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Abstract. Low-spin/high-spin energy splittings for Fe(II)
transition-metal complexes — particularly in weak ligand
fields — cannot be well described by density functional
methods. Different density functionals yield results
which differ by up to 1 eV in transition-metal complexes
with sulfur-rich first coordination spheres. We attribute
this failure to the fact that the high-spin state is
systematically favoured in Hartree—Fock-type theories,
because Fermi correlation is included in the exact
exchange, while Coulomb correlation is not. We thus
expect that the admixture of exact exchange to a given
density functional will heavily influence the energy
splitting between states of different multiplicity. We
demonstrate that the energy splitting depends linearly on
the coefficient of exact exchange admixture. This
remarkable result is found for all the Fe(I1)-S complexes
studied. From this observation we conclude in connec-
tion with experimental results that Becke’s 20%
admixture should be reduced to about 15% if mean-
ingful energetics are sought for transition-metal com-
pounds. We rationalize that this reduction by 5% will
not affect the quality of the hybrid functional since we
arrive at a slightly modified functional, which lies
between the pure density functional and the hybrid
density functional, which both give good results for
“standard” systems.

Key words: Adiabatic connection — Hybrid density
functionals — Exact exchange admixture — Transition-
metal compounds

1 Introduction

Density functional theory (DFT) has been developed to
a powerful tool for the calculation of molecules during
the last decade. One of its main advantages is that it is —
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at least to a certain degree — a black box method.
Although current density functionals have been devel-
oped by adjusting only a few parameters to reference sets
of molecules, which do not contain transition-metal
compounds, it turned out that these functionals also
work quite well for transition-metal compounds, which
are hardly tractable by sophisticated ab initio methods.
Also, in certain cases DFT can be expected to perform
better than coupled-cluster treatments based on single-
configuration reference wavefunctions, which are often
not realized in transition-metal compounds. Moreover,
reliable data for octahedrally coordinated transition-
metal compounds with weak ligands can hardly be
obtained from accurate ab initio methods with basis sets
that are sufficiently large. Single-configuration CCSD(T)
calculations using small basis sets, which are occassion-
ally used for comparisons, do not provide proper
reference data [1, 2], although this is sometimes assumed
as can be seen from the references given in Ref. [3].

Since highly accurate reference data are not available,
it is difficult to state which of the results obtained with
different functionals is to be preferred. We shall de-
monstrate this for the splitting between high-spin and
low-spin states of several Fe(I)-S complexes. The
Fe(II)-S complexes which were selected for this study
are shown in Fig. 1.

Considering explicitly the full structure of the ligands
in all-electron calculations and following closely the
experimental work, we are able to test density functional
results by direct comparison with experimental findings.
Since for several phosphane ligands PMe;, PBus,
PMe,Ph, and PMePh, low-spin, diamagnetic ground
states have been found [4], we include PMe; and PHj3 in
our study. The compounds in Fig. 1 were selected since
they show a challengingly small singlet—quintet splitting,
which is still large enough such that temperature-
dependent spin flips cannot be induced.

The article is organized as follows. In the following
section we discuss the low-spin/high-spin splittings for
the Fe(II) complexes under study in the light of standard
density functionals. Subsequently, we analyse the effect
of exact exchange admixture on the low-spin/high-spin
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1(L)
L=NH, [50], N,H, [50]

splitting and arrive at a modified parameter set for the
B3LYP functional. The effect on structural parameters is
then discussed. The quantum chemical methodology
employed is described in detail in the Appendix.

2 Ejgns calculated with standard density functionals

To obtain reliable energetics for reactions with transi-
tion-metal compounds, density functional calculations
must give the correct multiplicity for the ground state.
This is most obvious for those compounds with small
energy differences, EY g 15, between the low-spin and the
high-spin state at their equilibrium structures. Examples
of this class of compounds are furnished by Fe(Il)
complexes in a weak ligand field, for instance, generated
by ligands such as thiolates, thioethers and amines.

