errors are smaller than those found for PBE1PBE.
Excluding Ni and Fe, the PBEPBE EA (4s) results are
not affected by mixing of the 3dn4s2 and 3dn+14s1 oc-
cupations, but even in the cases where mixing is not a
problem, this functional yields EA values that tend to be
too small. Like the BPW91 approach, the errors tend to
be larger for the early metals than for the late metals.

4 Conclusions

Overall the three best functionals for the calculation of
the atomic EA values are B3LYP, BP86, and BLYP,
provided that the number of 3d electrons does not
change between the neutral atom and the anion. The

Table 2. Summary of computed EA values and the separation, Dsd , between the neutral states derived from the 3dn4s2 and 3dn+14s1

occupations. All the values are in electron volts

EA(GS)a EA(4s) Dsd EA(GS) EA(4s) Dsd
Ti V

BPW91 0.86 )0.38 )0.42 1.34 0.11 )0.98
BLYP 0.60 )0.15 0.06 1.01 0.39 )0.38
BP86 0.94 )0.08 )0.21 1.41 0.42 )0.74
PBEPBE 0.83 )0.26 )0.27 1.11b 0.24 )0.62b

B3LYP 0.48 )0.11 0.22 0.87 0.43 )0.19
PBE1PBE 0.49 )0.36 )0.05 0.95 0.13 )0.57
CCSD(T)val )0.17 )0.05 0.93 0.37 0.43 0.93
CCSD(T)3s3p 0.01 )0.07 0.73
DKH–CCSD(T)val )0.28 )0.02 1.07 0.23 0.45 0.47
DKH–CCSD(T)3s3p )0.10 )0.04 0.88
Dval )0.11 0.03 0.14 )0.15 0.02 )0.45
D3s3p )0.12 0.03 0.15
Experimental 0.08 0.08 0.81 0.53 0.53 0.25
Nonrelativistic experiment 0.05 0.51

Fe Co

BPW91 1.13 )0.13 )0.39 1.61 0.49 )0.70
BLYP 1.08 0.06 )0.15 1.53 0.64 )0.47
BP86 1.31 0.12 )0.32 1.77 0.72 )0.64
PBEPBE 0.69b )0.18b 0.00b 1.61 0.59 )0.59
B3LYP 0.71 0.05 0.21 1.15 0.61 )0.12
PBE1PBE 0.45 )0.19 0.22 0.92 0.38 )0.12
CCSD(T) )0.05 )0.01 0.91 0.59 0.54 0.37
DKH–CCSD(T) )0.25 0.04 1.16 0.35 0.60 0.67
D )0.21 0.05 0.25 )0.24 0.06 0.30
Experiment 0.16 0.16 0.87 0.66 0.66 0.42
Nonrelativistic experiment 0.11 0.60

aEA(GS) is computed as the energy difference of the anion and neutral ground states, while EA(4s) is computed as the energy difference
between the ground state of the anion and the lowest neutral state with a 3dn+14s1 occupation, which is corrected to the neutral ground state
using the experimental separation between the lowest states arising from the 3dn4s2 and 3dn+14s1 occupations
bThe neutral state is a mixture of the 3dn4s2 and 3dn+14s1 occupations
cThe EA values are from Ref. [13] and the Dsd values are from Ref. [36]

29



largest error for these three functionals is about twice
that found for the CCSD(T) approach. The errors for
the other three functionals are significantly larger for
some of the atoms studied. It would be interesting to
study the same functionals using the same basis sets for
some molecular EAs to see if the atomic errors carry
over to the molecular systems as found for systems
composed of atoms from the first two rows of the
periodic table [1]. While small errors in the atomic EAs
do not guarantee small errors in molecular values, the
results presented here suggest that molecular EAs that
correspond to a change in the number of 3d electrons
can have much larger errors than those that correspond
to adding an electron to an s (or presumably a p) orbital.
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