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Trigonal-planar, middle transition metal diiminato-imido complexes do not exhibit high-spin states, as might
be naively expected on the basis of their low coordination numbers. Instead, the known Fe(III), Co(III), and
Ni(III) complexes exhibit S ) 3/2, S ) 0, and S ) 1/2 ground states, respectively. Kohn–Sham DFT calculations
have provided a basic molecular orbital picture of these compounds as well as a qualitative rationale for the
observed spin states. Reported herein are ab initio multiconfiguration second-order perturbation theory
(CASPT2) calculations, which provide a relatively detailed picture of the d-d excited-state manifolds of
these complexes. Thus, for a C2V FeIII(diiminato)(NPh) model complex, two near-degenerate states (4B2 and
4B1) compete as contenders for the ground state. Moreover, the high-spin sextet, two additional quartets and
even a low-spin doublet all occur at <0.5 eV, relative to the ground state. For the Co(III) system, although
CASPT2 reproduces an S ) 0 ground state, as observed experimentally for a related complex, the calculations
also predict two exceedingly low-energy triplet states; there are, however, no other particularly low-energy
d-d excited states. In contrast to the Fe(III) and Co(III) cases, the Ni(III) complex has a clearly nondegenerate
2B2 ground state. The CASPT2 energetics provide benchmarks against which we can evaluate the performance
of several common DFT methods. Although none of the functionals examined perform entirely satisfactorily,
the B3LYP hybrid functional provides the best overall spin-state energetics.

Introduction

The electronic structures of low-coordinate first-row transition
metal imido complexes may, at first glance, appear counter-
intuitive.1 Thus, all known trigonal-planar2 and pseu-
dotetrahedral3–5 Co(III)-imido complexes exhibit low-spin S
) 0 ground states, which may seem at odds with their low
coordination numbers. In the same vein, an FeIII(nacnac)(NAd)
(nacnac ) �-diketiminato, Ad ) 1-adamantyl) complex exhibits
a relatively unusual S ) 3/2 ground state, as opposed to an S )
5/2 one.6 These developments, not surprisingly, have provided
fertile ground for quantum chemical investigations and we have
reported broad DFT studies of a number of transition metal
imido complexes.1,7–9 In this study, our goal is to deepen our
appreciation of certain aspects of this area.

On the chemical front, we wish to extend our understanding
of the diiminato-imido complexes beyond the basic description
of bonding that is available for the electronic ground states.
In other words, we are seeking a fairly accurate map of the
excited-state energetics. Previous DFT calculations have hinted
at the existence of multiple low-energy excited states for Fe(III)
and Co(III) diiminato-imido complexes.8 In addition, a ground-
state singlet Co(III) hydrotris(pyrazolyl)borate-imido complex
has actually been found to be a spin-crossover complex, with a
low-energy paramagnetic excited state.9,10 In the same vein, in
contrast to the low-spin S ) ½ states observed for Fe(III)
trisphosphine-imido complexes,1,7 a high-spin S ) 5/2 ground
state has been predicted for an Fe(III) hydrotris(pyrazolyl)-

borate-imido complex.9 Stimulated by these findings, we
embarked on a program to systematically map out the spin state
energetics of Fe(III), Co(III) and Ni(III) diiminato-imido model
complexes. The performance of DFT, regardless of the exchange-
correlation functional, in such an endeavor seemed uncertain,
at best.11 Accordingly, we turned to ab initio multiconfiguration
second-order perturbation theory (CASPT2)12 to more reliably
probe the excited-state manifolds of these compounds.

On the methodological side, the CASPT2 calculations allow
us to examine the performance of a number of commonly used
exchange-correlation functionals vis-à-vis the spin-state energet-
ics of the compounds studied. As we and others have docu-
mented, this is a challenging problem for DFT and calibration
studies against high-level ab initio calculations are still surpris-
ingly rare.13–15 The general impression on this matter seems to
be that whereas classic pure functionals such as PW91,16

BLYP,17,18 and BP8617,19 tend to favor lower-spin states,
hybrid functionals, typified by B3LYP,20–22 err in the opposite
direction.15 The CASPT2 calculations reported here, which
should yield energies accurate to within 0.1–0.2 eV, have
allowed us to test this generalization.

