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Abstract

In previous work on the performance of multiconfigurational second-order perturba-

tion theory (CASPT2) in describing spin state energetics in first-row transition metal

systems [J. Chem. Theory Comput. 2017, 13, 537–553], we showed that standard

CASPT2 works well for valence correlation but does not describe the metal semicore

(3s3p) correlation effects accurately. This failure is partially responsible for the well-

known bias towards high-spin states of CASPT2. In this paper, we expand our previous

work and show that this bias could be partly removed with a combined CASPT2/CC

approach: using high-quality CASPT2 with extensive correlation-consistent basis sets

for valence correlation and low-cost CCSD(T) calculations with minimal basis sets for

the metal semicore (3s3p) correlation effects. We demonstrate that this approach is

efficient by studying the spin state energetics of a series of iron complexes modelling

important intermediates in oxidative catalytic processes in chemistry and biochemistry.

The average error of this approach, compared to CCSD(T) results, is estimated to be

around 2 kcal mol−1.

∗To whom correspondence should be addressed
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1 Introduction

The accurate description of the relative energy of different spin states in transition metal

(TM) complexes, in short denoted as TM spin state energetics, is currently an important issue

in computational chemistry, and is essential for the description of reactivity in bio-inorganic

catalysis as well as of magnetic properties such as spin crossover.1–3 However, choosing an

appropriate theoretical method that can quantitatively describe TM spin state energetics is

challenging,4 as this method should combine high reliability with low computational cost.

The second factor certainly plays in favor of density functional theory (DFT), which can

today be applied routinely to medium-to-large-sized molecules. However, DFT is known

to suffer from significant difficulties in describing TM spin state energetics, yielding results

that are highly dependent on the applied exchange-correlation functional, and in particu-

lar on the contribution of Hartree-Fock (HF) exchange.5–9 On the other hand, high-quality

wavefunction theory (WFT) calculations are more reliable, but these methods are compu-

tationally more demanding than DFT even for small systems, and they typically become

much more time-consuming for larger molecular models.10–13 The CCSD(T) coupled cluster

approach,14,15 the ‘gold standard’ in WFT, as well as many recently developed composite

methods based on CCSD(T), have been increasingly used and excellent results were obtained

in many cases.16–18 However, CCSD(T) is costly, especially for larger molecules, and is not

very accurate for systems with high multireference character, with these factors significantly

limiting its applicability. For large complexes or systems with high multireference charac-

ter, multiconfigurational perturbation theory based on an active space reference wavefunc-

tion CASSCF/CASPT2,19 CASSCF/NEVPT2,20,21 RASSCF/RASPT2,22 or novel methods

such as density matrix renormalization group DMRG/CASPT2,23–29 DMRG/NEVPT230,31

are therefore often used instead, since they scale better with system size and can describe

the wavefunction more accurately. With a well-chosen active space (R)CASSCF or DMRG

can recover a large part of the static correlation, while the subsequent PT2 step can describe

the remaining, dynamic correlation. Multiconfigurational perturbation theory CASPT2 has
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been successfully applied to study spin state energetics of various TM complexes, but it has

its own problematic aspect: it is regularly found to overstabilize high-spin (HS) with respect

to intermediate-spin (IS) or low-spin (LS) states (by up to 10 kcal mol−1).11,32–36 In a recent

study,37 we have demonstrated that CASPT2 works well for valence correlation and that the

bias towards HS states essentially arises from a poor perturbational treatment of the TM

semi-core (3s3p) electron correlation contribution. This conclusion was drawn based on a

comparison between CASPT2 and CCSD(T) results for the spin state energetics of an exten-

sive series of TM complexes. As long as only the valence electrons are correlated, excellent

correspondence (within 3 kcal mol−1) was obtained between the CCSD(T) and CASPT2 rel-

ative energies. However, CASPT2 systematically underestimates or even predicts the wrong

sign for the (3s3p) correlation contribution to IS–HS and LS–HS splittings. This erratic de-

scription of (3s3p) correlation with CASPT2 is responsible for a strong overstabilization of

higher with respect to lower spin states in the full CASPT2 treatment. Two other important

points to note from our previous work are (a) that the alternative NEVPT2 method (based

on a more sophisticated zeroth-order Hamiltonian)20,21 does not offer an improvement over

CASPT2, as it systematically shows larger errors both in the valence and (3s3p) correlation,

and (b) that the (3s3p) correlation contribution is systematically more accurately described

even by CCSD than by CASPT2, notwithstanding that the former method, incapable of

capturing the multireference effects in these TM systems, is obviously inferior in its global

description of spin state energetics.

Knowing that CASPT2 works well for valence correlation but not for (3s3p) correlation,

the question naturally arises whether it might be possible to split these two correlation

contributions and treat them with different methods, that is (a) the contribution of all

valence electrons with CASPT2, and (b) the (3s3p) correlation contribution with CCSD(T)

or, if that is too costly, with CCSD. Of course, this does not reduce the computational cost

with respect to a full CC calculation, unless one might consider employing more limited basis

sets for the CC treatment of (3s3p) correlation than for the CASPT2 treatment of valence
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correlation. The latter possibility does not seem unrealistic, knowing that (3s3p) correlation

is essentially located on the metal, and may therefore be less affected by the size of the ligand

basis sets.

