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CASPT2 molecular geometries of Fe(II) spin-crossover

complexes†

Brian A. Finney, Sabyasachi Roy Chowdhury, Clara Kirkvold, and Bess Vlaisavljevich∗

Using fully internally contracted (FIC)-CASPT2 analytical gradients, geometry optimizations of

spin-crossover complexes are reported. This approach is tested on a series of Fe(II) complexes

with different sizes, ranging from 13 to 61 atoms. A combination of active space and basis set

choices are employed to investigate their role in determining reliable molecular geometries. The

reported strategy demonstrates that a wave function-based level of theory can be used to optimize

the geometries of metal complexes in reasonable times and enables one to treat the molecular

geometry and electronic structure of the complexes using the same level of theory. For a series of

smaller Fe(II) SCO complexes, strong field ligands in the LS state result in geometries with the largest

differences between DFT and CASPT2; however, good agreement overall is observed between DFT

and CASPT2. For the larger complexes, moderate sized basis sets yield geometries that compare well

with DFT and available experimental data. We recommend using the (10e,12o) active space since

convergence to a minimum structure was more efficient than with truncated active spaces despite

having similar Fe–ligand bond distances.

1 Introduction

Spin-crossover (SCO) is a phenomenon that occurs in a series of
transition metal complexes where a transition between spin states
takes place by means of external stimuli such as temperature,
pressure, or light irradiation.1,2 This can occur spontaneously in
d4

−d7 transition metal complexes provided that the energy split-
ting between the high spin (HS) and low spin (LS) state is suf-
ficiently small.3 This property was first described by Cambi and
Szegö in the early 1930s when they observed “magnetically iso-
meric forms” while studying the temperature dependence of the
magnetic moments of an Fe(III) complex.4,5 Later, Koenig and
Madeja described the process as an equilibrium between the LS
and HS states.6 Although there are a substantial number of com-
plexes showing SCO behavior, Fe(II) and Fe(III) complexes are
most common. Owing to this inherent bistability, molecules ex-
hibiting SCO have potential applications as building units in sin-
gle molecule switches, optical displays, or data storage devices.7,8

Although ligand-field theory provides a qualitative description
of the electronic structure of SCO complexes,9 a comprehensive
strategy with high-level electronic structure methods is neces-
sary to obtain reasonably accurate chemical predictions of SCO
behavior, specifically when evaluating spin-state energetics. Nu-
merous density functional theory (DFT)10 and wave function the-
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ory (WFT)11–13-based studies have predicted the electronic struc-
ture of such molecules accurately. DFT, with its wide range of
exchange-correlation functionals, provides a useful way to eval-
uate molecular geometries, vibrational frequencies, entropy dif-
ferences between HS and LS states, and other spectroscopic pa-
rameters of spin-crossover systems while offering computational
efficiency.14 However, it has been observed that many density
functionals provide a good description of molecular geometries
despite the fact that significant deviations in spin-state splitting
energies are reported based on functional choice.10,15,16 This is
due to the biased nature of density functionals.17 For example,
pure density functionals using the standard generalized gradi-
ent approximation (GGA) stabilize the LS state as the ground
spin state leading to large spin-state splitting energies, whereas
hybrid functionals are reported to favor HS states.10,14,17 The
reparametrized version of B3LYP (so-called B3LYP*), which has
15% Hartree–Fock (HF) exchange compared to 20% in the orig-
inal functional, has shown improved performance for transition
metal complexes.18,19 Although other functionals (with 10-15%
HF exchange) tend to yield acceptable estimates of spin-state en-
ergies, none uniformly perform well for all molecular systems re-
ported to date.3,20

Although WFN-based methods are significantly more compu-
tationally intensive than DFT, they can provide an accurate and
systematically improvable description of spin state energetics.
Among these methods, coupled cluster (CC) theory including
single, double, and perturbative triple excitations (CCSD(T))
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is considered to be the “gold standard” in terms of including
electron correlation in metal complexes;21 however, its appli-
cation is limited to molecular systems of moderate size and
single-reference electronic structures. Note that domain-based lo-
cal pair-natural orbital coupled cluster (DNLPO-CCSD(T)) com-
bines near-CCSD(T) accuracy with DFT speed, allowing one to
study much larger systems than was previously possible.22–25 In
complexes with multiconfigurational character, the complete ac-
tive space self-consistent field (CASSCF)26,27 method with cor-
rections to the energy from second-order perturbation theory
(CASPT2)28–30 is frequently employed. CASPT2 requires a care-
ful choice of orbitals in the so-called active space together with
the appropriate basis set. This approach has been applied suc-
cessfully to transition metal complexes and comparisons with
DFT are available in literature.12,13,31 Nevertheless, CASPT2 is
known to bias the high-spin state,21,32 due to the poor treatment
of electron correlation arising from the semi-core 3s and 3p or-
bitals. To counter this effect, a combined CASPT2/CC approach
is taken in which the valence electron correlation is treated with
the multiconfigurational CASPT2 method with a large basis set
and CCSD(T) with a limited basis is employed to treat the semi-
core 3s3p correlation.21