Methods

The metal complexes studied here (Figure 1) were all
optimized with the OLYP23 generalized gradient approximation
(GGA), triple-� plus polarization Slater-type orbital basis sets,
C2V symmetry constraints,24 a fine mesh for numerical integration
of the matrix elements, and the ADF 2006 program system. 25

Subsequently, using the OLYP ground-state geometry, we
carried out single-point calculations on a number of excited
states using the following exchange-correlation functionals:
OLYP, OPBE,26,27 BLYP, PW91, BP86, B3LYP and B3LYP*.28
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Figure 1. Selected OLYP/STO-TZP results for the ground states of the Fe(III), Co(III), and Ni(III) complexes studied: distances (Å, black),
Mulliken charges (in parentheses, green), and spin populations (magenta). In the spin density plots, majority and minority spin densities are shown
in cyan and magenta, respectively.
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For four low-energy electronic states of each complex, we
also carried out OLYP/TZP geometry optimizations and vibra-
tional analyses. Zero-point energies were computed as well as
selected thermodynamic functions at room temperature under
the ideal gas approximation.

Single-point CASSCF29 and CASPT2 calculations were
carried out on the C2V OLYP ground-state geometries using the
MOLCAS-6 program system.30,31 The basis set was of VDZP
quality (VDZ for hydrogens), with the primitives obtained from
the relativistic ANO-RCC basis set (Co 5s4p2d1f; C, N 3s2p1d;
H 2s).32 Thus, scalar relativistic effects are accounted for with
the Douglas-Kroll-Hessian Hamiltonian, as is standard in the
MOLCAS software.33

Different active spaces were tried and the final choice was
to include the five metal 3d orbitals and the two imido pπ
orbitals; three 4d orbitals, dz2/dx2-z2, dxy, and dx2-y2/dy2, each of
which is doubly occupied in at least two of the three complexes
studied, were added to account for the “double shell effect”.34

This gives 10 active electrons in 10 orbitals for the Co(III)
system, 9 in 10 for the Fe(III) and 11 in 10 for the Ni(III) system.
Attempts to use a larger active space including the diiminato
lone-pair orbitals failed because their occupation numbers
remained very close to two and they preferred to be inactive.

Figures 2 and 3 depict the active MOs for the Fe(III) and
Co(III) complexes, respectively. Note that the a1-symmetry MOs
have chosen different axes for the quantization of the angular
momentum. In both systems, the two orbitals have the same
occupation numbers (1.0 for Fe and 2.0 for Co), so it is only

the summed density that matters, which should have the same
qualitative topology in both systems. The active MOs of the
Ni(III) complex (not shown) are very similar to those of the
Fe(III) complex. Note that whereas the dz2/dx2-z2 (a1), dx2-y2/dy2

(a1) and dxy-based MOs are largely metal-centered, the four
b-symmetry π MOs are metal(dπ)-Nimido(pπ) in character; the
bonding π MOs are referred to as b2 and b1, the corresponding
antibonding ones as b2* and b1*. The Kohn–Sham MOs are
also roughly the same shape as the CASSCF ones and are
described hereafter with the same notation.

All valence electrons, including the metal 3s and 3p electrons,
were correlated in the CASPT2 calculations, which employed
the standard IPEA Hamiltonian and an imaginary level shift of
0.1 to remove some weak intruder states. Tables 1-3 present
the CASPT2 energetics for the Fe(III), Co(III) and Ni(III)
complexes; in general, two roots were calculated for each spin
and each state symmetry.

Results

(a) FeIII(diiminato)(NPh). According to Table 1, two nearly
equienergetic quartets compete as contenders for the ground state
of the Fe(III) complex. It is impossible to say definitively which
one of these two is the actual ground state, even though all the
DFT functionals examined favor the 4B2 state by a couple of
tenths of an eV, relative to the 4B1 state. A quartet ground state
is consistent with experimental EPR measurements in a related
FeIII(nacnac)(NAd) complex.6 Moreover, the high-spin sextet

Figure 2. The active MOs of the Fe(III) complex (excluding the 4d orbitals). The occupation numbers (within parentheses) are for the 1 4B2 state.
The contour line used is 0.05 e/au3.
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Figure 3. The active MOs of the Co(III) complex (excluding the 4d orbitals). The occupation numbers (within parentheses) are for the 1A1 ground
state. The contour line used is 0.05 e/au3.