In this work we explore the scope of such a combined CASPT2/CC approach to study of

the spin state energetics of a series of iron complexes, chosen as models for important inter-

mediates in oxidative catalytic processes in chemistry and biochemistry. An overview of the

complexes studied is provided in Figure 1. The set contains iron complexes with different lig-

and sizes, iron oxidation states (II–IV) and coordination numbers (4–6). All of the complexes

contain (at least) four N-donors. Most of them are heme or heme-related, containing either a

porphyrin ligand (P) or two chelating amidine ligands (abbreviated as L) that were already

used to mimic the full porphyrin in several previous benchmarking studies.18,33,34,38 The re-

maining complex, [Fe(NH3)5O]2+, is a simplified model for the iron(IV)-oxo intermediate of

synthetic nonheme oxidants involved in hydrogen abstraction processes.39

The CASPT2/CC results will be compared with either the CCSD(T) results18,39 or avail-

able experimental data. We note that most of the models, except FeL2SH, FePSH, and

[Fe(NH3)5O]2+, have low multireference character and should be well-described by CCSD(T).

This conclusion was based on the fact that the CASSCF wavefunction of the models can

be basically described by one leading configuration state function, as shown in our previous

work.37 Furthermore, Radoń 18 observed a small difference between the results of CCSD(T)

and a more advanced coupled-cluster method known as CR-CC(2,3), thus validating use of

the CCSD(T) results as the references. In order to assess the validity of CSSD(T) results for

[Fe(NH3)5O]2+, FeL2SH, and FePSH, one can employ the T1 and D1 diagnostics based on

amplitudes of the singles at the CCSD level. For transition metal compounds, Jiang et al. 40

proposed rough criteria to identify molecules with small static correlation, T1 < 0.05 and

D1 < 0.15. Violating both criteria might lead to a large uncertainty for the CCSD(T) re-

sults. The [Fe(NH3)5O]2+model, investigated by Chen et al. 39 with CCSD(T), has a slightly

higher multireference character due to a strongly Fe=O covalent bond. However, the T1
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diagnostic of the CCSD calculations is small (only around 0.010–0.01639), lying within the

criteria of Jiang et al. 40 . This indicates the validity and reliability of the CCSD(T) results

of [Fe(NH3)5O]2+. In FeL2SH and FePSH, as shown by Radoń 18 , the T1 and D1 diagnostics

are quite high (T1 = 0.031–0.044, D1 = 0.150–0.265). Thus, the CCSD(T) results of these

two models may suffer from large errors and should be regarded with caution.

FeL2

FeP

FeL2XH

X = O, S

FePXH

X = O, S

FeL2(NH3)OH

FeP(NH3)OH

[Fe(NH3)5O]2+

Figure 1: Iron complexes studied in this work

2 Computational Details

For each of the complexes in Figure 1 the lowest state(s) of different spin multiplicities were

computed. The principal electronic configurations of all considered states are provided in

Table S1. For all molecules but [Fe(NH3)5O]2+ the calculations were performed on DFT

geometries from previous studies18,37 (optimized separately for each spin state), and may

be found in the Supporting Information of ref. 37. For [Fe(NH3)5O]2+ DFT structures for

both spin states were obtained here based on optimization at the BP86/def2-TZVP level
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of theory, and making use of the Turbomole v7.0 software.41 The resulting structures

(Cartesian coordinates) are provided in the Supporting Information.

Single-point CASSCF/CASPT2 calculations were performed with Molcas v.8.1.42 In

these calculations, Cholesky decomposition of the electron repulsion integrals with a thresh-

old of 10−6 au was used to reduce computational times and disk storage needs.43 All CASPT2

calculations were performed with the ‘standard’ ionization potential electron affinity (IPEA)

Hamiltonian44 of 0.25 au. An imaginary level shift of 0.1 au45 was used to avoid weak in-

truder states and improve convergence of the perturbational treatment. The choice of the

active orbitals for the CASSCF calculations was made according to the standard rules for

transition metal compounds.11,46–48 The spin state energetics of all but one of the molecules

(all L2 and P systems) was already studied with CASPT2 in our previous paper (using

ANO-RCC basis sets), and a detailed description of their active spaces is given there.37 The

active space of [Fe(NH3)5O]2+ was constructed to contain five Fe 3d orbitals, a ‘double shell’

Fe 4d for each occupied 3d orbital (four in the quintet, three in the triplet state), six oxygen

orbitals O (2p,3p) and a σ-type bonding orbital on the four equatorial N-donor atoms. This

gives a total of 12 electrons in 15 (triplet) or 16 (quintet) orbitals.

Single-point CCSD(T) calculations were performed with the Molpro v.2012
49 package.

All CCSD(T) calculations are (partially) spin restricted, based on restricted open-shell HF

orbitals.14,15

In all CASPT2 and CC calculations scalar relativistic effects were included using a second-

order Douglas-Kroll-Hess (DKH) Hamiltonian.50–52 Spin-orbit coupling was not considered

as Kepp 53 recently showed that its contribution to the spin state energetics of first row TM

complexes is less than 0.7 kcal/mol and typically 0.2 kcal/mol.

For each molecule and spin state, i.e. for high- (HS), intermediate- (IS), and low-spin

(LS), two calculations were performed, that either do or do not include the eight Fe (3s3p)

electrons in the correlation treatment. Following the notation in our previous paper37 these

calculations are indicated as +sp (and called full correlation) and nosp (and called valence
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correlation), respectively. Relative spin state energies, ∆E(+sp) or ∆E(nosp), were always

obtained using the HS state as the reference:

∆E(+sp) = EIS,LS(+sp)− EHS(+sp);∆E(nosp) = EIS,LS(nosp)− EHS(nosp) (1)

The (3s3p) correlation contribution for each spin state, ∆sp, is then calculated as:

∆sp = ∆E(+sp)−∆E(nosp) (2)