Despite offering significant improvements in accurately deter-
mining the electronic structure, WFT-based methods are not rou-
tinely used in the geometry optimization of metal complexes,
even now that analytical gradients are available.33 This is due to
the cost associated with molecular size as well as the fact that DFT
generally yields reasonable geometries. Therefore, traditional ap-
proaches to investigate the electronic structures of the transition
metal complexes and explore the spin-crossover mechanism em-
ploy a combined DFT and WFT approach. Geometry optimiza-
tions are carried out with DFT followed by subsequent treatment
with CASPT2.

Nevertheless, in some Fe SCO complexes improved molecular
geometries have been obtained by a “point-by-point" CASPT2 cal-
culations varying the metal-ligand bond distances.12,13,34 Each
point consists of a structure where the metal-ligand distances are
fixed and the remainder of the molecule is relaxed to the DFT
equilibrium geometry. A benefit of this approach is that the ef-
fect of changing a particular geometric parameter on the elec-
tronic structure of the ground and excited states can be readily
compared. However, this approach is only easily applicable if the
molecule is symmetric where the metal-ligand bond distances can
be stretched isotropically. This approach also cannot be used to
compute vibrational frequencies at the higher level of theory since
the resulting geometry is not a minimum on that surface.

Geometry optimizations of multiconfigurational species have
been performed with CASSCF, but the absence of dynamic cor-
relation results in an overestimation of the metal-ligand bond
distances.35 Until recently, CASPT2 geometry optimizations were
limited to small molecules,36 but bond distances improve with
respect to CASSCF. In 2015, MacLeod et al. first implemented
analytical nuclear gradients for fully internally contracted (FIC)
state-specific (SS-)CASPT2 in the BAGEL program package.33,37

This was later extended to include multi-state (MS-) and ex-
tended multi-state (XMS-)CASPT2.37,38 The FIC gradients allow

for the evaluation of nuclear gradients in larger molecules com-
pared to the previously reported uncontracted39–42 and partially
internally contracted multireference methods (PIC)43–45 which
were applicable only to small systems since they treat a limited
number of basis functions. To date, the molecular geometry of a
handful of transition metal complexes have been computed with
FIC-CASPT2 including the copper corrole,38 an iron porphyrin,46

and three Cr2 complexes.47

In this article, we make use of FIC-CASPT2 analytical gradi-
ents to optimize a series of smaller octahedral Fe(II) SCO com-
plexes with ligands ranging from weak to strong field (Figure 1).
Then, we apply this approach to study four larger Fe(II) SCO
complexes ranging in size from 49 to 61 atoms (Figure 2). The
specific smaller Fe(II) SCO systems were chosen since they have
been used by us and others to compare the performance of
computational methods for spin-state energetics in SCO com-
plexes.12,13,48–51 On the other hand, the three larger complexes
were chosen not only to be comparable with literature data,
but also to represent different sized molecules. The medium-
sized [Fe(tacn)2]

2+ complex has 49 atoms and has been well-
characterized by DFT and diffraction experiments.52–54 While the
[Fe(pic)3]

2+ complex has the same number of atoms, but the sym-
metry around the Fe center is slightly reduced since there are two
different types of N donors. Experimental structural data is avail-
able at different temperatures for both the LS and HS states.55,56

Finally, the [Fe(bpy)2]
2+ complex was chosen since it has been

well-characterized experimentally,57,58 previously studied with
DFT and CASPT2,11,12,59 and has 61 atoms demonstrating that
FIC-CASPT2 optimizations can be performed for such systems.
The Fe-N bond distances in [Fe(bpy)2]

2+ were optimized point
wise with CASPT2 as well.11,12 We report the effects of basis set
and active space on the resulting geometries. Computational time
required for select systems is also included.

Fig. 1 Smaller octahedral Fe(II) SCO structures [FeL6]2+ where L =
NH3, NCH, CO, PH3, and CNH.
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Fig. 2 Larger Fe(II) SCO structures studied in this work (tacn = 1,4,7-
triazacyclononane, pic = picolylamine, and bpy = bipyridine).

