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ABSTRACT: Iron nitrosyl complexes are a particularly challenging case for density functional theory. In particular, for the low-spin
state, different exchange—correlation functionals yield very different spin densities [ Conradie, J.; Ghosh, A. J. Phys. Chem. B 2007,
111,12621—12624]. Here, we investigate the origin of these differences in detail by analyzing the Kohn—Sham molecular orbitals.
Furthermore, to decide which exchange—correlation functionals yield the most accurate spin densities, we make comparisons to
CASSCE calculations. To ensure that the spin densities are converged with respect to the size of the active space, this comparison is
performed for [Fe(NO)]*" as a model system. We find that none of the investigated exchange—correlation functionals are able to

reproduce the CASSCEF spin densities accurately.

1. INTRODUCTION

Transition metal complexes are central to metal-mediated
catalysis and bioinorganic chemistry."” For a detailed understand-
ing of their function as catalytically active centers and of catalytic
mechanisms, theoretical analysis has become indispensable.®”
However, to reliably accomplish such an analysis remains a
challenge for theoretical chemistry.'®

In quantum chemical studies of transition metal complexes,
usually density functional theory (DFT) is employed. But,
especially, the treatment of open-shell systems remains a chal-
lenge to DFT."*'* In particular, results regarding the relative
energetic ordering of closely lying states of different spin multi-
plicities are difficult to obtain with sufficient accuracy.'>'*~2¢
The performance of different approximate exchange—correlation
functionals was intensely discussed in the literature.”> >* Re-
cently, Conradie and Ghosh have identified a particularly difficult
case. They studied the spin-state energetics for the spin-crossover
complex Fe(salen)(NO) as well as the Fe(porphyrin)(NO)
complex.*’ These compounds feature a noninnocent nitric oxide
ligand, and the resulting nitrosyl complexes exhibit a complicated
electronic structure.”* > In addition to the inconclusive predic-
tion of the correct ground state, notable differences in the spin
density distributions were found with different exchange—
correlation functionals. A detailed analysis of the sources of these
differences, however, was not undertaken. Here, we pursue
closing this gap by analyzing their origin. Moreover, we expand
the DFT studies of Conradie and Ghosh by considering the
BP86, TPSS, TPSSh, and M06-L exchange—correlation func-
tionals as well.

According to the Hohenberg—Kohn theorem,” only the total
electron density is required to predict the electronic energy as
well as all other molecular observables. In principle, the spin
density is not needed. However, for open-shell molecules, one
usually introduces the spin density as an additional variable,
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resulting in a spin-DFT formalism,*® first proposed by von Barth
and Hedin.*” This allows one to construct better approximations
for the exchange—correlation energy functional, since the addi-
tional information on the spin density is available and can be
exploited. Within such a spin-DFT formalism, the exact spin-
dependent exchange—correlation functional will (in addition to
the exact electron density) also yield the exact spin density (see,
e.g, ref 38), provided an unrestricted Kohn—Sham formalism is
used.” Therefore, the spin density is one of the fundamental
quantities in spin-DFT, and it is crucial to know which of the
approximate exchange—correlation functionals yield accurate
spin densities. Moreover, since electron paramagnetic resonance
(EPR) parameters are explicitly dependent on the spin density,*’
reliable spin density distributions are an essential ingredient for
an accurate calculation of EPR properties, which represents a
difficult task for theoretical chemistry.*' ~*

With approximate exchange—correlation functionals, open-
shell molecules in low-spin states are often treated in a broken-
symmetry DFT formalism. In this case, the calculations do not
yield the correct spin density. Instead, it has been argued that the
Kohn—Sham reference system should represent the on-top pair
density.* However, if properties depending on the spin-density
such as EPR parameters are required, a broken-symmetry
formalism is not useful. Therefore, we prefer the point of view
that the need for a broken-symmetry treatment is an avoidable
consequence of the insufficiencies of the currently available
approximate exchange—correlation functionals and that instead
one should aim at improved functionals that reproduce the exact
spin-density.

To decide which exchange—correlation functional yields
reliable spin densities, accurate benchmark calculations of the
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spin density distribution are necessary. This requires multi-
reference methods such as the multiconfigurational complete-
active-space self-consistent-field (CASSCF) approach. The un-
favorable scaling in computing time with the size of the active
orbital space, however, disfavors the description of large molec-
ular systems, and hence, such correlation methods are not
frequently used in theoretical investigations of transition metal
complexes (for counterexamples, see refs 32, 47, 48). Detailed
CASSCEF studies of the salen- as well as of different porphyrin-
containing iron nitrosyl complexes were recently performed
by Pierloot et al.>** These studies provided important in-
sight into the electronic structure of these compounds and
the energetics of the different spin states. Furthermore, the
problem of the inconclusive picture provided by DFT calcula-
tions for the spin densities was also addressed. A comparison of
Mulliken spin populations and of spin density isosurface plots
indicated that the nonhybrid functionals yield the most accurate
spin densities.

However, a more detailed comparison of the DFT and the
CASSCE calculations was not performed. Furthermore, the large
size of the molecules under study restricts the dimension of the
active space, and it is therefore not clear whether the spin densities
are converged with respect to the size of the active space.

To circumvent these restrictions, one needs a small model
system for which similar differences in the spin density distribu-
tions are found in DFT calculations, but where, due to the small
size of this model system, one is still able to ascertain how the
choice of the active space affects the resulting spin density
distributions. Such an analysis of the spin density could then
validate the corresponding CASSCF reference spin densities.
Furthermore, a more detailed examination of the spin density
distributions by considering the DFT—CASSCF spin density
differences could be used as a representative benchmark of the
approximate exchange—correlation functionals.

This work is organized as follows. In section 2, the computa-
tional details are presented. A detailed discussion of DFT spin
densities of iron nitrosyl complexes is given in section 3. Then,
section 4 introduces [Fe(NO)]*" as a small model system and
validates the quality of CASSCF reference spin densities as a
benchmark for the DFT results. Finally, a summary and con-
cluding remarks are given in section S.

2. COMPUTATIONAL METHODOLOGY

All unrestricted Kohn—Sham DFT calculations were per-
formed with the quantum chemical program package ADE.*
Eight popular exchange—correlation functionals were employed,
from the widely used B3LYP hybrid exchange—correlation
functional with 20% exact exchange®' and TPSSh>* with 10%
Hartree—Fock exchange to five pure exchange—correlation
functionals: OLYP,** OPBE,**** BP86,°**” BLYP,**** TPSS,”
and M06-L.®° For the molecular structures of Fe(salen)(NO) (in
its two different conformations) and Fe(porphyrin)(NO), the
optimized coordinates calculated by Conradie and Ghosh were
taken.”" For direct comparison, all DFT spin density profiles
were obtained from single point calculations at these optimized
structures. Since Slater-type orbitals give consistent and rapidly
converging results for spin state splittings,®" we applied a triple-&
plus polarization Slater-type orbital basis set (TZP). The SCF
algorithm was considered converged if the largest element of the
commutator of the Fock matrix and the density matrix repre-
sented in the basis functions was lower than 10~ Hartree. The

S=3/2

<Lpeno = 157.0°
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<peno = 148.4°