All calculations in this work were performed with correlation consistent (cc) basis sets,

motivated by the fact that extrapolation procedures to the complete basis set (CBS) limit

from the cc- basis sets have been thoroughly investigated. Different combinations of basis

sets, denoted as bsM/bsL, were investigated. bsM represents the basis set on the metal

and is of the type aug-cc-pwCVnZ-DK, with n in the range 3–5.54 This basis set will be

denoted awCnZ in short. For the ligands, we used a combination of aug-cc-pVnZ-DK on

the heavy atoms and cc-pVnZ-DK on H, with n between 2 and 5.55–57 This combination of

basis sets on the ligand atoms is denoted anZ in short (but note that it is not augmented

on H). Combinations of metal and ligand basis sets were chosen such that n is either equal,

or one or two less for L than for M. This is because we expect the size of the metal basis

to play the more important role for describing transitions within the metal 3d shell, which

are essentially (but not strictly) localized on the metal. Note that we have systematically

used a metal basis set of the pwCVnZ type, designed to describe (3s3p) correlation, also in

the valence calculations, where the 3s3p electrons were frozen. Because the awCnZ basis

sets also include tight functions that make small but distinct contributions to the valence

correlation energy,54 comparing full correlation calculations (∆E(+sp)) with a awCnZ basis

set with valence correlation calculations (∆E(nosp)) using only anZ would result in an

overestimation of the core correlation contribution (∆sp). This was confirmed by a series

of CCSD(T) calculations on FeL2, shown in Table S2. The effect of (3s3p) correlation was
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also investigated using even smaller basis sets on the ligands, that is either awCTZ/DZ or

awCTZ/MIN, where DZ basis sets or MINAO basis sets (constructed from the cc-pVTZ

basis sets and provided in the basis set library of Molpro) were used for all ligand atoms.

Extrapolation of the spin state energies to the complete basis set (CBS) limit was accom-

plished separately for the (HF or CASSCF) reference energy and the (PT2 or CC) correlation

energy, as described in the work of Wilson et al.58 The HF and CASSCF reference energies

were extrapolated using the following two-point extrapolation equation:59

Eref(CBS) =
e1.63m1Eref(m2)− e1.63m2Eref(m1)

e1.63m1 − e1.63m2

(3)

while the PT2 or CC correlation energies were extrapolated using the two-point extrapolation

formula of Helgaker et al. 60 :

Ecorr(CBS) =
m3

2Ecorr(m2)−m3
1Ecorr(m1)

m3
2 −m3

1

(4)

In these equations, m1 andm2 denote correlation consistent basis sets of cardinal numbers

m1 and m2. Extrapolations were only performed with respect to the Fe basis set, while

keeping the ligand basis set fixed. The final total energy is the sum of the extrapolated

energies:

E(CBS) = Eref(CBS) + Ecorr(CBS) (5)

The extrapolated results are denoted as CBS[m1:m2]/m3, where m1, m2 and m3 denote

the cardinal number of the [awCm1Z, awCm2Z] metal and am3Z ligand basis sets, respec-

tively.
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3 Results and Discussion

3.1 Basis set dependence of valence and (3s3p) correlation in FeL
2

A first series of test calculations was performed for FeL2 making use of CASPT2 and

CCSD(T) and considering the lowest states of different spin multiplicity. The results are

given in Table 1. Because FeL2 is small and has D2h symmetry, CASPT2 and CCSD(T)

calculations with large combinations of cc basis sets are feasible. The largest combination

is awC5Z/a5Z, containing 2050 basis functions. The largest combination that could be used

in CCSD(T) is awC5Z/aTZ, with 860 basis functions, while the smallest combination is

awCTZ/MIN, with only 187 basis functions. The purpose of these calculations is to in-

vestigate how the spin state energetics depend on the specific bsM/bsL combination. In

particular, we wish to understand (a) how large should the basis sets become before we can

safely extrapolate to the basis set limit, and (b) how do the results obtained with limited

bsM/bsL combinations compare with the CBS results. In the following discussion, the spin

state energetics obtained from a valence only treatment, ∆E(nosp) (Eq. 1), and the effect

of (3s3p) correlation, ∆sp (Eq. 2) are considered separately.

Starting with the valence only calculations, let us first consider the largest basis set

combinations to see whether the relative energies are converged with respect to the basis

set size on the metal/ligand. If we compare for example three basis set combinations with

the same metal basis but different ligand basis awCQZ/anZ (n = 2–4), we find that the

∆E(nosp) values increase by around 2 kcal mol−1 between bsL=aDZ and aTZ, while a

further extension to aQZ has a small effect, <0.2 kcal mol−1. Similarly, when comparing

awC5Z/anZ for n = 3–5 the difference between bsL=aTZ and aQZ amounts to at most

0.5 kcal mol−1, while the difference between aQZ and a5Z is less then 0.1 kcal mol−1 for all

three transitions. Thus we find that the relative spin state energies are close to converged

with respect to bsL already at aTZ, and are strictly converged at aQZ. On the other hand

(and unsurprisingly for transitions within the metal 3d shell), the size of the metal basis set
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plays the more important role: comparing awCnZ/aTZ (n = 3–5) or awCnZ/aQZ (n = 4–5)

we find that the energies are lowered by around 2 kcal mol−1 between bsM=awCTZ and

awCQZ and further by around 1 kcal mol−1 between awCQZ and awC5Z. Therefore, the

results are not fully converged even for bsM=awC5Z. At the top of Table 1 we have collected

the CBS results based on different pairs of bsM/bsL, where bsL is kept fixed at either aQZ or

aTZ and bsM with cardinal numbers 4,5 or 3,4 are used for the extrapolation. CBS[Q:5]/Q

results could only be obtained from CASPT2, not CCSD(T), and these should obviously

be considered the best possible CASPT2 results, while the two extrapolation schemes with

aTZ ligand basis sets, [Q:5]/T and [T:Q]/T produce CBS results that slightly (by less than

1 kcal mol−1) under- and overestimate ∆E(nosp).