TABLE 1: Vertical CASPT2/VDZP Energies (eV) for the
Two Lowest Quartet and Doublet States in Each Symmetry
for the FeIII(diiminato)(NPh) Complexa

state configuration energy (eV)

1 4B2 (3dy2)1(3dx2-z2)1(3dxy)2(b1)2(b2)2(b2*)1 0.00
1 4B1 3dxy f 3dy2 0.07
1 6A1 3dxy f b1* 0.20
2 4B2 3dxyb2* f 3dx2-z2b1* 0.31
1 2A1 b2* f 3dy2 0.44
2 4B1 3dxy f 3dx2-z2 0.47
1 2A2 3dxyb2* f 3dy23dx2-z2 0.55
1 6B2 3dxyb2 f 3dx2-z2b1* 1.20
1 2B2 b2*(v) f b2*(V) (spin flip) 1.28
2 2A1 b2* f 3dx2-z2 1.35
1 4A1 3dxy f b1* 1.39
1 2B1 3dxy f 3dx2-z2 1.40
1 6B1 3dxyb1 f 3dx2-z2b1* 1.42
2 6B1 b2 f b1* 1.43
2 2B1 3dxy f 3dy2 1.62
2 2B2 3dxyb2* f 3dx2-z2b1* 1.95
2 6B2 3dxyb2 f 3dy2b1* 1.97
1 4A2 3dxyb2 f 3dy23dx2-z2 2.14
2 4A1 b2 f 3dx2-z2 2.14
1 6A2 3dxyb1 f b1*b2* 2.31
2 6A1 3dxyb2 f b1*b2* 2.87
2 2A2 3dxyb2 f 3dy23dx2-z2 3.27
2 4A2 b2b2* f 3dx2-z2b1* 3.52
2 6A2 3dxyb2 f b1*b1* 3.66

a In addition, the high-spin 6A1 state is also tabulated. The
geometry assumed throughout is that obtained from an OLYP/
STO-TZP optimization of the 4B2 ground state.

TABLE 2: Vertical CASPT2/VDZP Energies (eV) for the
Two Lowest Singlet, Triplet, and Quintet States in Each
Symmetry for the CoIII(diiminato)(NPh) Complexa

state configuration energy (eV)

1 1A1 (3dz2)2(3dx2-y2)2(3dxy)2(b1)2(b2)2 0.00
1 3B2 3dx2-y2 f b2* 0.11 (0.14)
1 3B1 3dxy f b2* 0.15 (0.50b)
2 3B1 3dz2 f b1* 0.52 (0.50)
1 5A1 3dz23dxy f b1*b2* 0.59 (0.61)
1 5A2 3dx2-y23dz2 f b1*b2* 0.59 (0.53)
2 3B2 3dxy f b1* 0.65
1 1B2 3dx2-y2 f b2* 0.83 (0.82)
1 1B1 3dxy f b2* 0.84 (0.84)
1 3A1 3dz23dx2-y2 f (b2*)2 0.96 (0.99)
1 3A2 3dx2-y23dxy f (b2*)2 1.04 (1.35)
2 1B2 0.73(3dz2 f b2*) — 0.51(3dxy f b1*) 1.07
2 3A2 3dz23dx2-y2 f b1*b2* 1.35
2 3A1 3dz23dxy f b1*b2* 1.48
2 1B1 3dx2-y2 f b1* 1.52
2 5A1 3dx2-y23dxy f b1*b2* 1.54
1 5B1 3dx2-y2b2 f b1*b2* 1.71 (1.64)
1 5B2 3dx2-y2b1 f b1*b2* 1.89 (1.86)
2 5B2 3dxyb2 f b1*b2* 1.91
2 5B1 3dxyb1 f b1*b2* 2.00
2 5A2 3dz23dxyb1 f b1*(b2*)2 2.56
1 1A2 b1 f b2* 3.14 (3.91)*
2 1A1 0.61(b1 f b1*) + 0.56(b2 f b2*) 3.47
2 1A2 b2 f b1* 3.90

a The geometry assumed throughout is that obtained from an
OLYP/TZP optimization of the 1A1 ground state. Energy values
within parentheses were obtained from single-root calculations.
b The single root calculation converged to a different root.
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(6A1 at 0.20 eV), two additional quartets (2 4B2 at 0.31 eV),
and even a low-spin doublet (1 2A1 at 0.44 eV) all occur at
rather low energies, <0.5 eV, relative to the ground state.

From a one-electron perspective, the near-degeneracy of the
two lowest quartet states reflects the near-degeneracy of the dy2,
dx2-z2, and dxy orbitals. By comparison, the π* Kohn–Sham
orbitals, b2* and b1*, are distinctly, but by no means very much,
higher in energy, with b1* somewhat higher in energy than b2*.
As noted previously,8 this MO ordering holds across all
diiminato-imido complexes examined to date. Again, from a
one-electron perspective, the overall dense phalanx of d-d
excited states shown in Table 1 follows from the more or less
close spacing of all the Fe 3d-based MOs.