(b) 1b

Figure 1. Structures of the iron nitrosyl complexes investigated in this
work. (a) Conformation a of Fe(salen)(NO). (b) Conformation b of
Fe(salen)(NO). (c) Fe(porphyrin) (NO). All structures are taken from
ref 31.

spin density distributions were visualized using the ADF—GUI
ADFVIEW program.62

All CASSCF calculations were performed with the program
package Molpro® using Dunning’s cc-pVTZ basis set for all
atoms.®*** As an initial guess, an unrestricted Hartree—Fock
calculation was performed. The natural orbitals from this unrest-
ricted Hartree—Fock calculation are then used as starting orbitals
for the CASSCF procedure. As convergence criteria, an orbital
gradient threshold of 10 % atomic units was chosen, and the
threshold for the change in total energy was set to 10~ ° Hartree
in all calculations. As an optimization method, the method
developed by Werner, Meyer, and Knowles*® ®® was used in
all calculations. The CASSCE spin densities were visualized using
the program MorexeL.%

3. SPIN DENSITIES OF IRON NITROSYL COMPLEXES

Following the work of Ghosh and Conradie,>" we investigate
two iron nitrosyl complexes, denoted as {FeNO}” after Enemark
and Feltham”® (this notations indicates that seven electrons are
distributed among the combinations of the NO 77* and the Fe 3d
orbitals): Fe(salen)(NO) (1) and Fe(porphyrin)(NO) (2),
whereby the former occurs in two different conformations
named la and 1b (see Figure 1). The unpaired electron from
the neutral NO species and the six d electrons of Fe(II) can be
distributed over the combinations of the Fe 3d and NO =z*
orbitals. The most favorable spin states resulting from this
electronic structure are a doublet (one unpaired electron) and
a quartet (three unpaired electrons) state. Experimentally, 2 is
known to possess a doublet (S = 1/2) ground state,”"”* while 1
exhibits a thermal spin-crossover from the doublet (S = 1/2) to
the quartet state (S = 3/2) near 175 K.”* Therefore, we
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considered only the doublet and quartet spin states for all iron
nitrosyl complexes in our theoretical study.

3.1. Energetics. We first analyze the relative spin-state en-
ergies of the iron nitrosyl complexes. These are listed, for the
exchange—correlation functionals considered, in Table 1. For 1
(in both conformations), we found adiabatic energy splittings
between the quartet and doublet state in the range of +12
and —10 kcal/mol. It is obvious that the energy splitting is
largely dependent on the amount of exact exchange encoded in
the exchange—correlation functional.”® B3LYP (with 20% exact
exchange) yields a quartet ground state favored by about 9 kcal/
mol, while for TPSSh (with only 10% exact exchange), doublet
and quartet spin states of almost the same energy are obtained.
OLYP and OPBE behave similar to TPSSh and yield S = 1/2 and
S =3/2 spin states that are similar in energy. This is in agreement
with the experimentally observed spin-crossover behavior. In
contrast to the hybrid functionals, TPSS, BP86, and BLYP
(all pure functionals without exact exchange) favor the doublet
over the quartet state by approximately 10 kcal/mol. An excep-
tion is the meta-GGA functional M06-L (also a pure functional
without exact exchange), which behaves similarly to B3LYP
and favors the quartet state by about 9 kcal/mol. We note that
the relative energies for OLYP, OPBE, and BLYP are consistent
with the previous work presented by Conradie and Ghosh.*
In general, only small deviations (<0.2 kcal/mol) can be
observed. However, larger differences from the results of

Table 1. Energy Differences (ES=(3/ Y _ S0/ ) between
Quartet and Doublet State (kcal/mol) in a TZP Basis Set for
Selected Exchange—Correlation Functionals®

OLYP OPBE BP8 BLYP TPSS TPSSh B3LYP MO06-L

la. —-10 06 105 88 112 13 —9.0 —96
128 —-12 05 8.8 -9.5
1b 03 16 117 98 122 12 —97 -89
1! 04 21 9.7 —11.1
2 57 62 170 162 176 66 —31 —25
2% 59 65 166" —46

? A negative energy difference indicates that the quartet state (S=3/2) is
more stable, while for a positive value the doublet state (S=1/2)is
preferred. For comparison, the values reported by Conradie and Ghosh
in ref 31 are also included. © Structure optimization.

Conradie and Ghosh are found for 1b for OPBE and B3LYP (2.1
and —11.1 kcal/mol, respectively). The reason for these differ-
ences can be revealed by inspecting the Mulliken spin popula-
tions and charges in our calculations (see Table 1 in the
Supporting Information) and in ref 31. Note that since we use
the same basis sets as in ref 31, these can be compared directly.
The comparison indicates that Conradie and Ghosh have found a
different state for S = 3/2 (OPBE) and S = 1/2 (B3LYP).
Further, comparing the energies of these different states shows
that those found in this work are lower in energy, and the
corresponding Mulliken charges are physically more reasonable
with no negative charges on the iron atom. For la, larger
differences can be observed for B3LYP. However, the Mulliken
spin populations and charges in our calculations are similar to
those in ref 31, and the origin of these differences remains
unclear.

For 2, similar observations can be made. The adiabatic energy
splittings follow the same trend as observed for 1, except that the
corresponding energy splittings are 6 kcal/mol higher in energy
and, thus, found between —3 and +18 kcal/mol. B3LYP and
MO6-L predict a quartet ground state by about 3 kcal/mol. All
other exchange—correlation functionals studied yield a doublet
ground state, but with different relative energies. OLYP and
OPBE as well as TPSSh favor the doublet state by 6 kcal/mol,
while TPSS, BP86, and BLYP yield an energy gap of approxi-
mately 17 kcal/mol. As for 1, our results for OLYP and OPBE are
consistent with the previous work of Conradie and Ghosh,*' and
in general, only small deviations can be observed. Larger
differences are only found for B3LYP. Again, inspection of the
Mulliken spin populations (given in Table 2 of the Supporting
Information) and charges indicates that a different state was
converged for $=1/2, and in comparison to ref 31, the one found
by us is lower in energy.

3.2.Spin Density Distributions. It was already pointed out by
Ghosh and Conradie*>*" that the spin density distributions for
the iron nitrosyl complexes are strongly dependent on the choice
of the exchange —correlation functional. Let us first have a closer
look at the spin density profiles before we continue to elaborate
on the sources of these differences in detail.