In the simple picture of ligand field theory we find
Fe(Il) to be a d° case, where all six d electrons may
occupy t, orbitals (in the idealized picture of octahedral
symmetry) or are also distributed over the e, orbitals
(Fig. 2). In the former case we would have a singlet
ground state and thus a low-spin complex, while in the
latter case a quintet ground state and, thus, a high-spin
complex results. The energy difference of the states im-
plied by the single— particle picture sketched in Fig. 2
is the low-spin/high-spin energy splitting EY JHS" Ob-
viously, triplet states could also be taken into account,
but we do not discuss them here since they are not found
to be important in the experimental studies.

To illustrate the quantity ELS JHS? which is probed by
quantum chemical methods aiming at the pure electronic
contribution, we depict the situation in the simplified
sketch in Fig. 3. In this figure, Ejg JHS is compared
to E s Which contains the zero-point vibrational
energy (ZPVE) difference of the two states and can be
measured experimentally. In order to get a rough esti-

S=0 S=2
singlet state quintet state
low spin high spin

Fig. 2. Single-particle picture of ligand—field theory for the
relevance of singlet and quintet states for Fe(Il) compounds with
d® occupation

L=CO [51], NOT [52], PR; [4]
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Fig. 1. Fe(I1)-S complexes
[Fe(Ny)S4]L with ligands
L=CO, NO™, PR;, NH3, N,Hj,.
The reference to experimental
results on these compounds are
given in brackets

2(L)

nuclear coordinates

Fig. 3. Scheme for the low-spin/high-spin splitting E7 g /1S of the
electronic states S = 0 (singlet, low spin) and S = 2 (quintet, high
spin). The splitting Eﬁs /HS includes at least the zero energy level and
can, thus, be compared to experiment. The sign of Efg o was
chosen such that it is positive if the singlet =0 state is the ground
state

mate for the difference of Ejg s and E Is/Hs: We per-
formed a vibrational analysis for 2(CO) using the BP86/
RI method and the valence triple-zeta (TZVP) basis set.
We obtained 788.0 kJ/mol for the ZPVE of the singlet
state and 794.8 kJ/mol for the quintet state ZPVE. The
difference of 6.8 kJ/mol is negligible in this case; how-
ever, it should be considered in cases of small E7 ¢ JHS®
The low- spin compound is characterized by singlet
multiplicity with total spin quantum number S =0,
while the high-spin analogue is described by quintet
multiplicity with total spin quantum number S = 2. £§_
is obtained from restricted Kohn—Sham (KS) calcula-
tions, while £5_, is extracted from unrestricted KS cal-
culations. In all the cases under study we found only
little spin contamination in the unrestricted calculations,
e., (S?) ~ S(S+1). For example, for the quintet state
of 2(CO) we find a typical value of (S?) = 6.058, while
the pure spin state would have S(S+ 1)=6.000. This is
also reflected in the result that unrestricted KS calcula-
tions for the singlet state yield the same result as the
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restricted KS calculations. We conclude that the Kohn—
Sham model systems are reasonably well represented by
a single determinant in both cases. Under these cir-
cumstances, the energetics derived from DFT calcula-
tions are usually considered to be meaningful.

In very weak ligand fields the spin crossover phe-
nomenon [5-8], i.e., a temperature-dependent spin flip,
can be observed. Many of these compounds
are known, where Fe(Il) is surrounded by a pseudo-
octahedral system of six nitrogen atoms as in
[Fe(phen),(NCS),]. However, the Fe(I)-S complexes,
which are considered in this study, are not of the spin
crossover type. This has the important consequence that
they do not change their spin state if the temperature is
raised from a few Kelvin to room temperature. There-
fore, the experimentally determined multiplicity can be
taken as the reference multiplicity for the =zero-
temperature density functional calculation within the
unrestricted KS framework.

The energy splittings Ejg JHS for the compounds
1(L) and 2(L) obtained with the BP86/RI and B3LYP
functionals are given in Table 1. As far as the basis set
size is concerned we note that the difference between the
split-valence [SV(P)] basis set and the TZVP basis set
is relatively small, i.e., about or less than 10 kJ/mol.

Comparing the results from BP86/RI and B3LYP
calculations with the experimental findings, we find that
none of these functionals are able to predict the correct
multiplicity of all ground states. In the case of BP§6/RI
we find that neither the ammine complex nor the hy-
drazine complex is obtained as high-spin complexes. On
the other hand, B3LYP fails to give the correct ground-
state multiplicity for the phosphane complexes. Even in
those cases where the correct multiplicity is reproduced
by both functionals we cannot extract a reliable value for
ES ¢ us since both functionals give splittings that differ
by about 120 kJ/mol. In view of these results, we con-
clude that reliable reaction energetics cannot be obtained
for Fe(II) complexes since the errors are of the order of
reaction energies.