Table 1: Spin state energetics and (3s3p) correlation contribution in FeL2 using different cc
basis sets. Units are kcal mol−1

∆E(nosp) ∆E(+sp) ∆sp

CASPT2 CCSD(T) CASPT2 CCSD(T) CASPT2 CCSD(T)

CBS[Q:5]/Q
3B1g – 5Ag −1.83 −2.40 −0.57
3B3g – 5Ag −4.34 −4.77 −0.43
1Ag – 5Ag 32.72 37.32 4.60

CBS[Q:5]/T
3B1g – 5Ag −2.67 −3.28 −3.22 −6.60 −0.55 −3.33
3B3g – 5Ag −5.23 −6.50 −5.64 −9.42 −0.41 −2.92
1Ag – 5Ag 32.04 30.40 36.65 28.79 4.61 −1.61

CBS[T:Q]/T
3B1g – 5Ag −1.65 −2.38 −2.11 −5.56 −0.46 −3.18
3B3g – 5Ag −4.14 −5.54 −4.43 −8.30 −0.29 −2.76
1Ag – 5Ag 33.25 31.45 38.04 30.07 4.79 −1.38

awC5Z/a5Z
3B1g – 5Ag −1.16 −1.78 −0.62
3B3g – 5Ag −3.65 −4.13 −0.48

Continued on next page
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Continuation from previous page

∆E(nosp) ∆E(+sp) ∆sp

CASPT2 CCSD(T) CASPT2 CCSD(T) CASPT2 CCSD(T)

1Ag – 5Ag 33.58 38.15 4.57

awC5Z/aQZ
3B1g – 5Ag −1.24 −1.83 −0.59
3B3g – 5Ag −3.73 −4.16 −0.43
1Ag – 5Ag 33.55 38.16 4.61

awC5Z/aTZ
3B1g – 5Ag −1.73 −2.44 −2.28 −5.72 −0.55 −3.28
3B3g – 5Ag −4.23 −5.62 −4.63 −8.49 −0.40 −2.87
1Ag – 5Ag 33.20 31.43 37.84 29.92 4.64 −1.51

awCQZ/aQZ
3B1g – 5Ag −0.65 −1.26 −0.61
3B3g – 5Ag −3.11 −3.55 −0.44
1Ag – 5Ag 34.40 39.03 4.63

awCQZ/aTZ
3B1g – 5Ag −0.81 −1.61 −1.36 −4.83 −0.55 −3.23
3B3g – 5Ag −3.25 −4.75 −3.63 −7.56 −0.38 −2.81
1Ag – 5Ag 34.36 32.47 39.04 31.05 4.68 −1.41

awCQZ/aDZ
3B1g – 5Ag −3.04 −4.22 −3.55 −7.39 −0.51 −3.17
3B3g – 5Ag −5.58 −7.49 −6.01 −10.25 −0.43 −2.76
1Ag – 5Ag 32.51 30.43 37.23 29.04 4.72 −1.39

awCTZ/aTZ
3B1g – 5Ag 0.36 −0.53 −0.32 −3.82 −0.68 −3.28
3B3g – 5Ag −2.01 −3.65 −2.52 −6.53 −0.51 −2.87
1Ag – 5Ag 35.90 33.90 40.42 32.44 4.52 −1.46

awCTZ/aDZ
3B1g – 5Ag −0.76 −1.93 −1.34 −5.12 −0.58 −3.19
3B3g – 5Ag −3.24 −5.07 −3.63 −7.84 −0.39 −2.77
1Ag – 5Ag 35.06 32.98 39.68 31.59 4.62 −1.39

Continued on next page
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Continuation from previous page

∆E(nosp) ∆E(+sp) ∆sp

CASPT2 CCSD(T) CASPT2 CCSD(T) CASPT2 CCSD(T)

awCTZ/DZ
3B1g – 5Ag −2.50 −3.79 −3.07 −6.96 −0.57 −3.16
3B3g – 5Ag −4.90 −6.78 −5.27 −9.53 −0.37 −2.75
1Ag – 5Ag 34.36 32.40 38.99 31.04 4.63 −1.36

awCTZ/MIN
3B1g – 5Ag −27.51 −30.58 −3.07
3B3g – 5Ag −35.37 −37.97 −2.60
1Ag – 5Ag 9.46 8.18 −1.28

More important differences in ∆E(nosp) are observed between CASPT2 and CCSD(T),

with CASPT2 predicting a higher stability for 5Ag with respect to the two triplet states

and the 1Ag state. The differences between the two methods are systematic for all basis

set combinations, and reach up to 1.8 kcal mol−1. Possible sources of error in CCSD(T)

coming from multiconfigurational effects were investigated in detail in our previous study,37

and were found to be absent in all four FeL2 states. Therefore, we believe that the CCSD(T)

∆E(nosp) results in Table 1 should be considered superior to the corresponding CASPT2

results, suggesting that the latter method slightly overstabilizes 5Ag with respect to the

states with lower spin multiplicity.