The spin density distributions for 1b are displayed in Figure 2.
The spin densities for the quartet state do not depend on the
exchange—correlation functional, where the iron atom carries an
excess of 0t-electron density and the nitrosyl ligand an excess of

(e) TPSS

(f) TPSSh

(g) MO06-L

Figure 2. Spin density profiles for 1b in a TZP basis set for selected density functionals. An isosurface value of 0.003 is chosen. The small picture in the
upper right corner shows the quartet spin density for each exchange—correlation functional, while the large picture displays the sensitive doublet spin
density. The blue surface (positive spin density) corresponds to an excess of a-electron density, while the yellow surface (negative spin density)

corresponds to an excess of -electron density.
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(b) OPBE

(e) TPSS (f) TPSSh

(d) BLYP

(g) M06-L (h) B3LYP

Figure 3. Spin density profiles for 2 in a TZP basis set for selected density functionals. An isosurface value of 0.003 is chosen. The small picture in the
upper right corner shows the quartet spin density for each exchange—correlation functional, while the large picture displays the sensitive doublet spin
density. The blue surface (positive spin density) corresponds to an excess of 0i-electron density, while the yellow surface (negative spin density)

corresponds to an excess of -electron density.

p-electron density. For the doublet state, however, notable
differences in the spin density distributions can be observed.
The spin densities can be ordered according to their associated
energy splittings obtained for different exchange—correlation
functionals. For BP86, BLYP, and TPSS, the spin densities are
similar. OLYP, OPBE, and TPSSh yield different distributions
around the nitrosyl ligand atoms with a larger amount of
P-electron density. This excess of f-electron density further
increases for M06-L. A completely different picture is obtained
for B3LYP. While for all other functionals there is both o.- and
B-electron density on the nitrosyl ligand, with B3LYP, the ligand
carries only [-electron density. In addition, the amount of
P-electron density on the nitrosyl ligand is much larger with
B3LYP than for all the other functionals, as is also obvious from
the Mulliken spin populations (see Table 1 in the Supporting
Information). For la, similar spin density distributions are ob-
tained, which are shown in Figure 1 in the Supporting Information.

Figure 3 shows the calculated spin densities for 2 as obtained
with different exchange—correlation functionals. As already
observed for 1, BP86, BLYP, and TPSS yield similar results.
One can recognize an increase in the O-electron density at the
ligand atoms for TPSSh, and its decrease around the iron center.
OLYP, OPBE, and M06-L yield a large amount of 3-electron
density located around the nitrosyl ligand atoms, which is missing
for BP86, BLYP, TPSS, and TPSSh. As for 1, an excess of
B-electron density only on the nitrosyl ligand is found for B3LYP.
But in contrast to 1, we observe that calculations with different
exchange—correlation functionals which yield similar energy
splittings result in different spin density distributions (e.g.,
TPSSh which is comparable in relative energy, but not in spin
density to OLYP/OPBE). M06-L, on the other hand, delivers a
spin density similar to OLYP and OPBE but yields a very
different energy gap (—2.5 kcal/mol with M06-L vs 6 kcal/mol
with OLYP/OPBE).

3.3. Origin of Deviations in the Spin Density. To under-
stand the origin of the differences in the spin densities of the
doublet state, we investigate the Kohn—Sham molecular orbitals.
For this, we choose 1b and the three exchange—correlation
functionals, BP86, OLYP, and B3LYP. To elucidate the subse-
quent analysis of the DFT orbitals, it is instructive to consider the
qualitative molecular orbital diagram introduced by Hoffmann
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Figure 4. Hoffmann’s correlation diagram for pentacoordinate metal
complexes as presented in ref 74.

et al. for pentacoordinate metal complexes,”*”®

in Figure 4.

In their qualitative approach, they considered the iron d,,, d»,
d,;, and d,, orbitals (the d,»_-orbital is excluded because it is
significantly higher in energy) as well as the NO ¢ and the two
NO 7* orbitals. Four ligands (in our case, the nitrogen and
oxygen donor atoms of the salen ligand and the nitrogen donor
atoms of the porphyrin ligand) are arranged in the xy plane along
the coordinate axes. Above this xy plane, the NO ligand is located
between the xz and yz planes. For the bent structure present in
1 and 2, these form (due to symmetry considerations) the
molecular orbitals (d,., 77%), (dy, 7*), dyy, (d2a, 0)% (d, )%,
and (d,,, 7*)* which are occupied by seven electrons for
the {FeNO}’ complexes. For the doublet state, the (d,,, @),
(dys, ), and d,, orbitals are doubly occupied, and the (d, 0)*
orbital is singly occupied. These orbitals, in particular the singly
occupied (d, 0)* orbital, determine the spin density distribu-
tions, and the corresponding differences in spin densities can be
traced back to differing orbital patterns.

which we depict
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Figure S. Valence orbitals for the doublet state of 1b in a TZP basis set for selected exchangefcorrelation functionals. Those  and /3 orbitals which
correspond to the same orbital combination are grouped together and ordered qualitatively according to the energy of the corresponding o orbital. An
isosurface value of 0.05 is chosen. Only the orbitals which determine the spin density distribution are shown. Orbitals for &t electrons are displayed on the

left-hand side and orbitals for f electrons on the right-hand side.

For the quartet state, the (d,,, 7*) and (d,,, 7*) orbitals are
doubly occupied. The remaining three electrons are then dis-
tributed over the singly occupied d,,, (d, 0)* and d._,
orbitals. Note that, in this case, the order of the molecular orbitals
changes, and d,» 2, which is not shown in Figure 4, has to be
included. The orbitals obtained in the DFT calculations for the
quartet state are similar for all exchange—correlation functionals
and qualitatively agree with Hoffmann’s simplified picture. As a
representative example, the relevant orbitals from the BP86
calculation are shown in Figure 2a in the Supporting Information.

Figure 5 shows the highest occupied molecular orbitals
obtained for the doublet state with OLYP and BP86. All orbitals
are described by Hoffmann’s qualitative molecular orbital pic-
ture. However, in the unrestricted Kohn—Sham DFT calcula-
tions, & and /3 orbitals are different. In particular, the (d,., 77*)
orbital contains no significant contribution from the NO 7*
orbital to the corresponding @ orbital. This induces an excess
of B-electron density around the NO fragment. The same can be
observed for the (d,., 77*) orbital, where the contribution of
the NO 7* orbital to the a orbitals is reduced. The excess of
O-electron density around the iron atom and nitrosyl fragment
can be attributed to the singly occupied (d. ©)* orbital.
Furthermore, there are also orbital contributions from the salen
(and porphyrin) ligands, which, however, do not contribute to
the spin density. In the case of OLYP, the ot-spin (d,., 77%) orbital
contains less contribution from the NO 77* orbital as compared to
BP86, which increases the -electron density around the nitrosyl
fragment (see also Figure 2) and induces the divergent spin
density distributions.

For B3LYP, we observe different orbital shapes for o and
electrons as compared to the former exchange—correlation
functionals (see Figure 6). The a; and @, and the 3, and /3,
orbitals result in very different orbital combinations, while the 03
and 0 and the [3; orbitals can be related to Hoffmann’s orbital
diagram of Figure 4. The nonbonding d,, orbital (0, and f3,) is
replaced by different combinations of Fe d and NO 77* orbitals,
which results in a stronger distribution of 3-electron density into

Figure 6. Valence orbitals for 1b in a TZP basis set for BALYP ordered
qualitatively according to their energy. An isosurface value of 0.05 is
chosen. Only the orbitals which determine the spin density distribution
are shown. Orbitals for o electrons are displayed on the left-hand side
and orbitals for /3 electrons on the right-hand side.

the NO 7% orbitals. While o electrons are preferentially dis-
tributed over the iron center and the salen fragment (0, and 03),
[ electrons occupy the NO z* orbitals (3, and f3). This
generates the characteristic cylindrical shape of the 3 electron
density for BSLYP. Moreover, two singly occupied @ orbitals and
two different singly occupied [ orbitals are obtained (compare
o, /0, and f3,/,, respectively).
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Table 2. ($?) Expectation Values in a TZP Basis Set for a
Given Exchange—Correlation Functional