(b) CoIII(diiminato)(NPh). For Co(III), the S ) 0 ground
state (see Table 2) of our model complex is consonant with

that observed experimentally for a closely related CoIII(nacnac)-
(NAd) complex.2 However, once again, there are two exceed-
ingly low-lying excited states (1 3B1 (0.11 eV) and 1 3B1 (0.15
eV)) and, on the basis of the CASPT2 energetics alone, we
cannot predict which of the three lowest states is the actual
ground state. As in the Fe(III) case, the near-degeneracy of these
two excited states reflects the near-degeneracy of the dy2, dx2-z2,
and dxy orbitals.

Besides the three states mentioned above, there are no other
particularly low-lying states. The lowest quintets are around 0.6
eV relative to the ground state. Additional triplet states also
occur above 0.5 eV. In a one-electron picture, these results
indicate that the b1* MO has a considerably higher orbital energy
than the b2*. The reason for this, as noted before,1,2,6,8 is that
the b1* MO is destabilized by σ-antibonding interactions
involving the diiminato ligand.

(c) NiIII(diiminato)(NPh). In contrast to the Fe(III) and
Co(III) cases, the Ni(III) complex exhibits a clearly nondegen-
erate ground state, 2B2, which corresponds to a (3dy2)2(3dx2-z2)2-
(3dxy)2(b1)2(b2)2(b2*)1 configuration.35 According to Table 3, the
alternative (b1*)1 doublet is higher in energy by quite a
substantial margin of energy (0.4 eV). Relative to the two
lowest-energy doublets, the lowest quartets are again signifi-
cantly higher in energy; thus, there are three quartet states
between 0.7 and 0.9 eV, relative to the ground state.

Discussion

On the basis of unpublished work in our laboratories (where
we compared CASPT2 spin-state energetics obtained with
VDZP and VTZP basis sets),36 we believe that the energetics
results reported in Tables 1-3 are converged to within about
0.2 eV of the basis set limit. These results, therefore, may be
viewed as benchmarks against which we may evaluate the
performance of different functionals. Tables 4-6 compare the
relative energies of a number of low-energy spin states for
the three metal complexes studied, for CASPT2 and a number
of commonly used exchange-correlation functionals. The main
conclusions are as follows.

TABLE 3: Vertical CASPT2/VDZP Energies (eV) for the
Two Lowest Doublet and Quartet States in Each Symmetry
for the NiIII(diiminato)(NPh) Complexa

state configuration energy (eV)

1 2B2 (3dy2)2(3dx2-z2)2(3dxy)2(b1)2(b2)2(b2*)1 0.00
1 2B1 b2* f b1* 0.40
1 4A2 3dy2 f b1* 0.72
2 4A2 3dx2-z2 f b1* 0.79
1 4A1 3dxy f b2 0.86
1 2A1 3dx2-z2 f b2* 0.87
1 2A2 3dxy f b2* 0.99
2 2A1 3dy2 f b2* 1.22
2 2A2 3dx2-z2b2 f b1*b2* 1.26
1 4B1 b2 f b1* 1.45
1 4B2 b1 f b1* 1.67
2 2B2 b2 f b2* 1.89
2 4A1 3dx2-z2b1 f b1*b2* 2.21
2 4B1 3dy23dx2-z2 f b1*b2* 2.34
2 4B2 3dy23dxy f b1*b2* 2.47
2 2B1 b1 f b2* 2.90

a The geometry assumed throughout is that obtained from an
OLYP/TZP optimization of the 2B2 ground state.

TABLE 4: Comparison of CASPT2 and DFT Energetics (eV) for Several Low-Energy Spin States of the FeIII(diiminato)(NPh)
Complex Studied

DFT (STO-TZP)

state configuration
CASPT2

VDZP OLYP OPBE BLYP PW91 BP86 B3LYP B3LYP*

1 4B2 (3dy2)1(3dx2-z2)1(3dxy)2 (b1)2(b2)2(b2*)1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 4B1 3dxy f 3dy2 0.07 0.29 0.34 0.25 0.28 0.28 0.16 0.18
2 4B2 3dxyb2* f 3dx2-z2b1* 0.31 0.80 0.87 0.84 0.88 0.87 0.42 0.54
1 2A1 b2* f 3dy2 0.44 0.37 0.52 0.04 0.15 0.15 a 0.27
1 2A2 3dxyb2* f 3dy23dx2-z2 0.55 0.75 0.93 a 0.50 0.51 0.53 0.51
1 6A1 3dxy f b1* 0.20 0.79 0.70 1.15 1.07 1.05 0.58 0.69

rms deviation relative to CASPT2 0.00 0.34 0.36 0.52 0.45 0.44 0.18 0.26

a These calculations could not be converged.