In Figure 2, the blue curve shows the average deviation (over the three spin state transi-

tions) from CBS[Q:5]/Q of the CASPT2 ∆E(nosp) results obtained with the smaller basis

set combinations. Because the dynamical correlation treatment in PT2 or CCSD(T) essen-

tially has to overcome the strong Hartree-Fock bias towards high spin states in this (and

other) transition metal complexes, one would expect the relative spin state energies to ap-

proach the basis set limit from above, that is to overestimate ∆E(nosp), with decreasing

errors as the size of the basis set is increased. Most of the basis set combinations indeed
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show positive errors, and the expected trend is confirmed for increasing sizes of the metal

basis set. However, somewhat surprisingly, extending the ligand basis sets (keeping bsM

fixed) has the opposite effect. Thus, for each n, worse results are obtained with awCnZ/anZ

than with awCnZ/a(n− 1)Z, with increasing differences as n is decreased. Combining metal

awCnZ with ligand a(n− 2)Z gives a further decrease of the ∆E(nosp) results. Of all finite

basis set combinations, awC5Z/aTZ produces the ‘best’ results, with an average error of only

0.23 kcal mol−1 as compared to CBS[Q:5]/Q. On the other hand, awCQZ/aDZ overshoots,

by producing too low ∆E(nosp) values. Such overshooting is also observed when CBS results

are obtained with cardinal numbers [m1:m2] = [Q:5] on the metal, but only aTZ on the lig-

ands. The error is small, only −0.8 kcal mol−1, but we will see further that the overshooting

of the CBS[Q:5]/T results becomes more pronounced in the larger complexes considered in

this work. For this reason we believe that, as a cheaper alternative to CBS[Q:5]/Q, extrap-

olation to CBS should preferably be done as CBS[T:Q]/T (giving a small positive error of

0.30 kcal mol−1 for FeL2) rather than CBS[Q:5]/T.

Calculations including (3s3p) correlation have also been performed with all basis sets

combinations. The difference between the full and the valence correlation treatment, ∆sp

(Eq. 2), is given in Table 1. As observed in our previous study,37 CCSD(T) always pre-

dicts a negative ∆sp, with values ranging between −1.4 and −3.2 kcal mol−1: introducing

(3s3p) correlation assists in overcoming the HF bias towards HS states in first-row TM com-

plexes. An important observation from our previous study (based on ANO-RCC basis sets)

is also reflected in the results in Table 1: the (3s3p) correlation contribution ∆sp is sys-

tematically underestimated by several kcal mol−1 with CASPT2, predicting values that are

significantly smaller (in absolute value) for the two triplet states, and even become positive,

∼4.6 kcal mol−1, for the singlet state. Consequently, the discrepancy between the CASPT2

and CCSD(T) results increases for ∆E(+sp) as compared to ∆E(nosp), with CASPT2 sys-

tematically and quite strongly (up to 8 kcal mol−1) overstabilizing HS states. A possible

solution to this problem is presented in this work, i.e. we suggest to avoid calculating the
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Basis set combinations

Figure 2: Basis set effect on the spin state energetics of FeL2, showing the average deviation
(over the three spin state transitions) from CBS[Q:5]/Q of CASPT2 ∆E(nosp) (in blue) and
from CBS[T:Q]/T of CCSD(T) ∆sp (in red)
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(3s3p) correlation with CASPT2, and to use instead CCSD(T) (or CCSD, see further) to

obtain ∆sp, and to combine CASPT2 results of ∆E(nosp) with CC ∆sp results. The first can

then be obtained in extended basis sets (extrapolated to CBS), out of reach for CCSD(T).

Moreover, CASPT2 will also work well for molecules that are more multiconfigurational than

FeL2, and for which CCSD(T) would become less reliable (cfr next section). However, as the

second step is still performed with CC, a prerequisite for this recipe to work well is that we

can find relatively small basis sets that can still accurately describe (3s3p) correlation. In

particular, as this correlation contribution is essentially localized on the metal we decided

to check the extent to which the basis sets on the ligands could be reduced without lead-

ing to loss of accuracy for ∆sp. Table 1 includes the results obtained with an Fe basis set

of awCQZ or awCTZ quality (note that these basis sets were especially designed to treat

(3s3p) correlation) but reducing the ligand basis set to DZ or even minimal (MIN). The

smallest composite basis sets can no longer be trusted for the treatment of valence correla-

tion. However, both awCTZ/DZ and awCTZ/MIN perform remarkably well for the (3s3p)

correlation contribution to the spin state energetics. The red line in Figure 2 connects the

deviations from CBS[T:Q]/T (which we believe is more trustworthy than CBS[Q:5]/T; see

above) obtained with the different composite basis sets. As one can see, these deviations

fluctuate between positive and negative, but they are always very small, below 0.1 kcal mol−1

in absolute value. This indicates that with a sufficiently large metal basis set, the quality

of the ligand basis set has a minor impact on (3s3p) correlation. In the next Section we

will show that CCSD(T) with awCTZ/MIN basis sets can be employed successfully (at a

very reasonable computational cost) for the (3s3p) correlation contribution in the larger Fe

complexes considered in this work (Figure 1).

3.2 The (3s3p) correlation contribution in other Fe complexes

Some of the other molecules in Figure 1 are too large to be treated with CCSD(T) in

combination with the awCTZ/DZ basis set. Therefore, the CCSD(T) calculation of ∆sp
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for these complexes was only performed with the awCTZ/MIN combination. To investigate

whether the MIN basis set is consistently performing well also for larger ligands, CCSD

calculations were also performed with awCTZ/DZ for comparison. The results are presented

in Table 2, where we have also included ∆sp results from our previous study on (3s3p)

correlation with ANO-RCC basis sets.37

Comparing first between different basis sets, we find that the differences between the

CCSD-awCTZ/MIN and CCSD-awCTZ/DZ results remain small (less than 0.2 kcal mol−1)

for all complexes. This reconfirms our observation from the previous section that the quality

of the ligand basis set only has a small impact on the metal (3s3p) correlation. Therefore,

we conclude that awCTZ/MIN is capable of correctly describing the (3s3p) correlation con-

tribution to the spin state energetics. We expect that the CCSD(T)-awCTZ/MIN results

should be within 0.2–0.3 kcal mol−1 of CCSD(T)-CBS values. On the other hand, the CCSD

and CCSD(T) results for ∆sp differ more strongly between the cc- and ANO-RCC type basis

sets, the latter predicting significantly more negative (3s3p) correlation contributions to the

spin state energetics (up to −1.3 kcal mol−1). It is impossible to judge from the present data

which of the two basis set families is more accurate in describing (3s3p) correlation.