OLYP OPBE BP86 BLYP TPSS TPSSh B3LYP MO6-L ideal

la (S,%) 440 442 421 418 427 457 475 462 375
(52 083 083 078 077 078 092 129 091 075
1b (S,2) 440 442 421 419 427 458 475 463 375
(5 080 081 077 077 077 082 126 087 075
2 (8,2 435 437 418 416 423 450 467 456 3.75
(82 081 082 077 077 077 080 120 086 0.75
3 (Spd) 449 453 435 430 441 468 482 468 375
53 095 097 083 082 082 124 148 101 075

These different occupational patterns and orbital shapes result
in a “broken-symmetry-like” solution for B3LYP, which can also
be seen in the significantly larger ($*) expectation value of 1.2 as
compared to an ideal value of 0.75 in Hartree atomic units (see
also Table 2; the same holds for 2). However, even though
broken-symmetry solutions often yield accurate energetics, they
result in incorrect spin density distributions. While this is obvious
when broken-symmetry solutions are employed for singlet states
(where the correct spin density vanishes'*), for the doublet state
considered here, it is less clear whether the spin density obtained
from a particular solution is physically meaningful or not.
Obviously, this is a serious problem if one is interested in the
calculation of EPR properties. Note again that with the exact
spin-dependent exchange —correlation functional, a broken-sym-
metry treatment should not be required, and unrestricted
Kohn—Sham DFT would always yield the exact spin density.”**’

Finally, we note that the spin densities of 1 are comparable to
those of 2 for a given exchange—correlation functional. Hence,
similar spin densities are obtained for complexes with porphyrin
or salen ligands. The iron nitrosyl moiety dominates the dis-
tribution of the o- and f-electron density, and we will have a
closer look at this fragment in section 4.

4. DEFINING A SUITABLE MODEL FOR ACCURATE
REFERENCE CALCULATIONS

Since the DFT spin densities are ambiguous, reference spin
densities are required to decide which exchange—correlation
functionals provide reliable spin densities. This task can be
achieved by applying multireference ab initio methods. However,
for the large salen and porphyrin complexes discussed above,
such calculations are not feasible or require a restriction of the
active space. Therefore, we construct a small model system for
which CASSCF calculations are computationally feasible but
which still shows similar differences in spin density distributions
for the selected exchange—correlation functionals as the large
iron nitrosyl complexes. As a model system, we choose [FeNO]
(3), since the FeNO moiety dominates the distribution of o
and f3 electrons in the full-fledged complexes. However, for the
small [FeNO]** molecule, a structure optimization of the bent
structure results in a linear orientation of the nitrosyl group,
suggesting an Fe(I) center and a positively charged NO™ frag-
ment. To ensure transferability, we need to enforce the occupa-
tion of the same orbitals as present in the large {FeNO}’
complexes. These problems can be solved by considering the
fixed geometry of the bent iron nitrosyl fragment present in the
larger {FeNO}’ complexes. Furthermore, we include four nega-
tive point charges of —0.5e each, which are located at a distance of

L&Qi&iﬁ

) OLYP ) OPBE ) BP86 (d) BLYP
) TPSS (f) TPSSh ) M06-L (h) B3LYP

Figure 7. Spin density profiles for 3 in a TZP basis set for selected
density functionals. An isosurface value of 0.003 is chosen. The small
picture in the upper right corner shows the quartet spin density for each
exchange—correlation functional, while the large picture displays the
sensitive doublet spin density. The blue surface (positive spin density)
corresponds to an excess of O.-electron density, while the yellow surface
(negative spin density) corresponds to an excess of 3-electron density.

(88

OPBE BP86 BLYP

“

TPSS TPSSh MOG-T. R3LYP

Figure 8. Spin density difference plots for 3 in a TZP basis set of the
spin density profile for the corresponding exchange—correlation func-
tional mentioned with respect to OLYP. An isosurface value of 0.003 is
chosen. The blue surface corresponds to an excess of Q-electron density,
while the yellow surface corresponds to an excess of S-electron density
with respect to OLYP.

1.131 A from the iron atom on the x and y axes, to model a
square-planar ligand field and to obtain a similar electronic
structure as present in the larger {FeNO}’~ complexes. All
following CASSCEF calculations are performed in C; symmetry
and apply the OLYP optimized iron nitrosyl fragment of 1a.
4.1. DFT Calculations. First, we examine the influence of the
exchange —correlation functional on the spin density distribution
for the [Fe(NO)]*" model system. In Figure 7, the spin density
profiles calculated for different exchange—correlation func-
tionals are shown. As for the larger {FeNO} complexes, the
spin densities for the quartet configuration (shown in the inset on
the right for each functional) are similar. The spin densities of the
doublet state are shown in Figure 7 on the left for each functional.
Compared to those of 1 and 2, the differences between the
different functionals appear smaller. However, there are con-
siderable differences. To illustrate these more clearly, Figure 8
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(b) OLYP
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(c) B3LYP

Figure 9. Valence orbitals of 3 in a TZP basis set for selected exchange—correlation functionals. An isosurface value of 0.0S is chosen. The orbitals are
ordered qualitatively according to the energy of the corresponding o orbital. Orbitals which correspond to the same orbital combination are grouped
together. All other orbitals turned out to be similar in shape for all exchange—correlation functionals. Orbitals for o electrons are displayed on the left-

hand side and orbitals for /3 electrons on the right-hand side.

shows isosurface plots of the differences between the spin density
obtained with OLYP and each of the other functionals. The
isosurface value of 0.003 used in these plots of the spin density
differences is the same as the one used for the spin densities
themselves in Figure 7. Plots using larger isosurface values of
0.005 and 0.01 are shown in the Supporting Information (Figures
3 and 4) and are qualitatively similar to Figure 7.

The spin density difference plots reveal that for the
[Fe(NO)]*" model system the spin densities can be arranged
in two different groups, which are qualitatively similar to those
found for 1 and 2. For OLYP and OPBE, the spin density
distributions are almost identical. The nonhybrid functionals
BP86, BLYP, and TPSS lead to less S-electron density on
the nitrosyl ligand compared to OLYP, i.e., a smaller over-
all spin polarization. For these functionals, one finds a region of
o.-electron density near the nitrogen atom in Figure 7. As for 1
and 2, M06-L and the hybrid functionals TPSSh and B3LYP
yield a stronger spin polarization compared to OLYP, corre-
sponding to more (t-electron density on the nitrosyl fragment
in the difference plots of Figure 8. The magnitude of spin
polarization, however, is dependent on the exchange—correla-
tion functional and increases from M06-L to TPSSh and is
largest for B3LYP.

In line with the spin density difference plot, the Mulliken
spin populations given in Table 4 show the same increase in
P-electron density on the nitrosyl ligand and in overall spin
polarization. For BP86, BLYP, and TPSS, the 3-spin population
on the nitrosyl ligand is between 0.20 and 0.26. It increases to
approximately 0.5 for OLYP and OPBE and to 0.55 for M06-L.
For the hybrid functionals TPSSh and B3LYP, there is a 5-spin
population of 0.83 and 1.0, respectively, on the nitrosyl ligand.
Note that the difference of ca. 0.3 between OLYP and OPBE on
the one side and BP86, BLYP, and TPSS on the other is even
larger than for the larger complexes, where the S-spin popula-
tions on the nitrosyl ligand differ only by approximately 0.2.