TABLE 5: Comparison of CASPT2 and DFT Energetics (eV) for Several Low-Lying Spin States of the CoIII(diiminato)(NPh)
Complex Studied

DFT (STO-TZP)

state configuration
CASPT2

VDZP OLYP OPBE BLYP PW91 BP86 B3LYP B3LYP*

1 1A1 (3dz2)2(3dx2-y2)2(3dxy)2 (b1)2(b2)2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 3B2 3dx2-y2 f b2* 0.11 0.31 0.19 0.52 0.44 0.43 -0.09 0.07
1 3B1 3dxy f b2* 0.15 0.60 0.55 0.70 0.67 0.66 0.06 0.23
2 3B1 3dz2 f b1* 0.52 0.88 0.82 1.08 1.04 1.03 0.24 0.51
2 3B2 3dxy f b1* 0.65 1.35 1.31 1.50 1.46 1.45 0.54 0.83
1 5A2 3dx2-y23dz2 f b1*b2* 0.59 1.01 0.84 1.47 1.35 1.34 0.33 0.63
1 5A1 3dz23dxy f b1*b2* 0.59 1.19 1.06 1.63 1.53 1.51 0.47 0.77

rms deviation relative to CASPT2 0.00 0.45 0.37 0.69 0.63 0.62 0.19 0.10
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As far as the Fe(III) complex is concerned, the various
functionals examined all seem to perform “tolerably”, the
rms deviations relative to CASPT2 energies ranging from
0.l8 to 0.52 eV (see Table 4), though none can be described
as performing well. For the 2 4B2 state, for example, all the
pure functionals examined predict unduly high energies
relative to CASPT2; the hybrid functionals are better, B3LYP
being somewhat better than B3LYP*. For the 6A1 state, which
is only 0.2 eV above the ground state at the CASPT2 level,
all the functionals appear to perform badly, greatly exag-
gerating the energy of the state, the classic pure functionals
being the worst.

For the Co(III) system, all the pure functionals examined fail
to predict low-energy triplet states. However, B3LYP and
B3LYP* do do so. B3LYP seems to have a tendency to unduly
stabilize higher-spin states.15 For example, B3LYP predicts an
S ) 1 state as the lowest-energy state, albeit by a small margin
of energy. As far as the quintet states are concerned, the pure
functionals again greatly exaggerate their energy. B3LYP and
B3LYP* are much better, yielding energies in good agreement
with CASPT2.

The same pattern is seen for the Ni(III) complex. In other
words, the pure functionals greatly overestimate the energies
of the high-spin quartet states; B3LYP and B3LYP* are much
better. Overall, unlike in certain other studies,13–15 B3LYP, rather
than B3LYP*, clearly emerges as the best functional, relative
to CASPT2 benchmarks.

Finally, Table 7, where we list OLYP thermodynamic
energies/enthalpies and free energies for the four lowest states
of each system, shows that the trends in these quantities are
very much the same as those in the pure electronic energies.
For our purposes, therefore, the data in Tables 1-6 appear to
be entirely adequate.

We conclude on a cautionary note. Although this study seems
to reinforce the view that hybrid functionals are better than pure
functionals, transition metal complexes afford a host of
counterexamples.13,15 In a recent study of the spin-crossover
complex Fe(salen)(NO),13 for instance, we found that only the
newer pure functionals OLYP and OPBE, based on the OPTX
exchange functional, and the B3LYP* hybrid functional, which
has a reduced amount (15%) of Hartree–Fock exchange relative
to B3LYP (20%), correctly capture the observed spin-crossover
behavior; in other words, only these functionals predict equien-
ergetic doublet and quartet states for this complex. B3LYP, in
contrast, predicts a quartet ground state. Accordingly, on the
basis of this study, we cannot claim to have identified the best
exchange-correlation functional for transition metal complexes
in general. However, we trust that we have demonstrated the
value of ab initio CASPT2 calculations and of DFT/ab initio
calibration studies vis-à-vis the issue of transition metal spin-
state energetics.
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