The question arises whether these results can be
generalized for other density functionals. BP86 and
B3LYP are typical examples for pure and hybrid func-
tionals and other functionals have not yet been proven
to be significantly better [9]. We tested some more
functionals, such as PBE [10, 11] and PBEO [12, 13],
from which we conclude that pure density functionals

nishes a typical (probably the best) hybrid functional.
Furthermore, in studies on ruthenium and manganese
complexes we found that the same effect also occurs for
these transition metals; however, in these cases the
consequences are less serious since Ru(Il) compounds
are in the low-spin state as a rule, while manganese
compounds in the various oxidation states of manganese
are often high-spin states, independent of the functional.

We are led to the conclusion that the difference be-
tween the BP86 and B3LYP results is typical for pure
density functionals versus hybrid functionals and is
mostly due to the exact exchange admixture. Conse-
quently, we recall the introduction of exact exchange on
the grounds of the adiabatic connection formula and
study the dependence of the energy splitting on this
admixture.

3 Adiabatic connection and its significance for Ejg yq

The general justification of hybrid density functionals is
highlighted by the adiabatic connection formula [14-19],
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Ey :/Efgcdi ,
0

(1)

which describes the connection of a KS system of N
noninteracting particles (1 = 0) with the fully interacting
N particle system (A=1) through a continuum of
partially interacting systems, where 0 < 4 < 1. All these
systems have the same density, p, being the density of the
fully interacting, real system. This formula was utilized
by Becke to derive a half-and-half functional [20],

Egc + E)l(c ECX-CX + E)];CSDA

Ey = = , 2
=Bt a @)

and later to derive a three-parameter hybrid functional
[21]

LSDA BSS PW91
Ex. =E + B 4 ek

+c3 [Eex.ex. - E;I:SDA] )

(3)

with ELSPA being the exchange—correlation functional
including the Slater exchange ELSPA. EBSS is Becke’s
gradient correction to the local spin density approxima-
tion for exchange [19] and Ee e is the exact exchange

yield results comparable to BP86, while B3LYP fur-  energy. The parameters ¢; =0.72, ¢, =0.81 and

Table 1. Low-spin/high-spin . .

splittings EiS/HS (kJ/mol). The 6th Ligand BP86/RI B3LYP AELS/HS Exp.

singlet state 1s always taken as

thegzero-energy refeience level. L SV(P) TZvp SV(P) TZve SV(P) TZvp

AES =EY BP86/RI

E';S/HS B3LL§(/FS (BP86/RI) cis-Ny S, chelate ligand: 1(L)

~Esms( ) NH; 373 50.3 ~62.5 -50.5 99.8 101 high spin

N>Hy4 352 50.1 —63.1 -50.8 98.3 101 high spin
trans-NgS4 chelate ligand: 2(L)

CO 150 158 28.0 33.7 122 124 low spin
NO* 132 134 25.9 39.6 106 94.4 low spin
PMe; 96.5 105 -249 -17.3 121 122 low spin
PH; 95.1 102 -25.2 —-18.1 120 120 -




c3 = 0.20 were fitted to 42 ionization potentials, eight
proton affinities and ten total atomic energies of a
reference set of molecules containing only first- (i.e.,
hydrogen), second- and third-row atoms, excluding all
transition-metal and heavy-element compounds. Becke
used the PW91 gradient correction EPW! [22-24] to the
correlation functional, although it is now common to use
VWN [25] and LYP [26] correlation functionals, £YWN
and ELYP, respectively, defining the B3LYP hybrid
functional [27],

EESLYP — E)I(SDA 4 ClE)]?gg + CZE(];YP 4 (1 _ CZ)E(\:/WN
+c3 [Eex.ex. - E,];SDA] . (4)

There have been many reports devoted to the question of
how much exact exchange admixture is needed for a
density functional method or how the adiabatic
connection should be constructed, respectively, such
that chemically accurate structures and energetics are
obtained [12, 13, 20, 28-36]; however, these attempts use
reference data sets, which do not include a balanced set
of transition-metal molecules. In only a few studies were
functionals developed by also testing very few transition-
metal molecules [37, 38], which are usually very small.