Thus, the magnitude of the differences between the different
functionals is comparable to those found for complexes 1 and 2.

Note that for 3, three different states can be optimized in the
SCF procedure. In general, the state corresponding to 16 o and
15 f3 electrons in A’ and 4 ot and /3 electrons in A” represents the
sought ground state that corresponds to the larger complexes,
and all spin density distributions and in the following molecular
orbitals are presented and discussed for this state. The energies
obtained for all three possible states are given in Table 3 in the
Supporting Information. Only with OPBE and B3LYP, the state
corresponding to the larger complexes is not the ground state.
Note that the point charges try to model a square planar ligand
field in order to enforce similar occupation of orbitals in 3 as
found in the larger {FeNO}” complexes. For OPBE and B3LYP,
however, the modeled ligand field is not strong enough, leading
to a physically unreasonable ground state.

But what is the origin of the observed differences in spin
density distributions? For the quartet state, all orbitals are similar
for all exchange—correlation functionals considered, and thus, no
dependence of the spin density distribution on the exchange—
correlation functional is found. Furthermore, for all functionals,
the resulting orbitals qualitatively agree with Hoffmann’s simpli-
fied molecular orbital diagram and with the results obtained for
the larger complexes 1 and 2. In particular, the spin density is
determined by the three singly occupied orbitals, which can be
described as d,,, (d,, 0)* and d,»_ 2. For the BP86 calculation,
the relevant orbitals are shown in Figure 2b in the Supporting
Information.

For the doublet configuration, the situation is different. An
orbital analysis shows that the seven valence orbitals differ
considerably for all selected exchange—correlation functionals.
These seven orbitals determine the spin density distribution,
which will be obvious if we refer to the orbital analysis of the
larger {FeNO}” complexes. As an explicit example, the orbitals
for BALYP, OLYP, and BP86 are shown in Figure 9. As expected,
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they represent a combination of the Fe d with the NO ¢ and NO
7r* orbitals. The orbital shapes obtained for OLYP and BP86 are
similar to those of the corresponding orbitals of the larger
{FeNO}’ complexes, and the divergent distributions of o and
B electron density are due to similar occupation patterns. As for
the larger complexes, o and [ orbitals differ. While o electrons
are centered on the iron atom, 3 electrons are more delocalized
on the NO fragment. This leads to the separation of a- and
P-electron density and results in weak spin polarization. The
reduced f3-electron density around the NO fragment obtained
for BP86 is due to the enhanced delocalization of @ electrons
into the 77* orbital as compared to OLYP for the (d,,, 7*) and
(d,, %) orbitals.

In the case of B3LYP, different orbital combinations are
obtained, as we have already observed in 1. The o and a3 and
the 5, and f; orbitals contain additional contributions from
different Fe d orbitals as compared to OLYP or BP86. Further-
more, O electrons preferentially occupy metal orbitals (a; to o),
leading to an excess of Ot-electron density on the iron atom, while
 electrons are distributed over ligand 7* orbitals (3, to [33),
resulting in the corresponding excess of 3 electron density. This
occupation pattern produces strong spin polarization in the
B3LYP case. Compared to OLYP and BP86, different . and 3
orbitals are obtained for B3LYP, resulting in a “broken-symme-
try-like” solution, which we already observed for the larger
{FeNO}’ corr}glexes and which is also indicated by the expecta-
tion value of (S*) of 1.48 compared to the ideal value of 0.75 (see
also Table 2).

In conclusion, one observes that the DFT electronic structures
of all complexes studied are similar and correspond to the
qualitative molecular orbital diagram by Hoffmann: Similar
orbital combinations and occupations are obtained. We observe
a similar dependence of the spin density on the approximate
exchange—correlation functional for complex 3 as for complexes
1 and 2, and we can arrange the spin density distributions of 3
according to their spin density patterns in a similar way to what
we found for complexes 1 and 2. Furthermore, the differences in
spin density distributions are based on similar reasons and can be
traced back to the same differences in Kohn—Sham molecular
orbitals. Hence, the [Fe(NO)]** complex 3 can serve as a
representative model system for the larger complexes 1 and 2.

4.2. CASSCF Calculations. As discussed in the previous
paragraph, the spin density distributions obtained for the doublet
state of 3 are—as those of the larger complexes—dependent on
the exchange—correlation functional, and it remains unclear
which functional describes the spin density most accurately. To
investigate this question, we calculated CASSCF reference spin
densities. Since we consider a small model system in which the
salen or porphyrin ligands have been removed and replaced by
point charges, we can choose an active space that contains all
orbitals that are possibly relevant for a correct description of the
spin density.

In a minimal active space, all orbitals present in the qualita-
tive molecular orbital diagram by Hoffmann et al. (see Figure 4)
have to be included. This results in an active space which is
composed of four Fe 3d orbitals (d,,, d, d,., and d.») and both
NO 7* orbitals. In addition, the Fe d,._,. orbital has to be
included. Altogether, this results in a minimal active space of
seven electrons correlated in seven orbitals. As a further step, we
also consider both NO s orbitals, which further extends the
minimal active space to 11 electrons correlated in nine orbitals.
The natural orbitals obtained in these minimal CAS(7,7) and

CAS(11,9) calculations are also shown in Figures S and 10 in
the Supporting Information for the quartet and doublet states,
respectively.

To guarantee that the spin density is converged with respect to
the active space, we performed CASSCF calculations with
different dimensions of the active space, which was systematically
enlarged. In particular, it might be important to include an
additional shell of Fe d orbitals (double-shell orbitals). The
extension of the active orbital space by a second d-shell orbital for
each metal 3d orbital represents a common procedure in
CASSCEF calculations.*>7® However, it turns out that it is not
trivial to identify these double-shell orbitals, because they mix
considerably with antibonding ligand orbitals, and for this reason,
additional antibonding ligand orbitals also have to be included in
order to construct a stable active space.

For the quartet state, we proceed as follows. First, two virtual
orbitals with contributions of Fe d,., and d,, were included in the
CAS(11,9) active orbital space, resulting in the corresponding
CAS(11,11) calculation. Yet, the d,, double-shell orbital was
rotated into an empty ligand orbital. To include this double-shell
contribution, the active orbital space had to be extended by an
additional virtual orbital, resulting in our CAS(11,12) calcula-
tion. The CAS(11,12) active space was further extended by an
additional virtual orbital with a large contribution from the third
Fe d,. orbital for the CAS(11,13) calculation. The fourth Fe dy
double-shell orbital could be included in the active space in our
CAS(11,15) calculation, which also contains an additional empty
ligand orbital.

Similarly for the doublet state, first two virtual orbitals with
contributions of Fe d,, and d,, were included in the CAS(11,9)
described above, resulting in a CAS(11,11). Adding one addi-
tional virtual orbital with a contribution from Fe d,, yields a
CAS(11,12) active space. The fourth Fe d.. orbital could be
included in our CAS(11,14) calculation, which contains an
additional empty ligand orbital. Finally, we note that the con-
tributions of the Fe double-shell orbitals to the natural orbitals
are significantly larger for the doublet state than for the
quartet state.