The results in Table 2 (see also Table S3 and Figure S1) also show a fairly good agree-

ment between CCSD(T) and CCSD. Apart from [Fe(NH3)5O]2+ the CCSD ∆sp values are

always smaller (in absolute value) than the CCSD(T) results, with a maximum difference

of 1.5 kcal mol−1. In this respect, it is important to note that the CCSD (3s3p) correlation

contributions are in all cases closer to CCSD(T) than the corresponding CASPT2 values

(see ref. 37 and the CASPT2 data in Table 3), even for molecules with covalent Fe–ligand

bonds (i.e. Fe(III)–SH, Fe(III)–OH, and Fe(IV)=O), giving rise to (moderate) multirefer-

ence character.37 This means that even for very large molecules, impossible to handle with

CCSD(T) even with minimal ligand basis sets, it might still be useful to use CCSD rather

than CASPT2 to treat the (3s3p) contribution to the spin state energetics.

In Table S3 and Figure S1 we have also included the MP2 results for ∆sp. As one can
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Table 2: The (3s3p) correlation contribution to the spin state energetics of all considered Fe
complexes (∆sp, in kcal mol−1)

awCTZ/MIN awCTZ/DZ ANO-RCCb

CCSD CCSD(T) CCSD CCSD CCSD(T)

FeL2
3B1g – 5Ag −2.31 −3.07 −2.37 −2.83 −3.65
3B3g – 5Ag −1.74 −2.60 −1.92 −2.43 −3.28
1Ag – 5Ag −0.49 −1.28 −0.58 −1.02 −1.85

FeL2OH
4A

′′

– 6A
′

−3.25 −4.13 −3.28 −4.02 −5.01
2A

′′

– 6A
′

−4.15 −5.40 −4.22 −5.41 −6.80

FeL2(NH3)OH
4A

′′

– 6A
′

−3.39 −4.29 −3.44 −4.17 −5.18
2A

′′

– 6A
′

−4.38 −5.70 −4.45 −5.66 −7.12

FeL2SH
4A

′′

– 6A
′

−2.91 −3.70 −3.00 −3.74 −4.64
2A

′′

– 6A
′

−4.00 −5.09 −4.08 −5.33 −6.62

FeP
3A2g – 5A1g −2.36 −3.01 −2.37 −2.51 −3.16
3Eg – 5A1g −1.95 −2.61 −2.01 −2.20 −2.83
1A1g – 5A1g −0.39 −1.13 −0.44 −0.64 −1.35

FeP(OH)
4A

′′

– 6A
′

−3.29 −4.04 −3.34 a a

2A
′′

– 6A
′

−4.27 −5.26 −4.38 a a

FePSH
4A

′′

– 6A
′

−2.93 −3.48 −3.08 a a

2A
′′

– 6A
′

−4.08 −4.82 −4.27 a a

FeP(NH3)OH
4A

′′

– 6A
′

−3.25 −4.01 −3.28 a a

2A
′′

– 6A
′

−4.21 −5.23 −4.30 a a

[Fe(NH3)5O]2+
3A

′′

– 5A
′

−2.11 −2.05 −2.13
aCoupled cluster calculations are computationally expensive. bRef. 37
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see, this method (almost) systematically predicts too negative ∆sp. The MP2 errors are

larger (on average) and less consistent than with CCSD. The largest error ( 4.5 kcal mol−1)

is found for the Fe(III)–SH complexes. We notice that a similar behavior (too negative ∆sp)

was also found for the NEVPT2 method in our previous work.37

3.3 Combining CCSD(T) (3s3p) correlation with CASPT2 va-

lence correlation in TM complexes

Table 3: Spin state energetics from CASPT2 (CBS[Q:5]/Q) combined with (3s3p) correlation
contribution from CCSD(T) (awCTZ/MIN) (in kcal mol−1)

∆E(nosp) ∆sp ∆E(+sp)

CASPT2 CASPT2 CCSD(T) CASPT2 CASPT2/CC

FeL2
3B1g – 5Ag −1.83 −0.57 −3.07 −2.40 −4.90
3B3g – 5Ag −4.34 −0.45 −2.60 −4.79 −6.94
1Ag – 5Ag 32.72 4.60 −1.28 37.32 31.44

FeL2OH 4A′′ – 6A′ 8.76 −2.22 −4.13 6.54 4.63
2A′′ – 6A′ 12.01 −1.95 −5.40 10.07 6.61

FeL2(NH3)OH 4A′′ – 6A′ 13.92 −1.97 −4.29 11.96 9.63
2A′′ – 6A′ −2.76 −1.95 −5.70 −4.71 −8.46

FeL2SH
4A′′ – 6A′ 1.84 −1.74 −3.70 0.10 −1.86
2A′′ – 6A′ −6.41 −2.95 −5.09 −9.36 −11.50

FeP 3A2g – 5A1g 2.86 0.39 −3.01 3.25 −0.15
3Eg – 5A1g 4.35 0.73 −2.61 5.08 1.74
1Ag – 5A1g 32.73 4.45 −1.13 37.18 31.60

FePOH 4A′′ – 6A′ 13.71 −1.57 −4.04 12.14 9.67
2A′′ – 6A′ 19.35 −0.91 −5.26 18.45 14.09

FeP(NH3)OH 4A′′ – 6A′ 15.52 −1.08 −4.01 14.44 11.51
2A′′ – 6A′ 1.19 −0.48 −5.23 0.72 −4.04

FePSH 4A′′ – 6A′ 7.37 −1.10 −3.48 6.27 3.89
2A′′ – 6A′ 3.66 −1.87 −4.82 1.79 −1.16

[Fe(NH3)5O]2+ 3A′′ – 5A′ 1.73 0.73 −2.05 2.46 −0.32

For all complexes in Figure 1 a series of CASPT2 calculations was performed on the lowest
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Figure 3: Basis set effect on the spin state energetics: Average and range of deviations from
CBS[Q:5]/Q of the CASPT2 ∆E(nosp) results obtained with different basis set combinations

states of different spins. The principal configuration of each state can be found in Table S1.