It is well known from ab initio calculations that ex-
change contributions stabilize those states with higher
multiplicities owing to the explicit consideration of
Fermi correlation; therefore, it is no surprise that
B3LYP always stabilizes the high-spin states, while BP86
favours the low-spin singlet states. Independent of the
functional, we found that the hybrid functional low-
spin/high-spin splitting differs from the pure density
functional result by an approximately constant amount
(Table 1).

On the basis of this observation we investigated the
splitting as a function of the exact exchange admixture
parameter c3. The result is depicted in Fig. 4 for the
Fe(I)-S complexes under study.

First, we note that the results for B3LYP with
¢z = 0.00 are very similar to those obtained for BP§6/RI
(Table 1). This corroborates the conjecture that the
difference is mainly governed by the exact exchange
admixture.

Figure 4 exhibits the remarkable result that the de-
pendence on c¢3 is linear in the range considered. The
linearity is perfect for all uncharged complexes, while it
is a good approximation for the charged NO™ species.
Moreover, all the straight lines in Fig. 4 are shifted
parallel with respect to each other, i.e., the slope of the
lines is almost the same, while only the intersections are
different. This explains the almost constant difference
of AEiS/HS between BP86/RI and B3LYP found for
different complexes (Table 1).

To analyse Fig. 4 in detail, we start with the strong
ligands CO and NO™, where we find that both BP86/RI
and B3LYP (i.e., ¢z = 0.20) predict the singlet state to be
the ground state. However, the difference in E‘“‘LS/HS
amounts to about 120 kJ/mol, which would question any
DFT analysis of reaction mechanisms where high-spin
transition states could play a significant role. From
Fig. 4 we see that B3LYP will give wrong results if
c3 > 0.24. In the case of the weak ligands NH; and
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Fig. 4. The low-spin/high-spin energy splittings, Eis/ﬂs, plotted
against the ¢3 parameter of the B3LYP functional controlling the
exact exchange admixture. The “optimum region” indicates the
interval of c¢; values which would yield reliable energetics for
Fe(I)-S transition-metal complexes. We chose the value at the
upper boundary of this optimum region, i.e., ¢; =0.15, for
calculations denoted by B3LYP* (for discussion of this choice see
text). The BP86/RI/SV(P) results are found to be very close to the
B3LYP(c3 = 0.00) values (i.e., on the y-axis) as can be seen from
Table 1

N,H4, for which experiments find high-spin ground
states, we find that BP86/RI as well as B3LYP with
c3 < 0.08 give the wrong, i.e., a low-spin ground state.
This clearly demonstrates that the hybrid functionals are
to be preferred and that B3LYP is able to describe the
compounds under study provided that ¢; lies in the
interval [0.08,0.24].

It is now instructive to see what happens if stronger
ligands such as phosphanes are studied. Here, experi-
ment tells us that the ground state is low spin, but
B3LYP in its original parameterization predicts a high-
spin ground state. From Fig. 4 it is clear that ¢3 < 0.16
(a linear regression yields Efg g =0 for the PMe;
complex if ¢3 =0.162 and a regression coefficient of
0.9992) if the correct ground state is to be reproduced.
We are thus led to the conclusion that the exact
exchange admixture must be in the interval [0.08,0.16] in
order to yield reliable results. We fix the parameter close
to the upper bound in order to keep changes to the
original functional as small as possible. ECLS/HS =0 for
PRj should be larger than RT in order to make a thermal
spin flip unfeasible. For the phosphane complexes,
which represent the boundary cases, our choice is an
Ej s 1n the interval [5 kJ/mol, 15 kJ/mol], which is
sufficiently reliable in view of the errors of the density
functional methods in general. Note also that the
difference of the Ef g ;g values at the boundaries of the
optimum c¢3 interval f0.08, 0.16] is less than 30 kJ/mol (if
thermal spin flips are excluded for the complexes under
study).
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For these reasons we chose a value of ¢c3 = 0.15, close
to the upper boundary, and denote our B3LYP results
obtained with ¢3 = 0.15 as B3LYP* in the following. The
results obtained with this reparameterization are given in
Table 2.