The CAS(11,15) and CAS(11,14) calculations for the quartet
and doublet state, respectively, contain the four Fe d,, d,, d,.,
and d.. double-shell orbitals. Including the fifth (Fe d._,.)
double-shell orbital was, however, not feasible since its destabi-
lization by the point charge environment requires the including
of a number of additional ligand orbitals. For both the quartet
and the doublet state, we also explored CASSCF calculations in
which we extended the CAS(11,11) active space by one ligand &
orbital and the corresponding antibonding 0™ orbital, resulting in
a CAS(13,13) containing the Fe d,, and d,,, double-shell orbitals.
However, including the remaining Fe double-shell orbitals in
these calculations turned out to be problematic and would
require the inclusion of additional ligand orbitals. Therefore,
calculations with an active space containing the four Fe double-shell
orbitals, which are included in the CAS(11,15) or CAS(11,14)
calculations, were not possible. For this reason, we will only
consider the CAS(11,x) calculations in the following. The con-
verged natural orbitals for all employed active spaces can be
found in the Supporting Information (Figures 5—9 and 10—14
for the quartet and doublet states, respectively).

The CASSCE spin densities of the quartet and doublet states
are shown in Figures 10a and 11a, respectively. For the quartet
state, one finds only a weak dependence of the spin density on the
size of the active space chosen, and the CASSCF spin density
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Figure 10. (a) CASSCF spin density difference plots for different
dimensions of the active space with respect to the CAS(11,15) reference
spin density for the quartet state of 3. The CAS(11,15) spin density is
shown on the right-hand side. The blue surface corresponds to an excess
of at-electron density, while the yellow surface corresponds to an excess
of B-electron density. (b) Difference plots of the spin density for the
approximate exchange—correlation functionals and the CAS(11,15)
reference spin density profile for the quartet state of [Fe(NO)]**
isosurface value of 0.003 is used throughout. Similar plots using larger
isosurface values are included in the Supporting Information (Figures 17
and 18).

profiles are similar for all active spaces considered. Therefore,
the figures only show the CAS(11,1S5) spin density, while for
the smaller active spaces, only the difference with respect to
CAS(11,15) is shown. For the CAS(7,7) and CAS(11,9) calcula-
tions (i.e., without double-shell effect), the spin density distribu-
tions are qualitatively in good agreement with our converged
CAS(11,15) reference spin density. Hence, already these mini-
mal active spaces are sufficient to obtain an accurate spin density
distribution. We note that also for the active spaces containing 13
active electrons, only small differences in the spin density are
found (see the difference spin density plots in Figure 15 of the
Supporting Information).

For the doublet state, larger deviations of the spin density
distribution with respect to the size of the active space can be
observed. Figure 1la shows the spin-density differences with
respect to the CAS(11,14) reference, for which the active space
contains the four most important double-shell d orbitals. When
enlarging the active space, the spin density gradually converges
toward the CAS(11,14) reference. We should note that the
CAS(7,7) and CAS(11,9) spin densities, i.e., for active spaces
without double-shell orbitals, are qualitatively similar to the
CAS(11,14) reference spin density. These minimal active spaces
are sufficient to obtain a qualitative estimate of the spin density

$1:3%

CAS(T,7)  CAS(11,9) CAS(11,11) CAS(11,12)  CAS(11,14)
(a) CASSCF spin densities

TPSS TPSSh MO06-L B3LYP
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Figure 11. (a) CASSCF spin density difference plots for different active
spaces with respect to the CAS(11,14) reference spin density for the
doublet state of 3. The CAS(11,14) reference spin density is shown on
the right-hand side. The blue surface (positive spin density) corresponds
to an excess of at-electron density, while the yellow surface (negative
spin density) corresponds to an excess of [-electron density. (b)
Difference plots of the spin density for the approximate exchange—
correlation functionals and the CAS(11,14) reference spin density
profile for the doublet state of [Fe(NO)]*". An isosurface value of
0.003 is used throughout. Similar plots using larger isosurface values are
included in the Supporting Information (Figures 19 and 20).

distribution, while for quantitatively correct spin densities, Fe
double-shell orbitals have to be included. Again, also for the
active spaces containing 13 active electrons, very similar spin
densities are obtained (see the difference spin density plots in
Figure 16 of the Supporting Information.)

To analyze the origin of the spin densities in the CASSCF
calculations, we will examine the natural orbitals and CASSCF
configurations of 3 in detail. An in-depth discussion on the
electronic structure of the larger {FeNO}’ complexes can be
found in ref 49. Concerning both the quartet and doublet states,
the natural orbitals of different active spaces are in general
similar; only some deviations in orbital shape and occupation
numbers can be recognized when the active space is enlarged.
The most important natural orbitals which correspond to those
in the minimal active space of seven electrons in seven orbitals are
shown in Figure 12. In general, the Fe d,, orbital does not interact
with the ligand orbitals for all active spaces considered. More-
over, we observe a strong covalent interaction between three Fe d
orbitals (d W d.:) and the NO 0 and 7* orbitals resulting
in two bonding [(d,.,7*) and (d,.,7*)], two antibonding
[(dyz 7*)* and (d,, 77*)*], and one nonbonding orbital [(d.»,0)*]
In general, the three highest bonding [(d,., 77*), (d,., 77*), and d,, ],
the two lowest antibonding orbitals [(dyy *)* and (d,, 7%)*], and
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Figure 12. Natural orbitals and occupation numbers for the CAS(11,15)

calculations of the quartet state and the CAS(11,14) calculation of the

doublet configuration of 3. An isosurface value of 0.05 was chosen. The

natural orbitals are printed according to their occupation number. The

arrows indicate the occupation in the principal configuration.

additionally the (d.», 0)* orbital resemble qualitatively the orbital
picture of Hoffmann et al,, as given in Figure 4.

To identify how the spin density arises, one needs to inves-
tigate not only the (spin-independent) natural orbitals but also
the corresponding wave functions. To this end, Table 3 lists the
most important configurations for the quartet and the doublet
states. For both the doublet and the quartet configuration, the
CI coefficients are very similar for different active spaces, and
therefore, only those obtained in the largest active spaces,
CAS(11,15) for the quartet and CAS(11,14) for the doublet, are
given in the table. For the quartet state, variations in CI coefficients
are in general below 10%; only for the configuration with small CI
weights can larger deviations be observed. Furthermore, there is
a dominant contribution to the wave function (CI weight > 0.7)
which corresponds to the quartet ground state; all other CI
coefficients are smaller (<0.3). This principal configuration is also
shown in Figure 12 and qualitatively corresponds to the orbitals
obtained in the DFT calculations. The principal configuration,
however, which contains three unpaired electrons on the iron
atom, cannot explain the observed spin polarization (Figure 10a).
The polarization can be accounted for by adding those configura-
tions that contain excitations from the bonding (d,.7*) and
(d,27r*) to the antibonding (d,,7*)* and (d,,7r*)* orbitals, which
shifts the [-electron density toward the ligand. All of these
excitations correspond to medium-sized CI coefficients (>0.05)
and are marked in bold face in Table 3. The distribution of
p electrons in both NO s7* orbitals results in its characteristic
cylindrical shape. Hence, these excited configurations lead to an
excess of O-electron density on the iron atom and an excess of
P-electron density on the NO fragment. It should be noted that in
all of the configurations listed in Table 3, the (d.,0)% dyyy
and d,._ . orbitals are each singly occupied by one a electron.