Different bsM/bsL combinations were employed, the largest combination being awC5Z/aQZ.

The results of these calculations are provided in Tables S4–S8. Here, we only include the

CBS[Q:5]/Q results (Table 3). In Figure 3 we present the average and range of deviations

with respect to CBS[Q:5]/Q of the relative spin state energies ∆E(nosp) obtained with dif-

ferent bsM/bsL combinations (see also Table S9). The evolution of the spin state energetics

with basis set size follows the same trends as observed for FeL2, that is: (a) a decreasing

∆E(nosp) (and error) with an increasing bsM cardinal number; (b) an increasing ∆E(nosp)

(and error) with an increasing bsL cardinal number (at fixed bsM). CBS results were ob-

tained using three extrapolation schemes, [T:Q]/T, [Q:5]/T, and [Q:5]/Q. The CBS[T:Q]/T

results are on average very close to CBS[Q:5]/Q, with deviations ranging between −1.2 and

0.8 kcal mol−1. On the other hand, the [Q:5]/T extrapolation produces CBS results that sys-

tematically underestimate ∆E(nosp), with errors between −0.1 and −1.8 kcal mol−1. Also
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noteworthy is the excellent behavior of the awC5Z/aTZ basis set in predicting ∆E(nosp),

with an average deviation from CBS[Q:5]/Q of only 0.20 kcal mol−1 (the mean absolute

deviation is 0.24 kcal mol−1), and a maximum deviation of only 0.81 kcal mol−1.

The ∆E(nosp) results in Table 3 can directly be compared to our previous study,37 report-

ing (for all molecules except [Fe(NH3)5O]2+) ∆E(nosp) data obtained with CASPT2 using

exactly the same procedure (structure and active space) but with ANO-RCC rather than CC

basis sets. Even though a quite extended ANO contraction scheme was used ([7s6p5d3f2g1h]

for Fe, [4s3p2d1f] for C, N, O, [5s4p3d2f] for S, [3s1p] for H), systematically higher values of

∆E(nosp) were obtained than the CBS[Q:5]/Q results in Table 3, by 2.2–2.7 kcal mol−1 for

transitions involving a single spin flip, and 3.3–3.9 kcal mol−1 for double spin flip transitions.

This points to basis set limitations in the ANO-RCC contraction scheme as a partial source

for the systematic overstabilization of high spin states by CASPT2 observed in previous

studies on spin state energetics in heme and heme-related systems.11,32–34,37,61

The CASPT2 results for ∆sp and ∆E(+sp) in Table 3 were obtained with CBS[Q:5]/Q.

On the other hand, the CCSD(T) ∆sp values were obtained with awCTZ/MIN basis sets (see

also Table 2) and were added to CASPT2 ∆E(nosp) to obtain the ∆E(+sp) results denoted

as CASPT2/CC. The CASPT2/CC results are systematically lower by 2–6 kcal mol−1 than

the original full CASPT2 results, the difference reflecting the CASPT2 inadequacy of treating

(3s3p) correlation, with CASPT2 ∆sp values that are either negative but too small (in abso-

lute value) or even have the wrong sign. It is noteworthy that both approaches predict a dif-

ferent ground state spin multiplicity for four of the considered molecules, FeP, FeP(NH3)OH,

FePSH and [Fe(NH3)5O]2+: HS in all cases with CASPT2, but LS with CASPT2/CC for

FeP(NH3)OH and FePSH and IS for FeP and [Fe(NH3)5O]2+.

Experimentally, the ground state of four-coordinated ferrous porphyrins is intermediate

spin.62–64 Previous CASPT2 calculations (using ANO-RCC basis sets) failed to reproduce

this, predicting instead 5A1g as the ground state, with 3A2g several kcal mol−1 higher in

energy.11,32,37,61 So far, the best computational results with WFT methods for FeP were
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obtained with CCSD(T)-CBS by Radoń.18 The reported ground state is 3A2g, with
3Eg at

1.7 kcal mol−1, 5A1g at 2.3 kcal mol−1, and 1A1g at 32.2 kcal mol−1. Our CASPT2/CC

results are in good agreement with the CCSD(T) data within ∼2 kcal mol−1. CASPT2/CC

predicts three close-lying states: the ground state 3A2g and two low-lying excited states

3Eg (1.89 kcal mol−1) and 5A1g (0.15 kcal mol−1). It is noteworthy that a CASPT2 study

including spin orbit coupling also indicated that the high ground state magnetic moment of

ferrous porphyrins (4.4–4.7 µB) should be explained by mixing of both a low-lying 3Eg and

5A1g into the 3A2g ground state wave function.61

FePSH is a simplified model of the pentacoordinate ferric state of the active site of the

P450 enzyme, showing thermal equilibrium between the close lying (S=1/2) and (S=5/2)

states, in which the (S=3/2) state does not participate.65 This translates in an experimental

state ordering (S=1/2) ≤ (S=5/2) < (S=3/2) in FePSH. Reproducing this ordering, espe-

cially the small difference between the doublet and sextet states, is a challenge for both

CASPT2 and CCSD(T). Previous calculations employing CASPT233,37 (with ANO-RCC

basis sets) all placed the 6A′ state below 2A′′ by around 4 kcal mol−1. Similarly, Radoń 18

making use of an extrapolation procedure based on CCSD(T) and DFT calculations (with

a range of functionals) also predicted that the 6A′ state is lower than 2A′′ by ∼2 kcal mol−1.