By construction, B3LYP* reproduces the experi-
mental findings for all the complexes under study. Note
that a reduction of the exact exchange mixing to 15%
was also found for a reparameterization of the B97
functional, which considerably improved the energetic
predictions of the original B97 functional [39]. More-
over, an exact exchange admixture of ¢3 =0.16 was
tested for the Bx88/PWc91 functional [30] on the G2 test
set, but it was discarded because only little improvement
was achieved for the G2 set when compared with other
functionals.

We should like to draw attention to the fact that the
amount of exchange mixing affects different quantities in
different ways. Salzner et al. [40], for instance, adjusted
the B3LYP exchange mixing in order to improve the
calculated band gaps of polymers and came to the con-
clusion that c¢3 should be increased to 0.30. The reason
for this finding is that a particular fault of ELSPA is very
prominent when calculating differences of orbital en-
ergies, which were used to provide a measure for the
band gap, namely the lack of self-interaction correction
(SIC). Since exact exchange tends to reduce self inter-
action, the band gaps are corrected in the direction of
larger band gaps, which was the desired effect in the case
of the work of Salzner et al. SIC is not an important
issue when it comes to the differences of total energies.
We suggest that for quantities related to orbital energy
differences a different remedy for the lack of SIC should
be sought.

4 Effect on structural parameters

Since we have dealt with energy quantities only, it now
remains to discuss the structural parameters. For this
purpose we selected bond lengths since they are more
significant and specific than bond angles, which can vary
largely upon small structural changes. The B3LYP*
optimized structures of the ground states of the six
transition-metal complexes are depicted in Fig. 5.

Table 2. Low-spin/high-spin splittings EiS/HS (kJ/mol). The singlet
state is always taken as the zero-energy reference level. B3LYP*
denotes B3LYP with ¢3 = 0.15 and is discussed in Sect. 3

6th Ligand B3LYP* Exp.

L SV(P) TZVP

cis-Ny Sy chelate ligand: 1(L)
NH; -36.7 —24.5 high spin
N,H,4 -37.7 —25.2 high spin

trans-NgS4 chelate ligand: 2(L)
CO 61.8 67.8 low spin
NO* 61.5 61.4 low spin
PMes 5.7 13.5 low spin
PH; 5.3 12.3 -

The relevant distances between the metal centre and
the first ligand sphere atoms are given in Tables 3 and
4 for the lowest-lying low-spin and high-spin states
obtained with BP§6/RI, B3LYP, and B3LYP* using two
different basis sets.

As expected from ligand field theory, the bond
lengths increase upon occupation of e, orbitals for all
the quintet states when compared with the singlet states.
All the experimental structures are best reproduced by
BP86/RI calculations. The B3LYP bond lengths are
acceptable only in a very small number of cases (e.g., for
the Fe-S1 distance in cis-N>Hy). In all other cases, the
B3LYP distances differ significantly from experiment by
up to 15 pm. The B3LYP* structural parameters are
close to the B3LYP parameters but are in better agree-
ment with the experimental bond lengths and distances.
Thus, B3LYP* yields not only improved energetics but
also slightly improved structural data.

In general, BP86/RI yields smaller distances than the
hybrid functionals. It is interesting to note that the basis
set dependence is rather small, i.e., the bond lengths
obtained with the SV(P) basis differ by less than 2 pm
from the TZVP bond lengths in most cases.

5 Conclusion

In this work we suggested the use of a modified
admixture coefficient for the B3LYP functional in order
to obtain reliable reaction energetics for transition-metal
compounds. In doing so, we followed a suggestion by
Ahlrichs et al. [9], who stressed that ordinary training
sets for density functional fits do not contain transition-
metal compounds and, thus, do not represent a balanced
sample of chemical compounds.

For the Fe(I) compounds selected for this study, we
found that pure and hybrid density functionals, for
which BP86 and B3LYP are the standard examples, are
not able to reproduce reliably the experimentally found
multiplicity of the ground state. Associated with this
result is the large deviation in calculated low-spin/high-
spin splittings of about 100 kJ/mol for BP86 when
compared to B3LYP. This almost constant difference
was also found for test calculations on ruthenium and
manganese complexes, the results of which were not
given here, indicating that the findings are of general
importance for transition-metal compounds.