Table 3. Total Wave Function for the Quartet State for the
CAS(11,15) and for the Doublet State for the CAS(11,14)
Calculation of 3*

S=(3/2) S=(1/2)
22 aaa 00 0.7030268 2222000 0.8441848
20 aaa 20 —0.2427797 2baaba0 —0.1388339
02 aaa 02 —0.2329925 2abaab0 —0.1239105
2a aaa b0 0.2081849 2aaabbo0 0.1021302
a2 aaa Ob 0.1955026 22aba00 —0.0859653
ab aaa ab 0.1355478 2bbaaal 0.0844657
0a aaa b2 —0.0551488 22aab00 0.0747853

? On the left-hand side, the configurations are printed; on the right hand-
side, the corresponding CI coefficients are given. Only those natural
orbitals which are important for the spin density are considered; all other
bonding orbitals are doubly occupied and all other antibonding orbitals
empty. The orbital ordering corresponds to the one in Figure 12:
(dyzrn ) (dxz)n*) dxy’ dxz—yzl (dzz’a)*i (dyz;n*)*i and (dxzxn*)* for the
quartet state and dxy} ( yz)‘n*)) (dot®), (dz2y0)%, (dyzln*)*) (dee)%,
and d,._» for the doublet state, respectively. Further, those configura-
tions which are important for the spin density and correspond to CI
coefficients larger than 0.05 are considered and marked in bold face. A
more detailed table can be found in the Supporting Information. 2:
doubly occupied orbital. a: orbital occupied by an  electron. b: orbital
occupied by a 3 electron. 0: empty orbital.

A similar observation can be made for the doublet config-
uration. As for the quartet state, there is one principal con-
tribution to the wave function (CI weight > 0.8), which is
included in Figure 12 and qualitatively corresponds to the
orbitals obtained in the DFT calculations. In addition, we find
configurations which correspond to excitations from the bond-
ing (dyz, 7*) and (d,,, 7*) to the antibonding (d 2 *)* and
(d,,, 7t*)* orbitals. However, both o.- and -electron excitations
are present in configurations with large CI weights for the
doublet configuration, while for the quartet state, configura-
tions containing only excitations of /3 electrons correspond to
large CI coefficients. These excitations are marked in bold face
in Table 3. Admixture of these configurations leads to a weaker
spin polarization for the doublet state as compared to the
quartet state. Furthermore, for most configurations with large
CI coefficients, the (d.;, 0)* orbital remains singly occupied
by an a electron, which induces the characteristic shape of the
a-electron density around the Fe atom.

4.3. Comparison of CASSCF and DFT Results. The isosur-
face plot of the CASSCF reference spin densities in Figure 10a
can be compared to those obtained from DFT calculations,
shown in Figure 7. All considered exchange—correlation func-
tionals favor spin polarization, and there is a good qualitative
agreement between the DFT and CASSCF spin densities.
However, a comparison of the isosurface plots might be mis-
leading. Therefore, to consider a more quantitative benchmark of
DFT spin density distributions as well, we additionally calculated
difference plots of the DFT and CASSCF spin densities with
respect to the CAS(11,15) spin density, which is shown in
Figure 10b. Note that these difference plots employ the same
isosurface value that was used for the spin densities themselves in
Figures 7 and 10a. Plots using larger isosurface values are
included in the Supporting Information. These spin density
difference plots are very similar for all of the considered
exchange—correlation functionals, but in all cases, there are
non-negligible differences between DFT and CASSCEF. At the
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Table 4. Selected Mulliken Spin Populations for the Doublet
State of 3

S=1/2
method Fe N (¢}
OLYP 1.484 —0.259 —0.226
OPBE 1.520 —0.283 —0.237
BP86 1.259 —0.130 —0.129
BLYP 1.218 —0.105 —0.114
TPSS 1.208 —0.101 —0.107
TPSSh 1.831 —0.453 —0.378
MO06-L 1.545 —0.294 —0.252
B3LYP 2.023 —0.559 —0.465
CAS(11,11) 1.168 ~0.082 ~0.086
CAS(11,12) 1.090 —0.036 —0.054
CAS(11,14) 1.144 —0.068 —0.076

nitrosyl ligand, all functionals predict a S-electron density that is
too high, while at the Fe atom, there is a redistribution of the
O-electron density. However, the shape of these spin density
differences is comparable to that of the spin density itself, which
indicates that the differences are mainly quantitative. While the
shape of the spin density is qualitatively correct with all functionals,
they all overestimate the spin polarization. This overestimation is
the smallest for the BP86, BLYP, and TPSS functionals.

Similarly for the doublet state, a qualitative estimate of the
accuracy of approximate exchange—correlation functionals can be
obtained by comparing the DFT and CASSCF spin density
isosurface plots in Figures 7 and 11a, respectively. In the CASSCF
calculations, the Ot-electron density is located at the iron atom,
while on the nitrosyl ligand, there is only S-electron density, with
an almost cylindrical shape. By contrast, the spin densities
obtained with BP86, BLYP, and TPSS contain Q.-electron density
close to the nitrogen atom. Thus, the spin densities obtained with
these functionals disagree with the accurate CASSCEF spin density.
For all other functionals, the isosurface plots qualitatively appear to
agree with the CASSCEF reference spin density.

However, in contrast to this apparently good agreement of the
DFT and CASSCF isosurface plots for all functionals except
BP86, BLYP, and TPSS, we can observe considerable differences
in the corresponding DFT—CASSCF spin-density difference
plots in Figure 11b. With OLYP, OPBE, and MO06-L, there is a
too large 3-electron density on the nitrosyl ligand, and a too large
O-electron density at the Fe atom; i.e., the spin polarization is
overestimated. The magnitude of these differences is comparable
to the one found for the quartet state. The hybrid functionals
TPSSh and B3LYP yield an even larger excess of 3 electrons at
the nitrosyl fragment and an overall larger spin polarization
compared to the CASSCEF reference. As discussed above, this is
due to the “broken-symmetry-like” solutions obtained in this
case. Finally, for BP86, BLYP, and TPSS, where already the
isosurface plots of the spin density itself did qualitatively not
agree with the CASSCEF reference, the difference plots reveal a
too large [-electron density on the nitrosyl ligand, with a
redistribution of spin density close to the nitrogen. However,
even though there is a qualitative disagreement close to the
nitrogen atom, the smallest differences from the CASSCF
reference spin density are found for the BP86, BLYP, and TPSS
exchange —correlation functionals.