Our CASPT2/CC results agree quite well with the CCSD(T) data of both FeL2SH and

FePSH within 3 kcal mol−1.18 However, such ∼3 kcal mol−1 difference is large enough to

alter the prediction of the ground state, 2A′′ is ∼1 kcal mol−1 lower than the 6A′ state at the

CASPT2/CC level. As to our knowledge, this is the first time the state ordering (S=1/2) ≤

(S=5/2) in FePSH is produced by a WFT calculation.

Also for the six-coordinated FeP(NH3)OH, CASPT2/CC predicts a 2A′′ ground state

with a low-lying 6A′ and higher-lying 4A′′, while regular CASPT2 reverses the order of 2A′′

and 6A′. This molecule might be considered as a model for an Fe(III)-OH ferric group in

a histidine coordinated heme in peroxidase, which were experimentally characterized as LS

possibly in thermal equilibrium with higher-lying IS and HS states.66,67
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Finally, [Fe(NH3)5O]2+ is a simple model for hexacoordinated nonheme iron(IV)-oxo

oxidants with four equatorial nitrogen donors. Such complexes are expected to have a triplet

ground state with a low-lying quintet, and this was also confirmed in a previous CCSD(T)

calculation, making use of def2-TZVPP basis sets for Fe=O, combined with def2-SVP on the

NH3 ligands.
39 With CCSD(T), the 5A′ state was found 1.3 kcal mol−1 higher in energy than

3A′′. With CASPT2/CC this is 0.3 kcal mol−1, in much closer agreement with CCSD(T)

than the original CASPT2 calculation, which erroneously places 5A′ 2.5 kcal mol−1 below

3A′′.

Overall, it should be clear that the proposed CASPT2/CC combined approach offers a

distinct improvement over pure CASPT2 for the prediction of spin state energetics in TM

complexes. Still, the data in Table 3 also seem to indicate that, at least for the consid-

ered iron complexes, the original CASPT2 bias towards HS states is not completely lifted

in CASPT2/CC. These data only include the electronic energy, not the zero-point vibra-

tional energy (ZPVE) contribution. The latter would undoubtedly favor the HS spin state,

because here (as opposed to the LS and IS states) the σ-antibonding Fe 3dx2
−y2 orbital

is occupied, giving rise to weaker Fe–N bonds in the xy plane. Based on previous calcu-

lations, the estimated benefit for the HS state coming from the ZPVE should be around

1.5–2.5 kcal mol−1.32 This would bring back the HS state as the lowest energy state in FeP,

FePSH, and [Fe(NH3)5O]2+. This fact, together with the earlier mentioned discrepancies

between the CASPT2 and CCSD(T) results in the four-coordinated FeL2 and FeP (Table 1

and ref. 18,37), leads us to conclude that the CASPT2/CC results in Table 3 still slightly

favor the HS states, with a remaining error of ∼ 2 kcal mol−1.

4 Conclusion

The accurate calculation of spin state energetics in transition metal complexes remains a

major computational challenge. We have demonstrated that the treatment of valence corre-
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lation requires very extensive correlation-consistent basis sets, prohibiting the use of conven-

tional CCSD(T) for this purpose. The computational cost can be drastically reduced using

CASPT2, while maintaining an accuracy that is close (to within 2 kcal mol−1) to CCSD(T).

On the other hand, the present study confirms our previous finding that CASPT2 does

not provide an accurate description of the metal (3s3p) correlation contribution to the rel-

ative spin state energies.37 In this work we have proposed an efficient alternative strategy

to estimate (3s3p) correlation based on using the CCSD(T) coupled-cluster approach with a

bespoke basis set, including an extensive metal awCTZ basis set and a minimal basis set on

all ligand atoms. Test calculations on FeL2 indicated that the results for ∆sp with this basis

set combination are accurate to within 0.5 kcal mol−1. Thus it becomes feasible to obtain

an accurate estimate of (3s3p) correlation for large molecules (50–80 atoms) with moder-

ate multireference character. For even larger molecules we propose to replace CCSD(T)

by CCSD which, although less accurate than CCSD(T), is still significantly more accurate

than CASPT2 in treating (3s3p) correlation. The combination of CASPT2 (CBS[Q:5]/Q)

for valence correlation with CCSD(T) (awCTZ/MIN) for (3s3p) correlation, denoted as

CASPT2/CC, was successfully applied to a series of iron complexes modelling important in-

termediates in oxidative catalytic processes in chemistry and biochemistry, and it was shown

that this method can to a great extent get rid of the systematic bias towards high-spin states

observed in many previous CASPT2 studies on the spin state energetics of these and other

transition metal complexes. It is also important to realize that the use of more limited basis

sets is also partly responsible for this bias, eg both the ANO-RCC basis sets (used in our

previous work) and the TZP allover combination awCTZ/aTZ (popular in the literature)

come short in the description of the valence correlation description, giving (positive) errors

of 2–4 kcal/mol in ∆E(nosp). Finally, we note that CASPT2/CC is not a general approach

to study all TM systems. For instance, CCSD(T) is still the method of choice to study small

TM complexes with small to medium multireference character. In molecules with strongly

multireference character, ROHF-CCSD(T) might fail, thus CASPT2/CC is less reliable.
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