The variation of the fit parameter, which determines
the amount of exact exchange admixture in hybrid den-
sity functionals, reveals that the low-spin/high-spin en-
ergy splitting depends linearly on this parameter.
Furthermore, all the straight lines were found to be
shifted parallel with respect to each other. By compar-
ison with the experimental findings for the complexes
under consideration we could determine the value for the
exact exchange parameter, namely c¢; = 0.15, to which
the B3LYP value of 20% should be reduced. For zero
exact exchange admixture we found that the B3LYP data
give almost the same results as the pure density func-
tional BP86, which demonstrates that large differences
for energetics occur between the two classes of pure and
hybrid density functionals, but not within one class.
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Fig. 5. B3LYP*/TZVP optimized
structures of the complexes under
study in their ground states

trans/PMey/S =0 trans/PH;3/S =0 gjggll’s)denotes B3LYP with

Table 3. Bond lengths (pm) of ligand atoms in the first ligand amine nitrogen atom in the bridge and X denotes the atom of the
sphere of the central iron atom in cis structures 1(L). S2 and S3 are sixth ligand L that is bound at the iron centre. B3LYP* denotes
thioether sulfur atoms, S1 and S4 are thiolate sulfur atoms, N is the B3LYP with ¢3 = 0.15 and is discussed in Sect. 3

BPSG/RI B3LYP B3LYP* Exp.

SV(P) TZVP SV(P) TZVP SV(P) TZVP

§=0 §=2 §=0 S=2 §=0 §=2 §=0 S=2 §=0 S=2 §=0 §=2 §=2

L = NH; [50]
Fe-SI 2314 2336 2316 233.6 2364 240.1 2361 239.6 2352 2387 2352 2383 2397
Fe—S2 2224  266.1 2243 2638 2337 2729 2343 2718 2309 2716 2318 2704 2588
Fe-S3 2227 2700 2245 2694 2339 2744 2342 2740 2310 2737 2319 2735 2586
Fe -S4 2326 2361 2333 2361 2377 2422 2375 2418 2363 2409  236.6 2404 2394
Fe-N 2055 2286 2058 230.1 2105 2307 2105 2320 2094  230.1 209.6 2314 2244
Fe- X 2025 2204 2047 2235 2057 221.6  207.8 2241 2047 221.0 207.0 223.7 2189

L = N2H4 [50]
Fe-S1 230.6 2345 231.1 233.9 2355 240.7 2355 239.7 2342 2393 2344 2384 2402
Fe-S2 2233 263.2 2250  263.7 2341 271.3 234.6 2704 2316  269.6 2324 2694 2602
Fe-S3 2234 2702 2250  269.5 234.8 275.3 2352 2749 2322 2743 232.8 274.3 260.2
Fe—-S4 2345 2372 2345 237.1 239.2 2439  239.1 243.0 2381 2423 237.9 2416  238.1
Fe-N  206.8 2282 206.5 229.5 211.6  230.3 211.7  231.2 2106 2297 2105 230.9 225.5
Fe-X 2023 2223 203.6 2249 2059 2233 207.5 225.2 2051 2229 206.5 225.1 219.2
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Table 4. Bond lengths (pm) of ligand atoms in the first ligand sphere
of the central iron atom in trans structures 2(L). S1 and S3 are
thioether sulfur atoms, S2 and S4 are thiolate sulfur atoms, N is the

amine nitrogen atom in the bridge and X denotes the atom of the
sixth ligand L that is bound at the iron centre. B3LYP* denotes
B3LYP with ¢3 = 0.15 and is discussed in Sect. 3

BP86/RI B3LYP B3LYP* Exp.
SV(P) TZVP SV(P) TZVP SV(P) TZVP
5=0 S§=2 S§=0 S=2 S§=0 S§=2 §=0 S=2 S=0 S=2 S§=0 S§S=2 S=0

L = CO [51]
Fe—S1 2247 2539 2257 2539 2309 2598  231.3  259.6 2293 2584 2298 2583 2225
Fe—S2 231.1 2419 2322 2417 2348 2449 2355 2443 2341 2442 2349 2439 22938
Fe—S3 2247 251.6 2255 2522 2307 2582  231.0 258.5 2292 2567 2297 2572  225.
Fe—S4 2325 2459 2331 2448 2358  247.1 2365 246.1 2351 2470 2356 2460  230.5
Fe—-N 2113 2334 2103 2342 2119 2310 2113 23201 2119 231.6 211.1 2330 2072
Fe—X 1734 1946 1745 196.6 1783 2099 179.6 2132 1766  205.1 1778 2080 1753