A similar picture can be obtained from comparing Mulliken
spin populations of the DFT and CASSCF calculations given in
Table 4. These also show that the functionals can be arranged in
three groups: For BP86, BLYP, and TPSS, the Mulliken spin
populations agree best. A slightly worse agreement is found for
OLYP, OPBE, and M06-L. And, a much larger deviation from the
CASSCEF reference is found for B3LYP and TPSSh. Note,
however, that a comparison of Mulliken spin populations ob-
tained in different basis sets (Slater-type TZP basis set for DFT
and Gaussian-type cc-pVTZ for CASSCF) is problematic. De-
spite the good agreement of the Mulliken spin populations for
BP86, BLYP, and TPSS, the spin density difference plots show
that for all functionals there are significant deviations from the
CASSCEF spin density.

These deviations in spin densities can also be related to
differences in CASSCF and DFT orbitals. However, it is important
to realize that such a comparison can be misleading: DFT and
CASSCF both try to represent the same (spin) density in a
different fashion (i.e, with integer and noninteger occupation
numbers, respectively). Therefore, even with the exact exchange—
correlation functional, the Kohn—Sham orbitals and the CASSCF
natural orbitals would differ. The CASSCF natural orbitals are in
general more delocalized than the corresponding DFT orbitals, in
particular around the NO ligand (NO s* orbitals), which
decreases the O-electron density around the Fe atom. This can
be observed as the blue surface in the spin density difference plots.
The larger (or smaller) distribution of 5 electrons around the NO
ligand with respect to the CASSCF reference can refer to the
stronger (or weaker) delocalization of /3 electrons in the NO 7*
orbitals. Note that the CASSCF excitation structure decreases
the (3-electron density around the NO ligand and simultaneously
the ai-electron density around the Fe atom.

In summary, the comparison of DFT and CASSCF spin
densities shows that none of the exchange—correlation func-
tionals considered here is able to predict the spin density
distributions accurately. This view is supported by a comparison
of the spin density isosurface plots, the spin density difference
plots, and a comparison of the Mulliken spin populations. The
size of the differences in the spin density is comparable for the
quartet state and for the doublet state. For both the quartet and
the doublet states, the smallest differences are found with the
BP86, BLYP, and TPSS exchange—correlation functionals, even
though for the doublet state these three functionals result in a
qualitatively wrong spin density close to the nitrogen atom.

5. CONCLUSIONS

Since the spin density represents an essential quantity for the
calculation of EPR parameters, it is important for quantum
chemistry to be able to predict spin density distributions reliably.
Recently, Conradie and Ghosh®" discussed the difficulty in
calculating accurate spin density distributions for {FeNO}’
complexes employing DFT>" where different exchange —correla-
tion functionals yield qualitatively very different spin density
distributions. In this work, we extend their studies by considering
a large representative set of exchange—correlation functionals
and by performing a detailed orbital analysis of the sources of the
resulting differences in spin densities.

For the {FeNO}’ complexes, the DFT description of the low-
spin doublet state remains most challenging. The spin density
distributions are sensitive to the chosen approximate exchange—
correlation functional. Our orbital analysis shows that the
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different spin densities can be traced back to different occupation
patterns with respect to only a few orbitals. The seven highest
molecular orbitals turn out to be crucial for the distribution of
o and f3 electrons. Especially, the differences in the two (d,77*)
orbitals and the (d,, 0)* orbital explain the spin density
distribution obtained for nonhybrid exchange—correlation
functionals. The hybrid functional B3LYP, however, results in
a “broken-symmetry-like” solution. This shows that one has to
be very careful when considering spin densities of low-spin
states obtained from DFT calculations. If no “broken-symme-
try-like” solution is obtained (as in the case of the nonhybrid
functionals), the spin density can be interpreted as an approx-
imation to the real spin density. If, on the other hand, a “broken-
symmetry-like” solution is obtained, the DFT spin density does
not correspond to the physical spin density. Instead, it could be
interpreted as an approximation to the on-top pair density.>®
However, this precludes the calculation of properties depend-
ing on the spin density such as EPR parameters and is thus not
desirable.

To decide which approximate exchange—correlation func-
tionals yield accurate spin density distributions, multireference
methods are required. Comparison to CASSCEF results can serve
as an accurate benchmark of exchange—correlation functionals.
However, for the large complexes, it is not a priori clear whether
the active spaces that are computationally feasible include all of
the relevant orbitals. Therefore, we introduced a small model
molecule, [Fe(NO)]**, which features the same electronic
structure and exhibits a similar dependence of the spin density
on the approximate exchange—correlation functional as the
larger complexes. Due to its small size, we can efficiently apply
the CASSCEF approach. Furthermore, we can employ an active
space that includes all relevant orbitals that have metal—ligand
character as well as four of the five Fe double-shell d orbitals. This
results in an active space of 11 electrons correlated in 15 or 14
active orbitals, which appears to be sufficient to obtain reliable
reference spin densities.

Note that while such rather small active spaces are sufficient
for the small [Fe(NO)]** model system to obtain converged spin
density distributions, this might not be the case for the salen and
porphyrin complexes anymore. CASSCF calculations for differ-
ent {FeNO}’ complexes and medium-sized active spaces have
already been presented in the literature,*” giving first insights into
the quality of DFT spin densities. However, studying the
convergence of the spin density with respect to the dimension
of the active space for these larger complexes remains challenging
since additional ligand and iron orbitals should be included in the
active space.”” This renders such calculations infeasible with
standard correlation methods. An efficient treatment of larger
active spaces is possible with conceptually different electronic
correlation methods such as the DMRG algorithm.””~”® The
DMRG study of the discussed {FeNO}” complexes is part of our
future work.

A comparison of DFT and CASSCF spin density isosurface
plots for the quartet state indicates that DFT provides qualita-
tively consistent spin densities for all exchange—correlation
functionals studied. However, an inspection of DFT —CASSCF
spin density difference plots shows non-negligible differences.
These are similar for all exchange—correlation functionals, where
the smallest differences are observed for the BP86, BLYP, and
TPSS functionals. The deviations are mainly in the quantitative
description of the amount of spin polarization, while qualita-
tively, the spin density is predicted correctly.

For the doublet state, the spin densities obtained with different
exchange—correlation functionals are very different. The best
agreement is again found for BP86, BLYP, and TPSS. However,
these three functionals predict a qualitatively different spin
density distribution at the ligand nitrogen atom. The spin
densities obtained with the remaining nonhybrid functionals
show larger deviations and predict a too large spin polarization,
whereas the hybrid functionals B3LYP and TPSSh result in a
“broken-symmetry-like” solution with a qualitatively wrong spin
density. These results agree with those of earlier work by Pierloot
et al,* who found that for the doublet states of the larger
{FeNO}’ complexes, nonhybrid functionals yield spin densities
which are (on the basis of a comparison of spin density isosurface
plots and Mulliken spin populations) in closest agreement with
the CASSCF reference.

In summary, we find that none of the tested exchange—
correlation functionals is able to provide a satisfactory descrip-
tion of the spin densities in the considered iron nitrosyl com-
plexes. Hence, improved exchange—correlation functionals that
reliably predict the spin densities in transition metal complexes
will have to be developed. Our results indicate that the currently
available functionals do not take the spin density (which is, in
addition to the total density, a basic variable in spin-DFT)
properly into account. Therefore, we believe that considering
the spin density more closely provides a promising route to
improved exchange—correlation functionals for transition metal
chemistry.
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