L = NO*

Fe-Sl 2298 2558 2302 2560 2324 2563 2325 2402 2319 2560 2321 2571 -
Fe-S2 231.5 2352 2322 2349 2331 2422 2338 2241 2329 2428  233.6 2405 -
Fe-S3 2300 2517 2303 2519 2322 2546 2323 2397 2319 2540 2320 2529 -
Fe—-S4 2337 2364 2345 2353 2346 2451 2352 2240 2344 2455 2353 2408 -
Fe-N 2109 2212 2101 221.1 2100 229.5  209.5 2195  210.1 2300 209.7 228.5 -
Fe- X 1625 179.6 1639 1809 1629 1851 1641  3192% 1627 1830 1639  187.7 -

L = PMe; [4]
Fe—S1 2227 2546  223.6 2517 2307 2627 231.3 2620 228.5 2603 2294 2598 2229
Fe—S2 2303 2427 2318 2427 2354 2460 2365 2455 2344 2459 2355 2452 2307
Fe—S3 2227 2514 2239 2555  230.6  259.5 231.3 2602 2287 2584 2295  260.1  223.1
Fe—S4 2319 249.5 2329 2463 2374 2517 2379 2500 2358  250.8 2367  249.0 2309
Fe—- N 210.1 2331 2099 2340 2119 2326 2117 2345 2115 2327 2113 2343  206.7
Fe—X 221.1 2451 2242 2495 2299 2563 2323 2594 2273 2537  230.1 2573 2215

L = PH;

Fe-Sl 2227 2552 2240  253.5 2303 261.0 231.0  260.8 2284  259.6  229.1 2588 -
Fe-S2 2303 2394 2314 2405 2350 2436 2358 2431 2339 2426 2349 2425 -
Fe—S3 2228 2477 2240 251.1 2303 2580 2309  258.1 2284 2559  229.1 2569 -
Fe-S4 2321 2493  233.0 2463 2366 2482 2373 2473 2355 2488 2364 2469 -
Fe-N 2073 2289 207.0 229.8 2092 229.2 2089 2309 2088  229.0  208.5  230.6 -
Fe— X 2166 2456 2195 2492 2254 2635 2283  267.1 2228 2589 2257 2634 -

?The sixth ligand dissociates

Only our new B3LYP* functional with 15% exact
exchange admixture is able to reproduce the energetics
of all the transition-metal compounds studied here.
Additionally, the structural parameters are improved
when compared to B3LYP and data from X-ray dif-
fraction. Our analysis is based on the B3LYP functional,
but it is easy and straightforward to extend it to other
hybrid density functionals, such as B3PW91 or PBEO.
Further studies are now in progress to test the general
applicability of the B3LYP* functional and to generate a
balanced reference data set of transition-metal com-
pounds in order to further evaluate the new para-
meterization.
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Appendix

For all the calculations we used the density functional
programs provided by the TURBOMOLE 5.1 suite [41]. We
employed the Becke—Perdew functional dubbed BP86

[19, 42] and the hybrid functional B3LYP [21, 27] as
implemented in TURBOMOLE. Moreover, the resolution
of the identity technique was always used for the BP86
functional [43, 44]. All the results were obtained from
all-electron restricted and unrestricted KS calculations.

The influence of the size of the basis set was studied
by means of two different basis sets. The first was the
Ahlrichs SV(P) basis set [45] with polarization functions
on heavy atoms, but not on hydrogen atoms. In addi-
tion, the TZVP basis set with polarization functions on
all atoms was used [46].

For the vibrational analysis, the second derivatives to
the total electronic energy were computed as numerical
first derivatives [47, 48] to analytic energy gradients
obtained from TurBoMOLE. The program MoOLDEN [49]
was used for the visualization of structures.
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