2 Computational Details

Geometry optimizations are performed with (XMS)-CASPT2 as
implemented in the BAGEL program package.37,60 The XMS-
CASPT2 approach is always used for the HS state and SS-CASPT2
is used for the LS state; however, we refer to the results as CASPT2
for simplicity. The HS quintet state is state averaged over three
states while the lowest CI root is computed for the LS singlet state.
The cc-pVTZ basis set61 was used on all atoms for the so-called
[FeL6]2+ species. The larger molecules in Section 3.3 were com-
puted with the cc-pVTZ basis61 on Fe and the cc-pVDZ basis62

on the remaining atoms. Density fitting is used in all calculations
with the def2-TZVPP-JKFIT auxiliary basis63. A vertical shift of
0.2 to 0.4 a.u. was used,38 and the zero-order Hamiltonian does
not employ the so-called IPEA shift. All CASSCF and CASPT2
energies were converged to 1.0× 10−8 a.u. In the geometry op-
timization, the structure was considered converged when max-
imum component of the gradient was 3.0× 10−4 a.u./Bohr, the
maximum displacement was 1.12×10−3 Bohr, and the maximum
change in energy was 1.0×10−6 a.u. Vibrational frequencies were
computed for the LS and HS states of one system, [Fe(tacn)2]

2+

with the cc-pVDZ basis set on all atoms and the (6e,5o) active
space, confirming both as minima; however, vibrational analysis
was not performed for the remaining systems.

The minimal active space would include the the Fe 3d orbitals
and the corresponding six electrons, denoted (6e,5o). While we
test the performance of this active space for geometry optimiza-
tions, it is well established that first row transition metals with
a more than half filled d-shell require the inclusion of the so-
called correlating 4d orbitals in the active space to improve the
CASPT2 energy (6e,10o).64 Finally, adding two doubly-occupied
eg ligand orbitals has been shown to yield a balanced descrip-
tion of important non-dynamical electron correlation effects in
octahedral complexes, resulting in a (10e,12o) active space (Fig-
ure 3).12,29,65 Geometry optimizations are performed with all
three active spaces for the [FeL6]2+ complexes (Tables S1-S2) and
[Fe(tacn)2]2+, while the other complexes are optimized with only
the (10e,12o) active space.

For comparison, geometry optimizations were performed with
DFT for all complexes using the PBE,66 TPSSh,67,68 M06,69 and
M06-L70 functionals along with the def2-TZVP basis set71 on all
atoms as implemented in the Turbomole software package.72 The

Fig. 3 CASSCF active natural orbitals for the [Fe(pic)3]2+ complex. An
isovalue of 0.04 a.u. is used.

resolution of the identity approximation was used.73

The relative energies between the HS and LS states, ∆EHL, is
evaluated on the [FeL6]2+ geometries using the CASPT2/CC ap-
proach (vida supra). Two sets of single point calculations with
CCSD(T) were performed using the Orca program74,75: one in
which the 3s and 3p electrons are correlated and one where
they are not. The aug-cc-pwCVTZ basis set was used on Fe
and cc-pVDZ was used on all other atoms.61 From these calcu-
lations, the energy correction, ∆E3s3p, is computed and added as
to CASPT2 ∆EHL to yield an improved prediction of CASPT2/CC
∆EHL. CASPT2 single point calculations with a larger basis (de-
noted in the text for the specific complexes) are used to calculate
CASPT2 ∆EHL for the complexes in Figure 2.

3 Results and Discussion

The results are divided into four sections focused on the geome-
tries of smaller Fe(II) complexes, spin-state splitting energies of
smaller Fe(II) complexes, geometries of larger Fe(II) complexes,
and a brief discussion of computational cost.

3.1 Geometries of Smaller Fe(II) Complexes

To investigate the performance of full CASPT2 geometry op-
timizations using analytical gradients, we performed geometry
optimization of a series of smaller octahedral Fe(II) complexes
with the general formula [FeL6]2+ where L includes ligands with
varying ligand field strength (NH3, NCH, CO, PH3, and CNH)
(Figure 1). Although some experimental data is available (Ta-
ble 1),76,77 the measurements were taken at finite temperatures
and typically only one spin state was characterized. Therefore,
we choose to directly compare CASPT2 and DFT optimized ge-
ometries since the comparison with experiment is less direct. We
again emphasize that DFT geometries are in good agreement with
available experimental data for these complexes.76,77 Tests with
smaller active spaces and basis sets are included in Table S2.

The CASPT2 computed Fe–L bond lengths are consistent with
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Table 1 Average CASPT2/cc-pVTZ Fe–L bond distances (in Å) for
[FeL6]2+ where L = NH3, NCH, PH3, CO and CNH. DFT/def2-TZVP
distances are included for comparison. Diffraction data is included when
available, where the temperature of the measurement is included in paren-
theses. Averages of the four DFT functionals are included as well.

L Method Fe–L bond length (Å)
HSapical HSequatorial LS

NH3 CASPT2 2.263 2.258 2.058
DFT Avg. 2.271 2.275 2.082
TPSSh 2.294 2.276 2.080
PBE 2.300 2.282 2.074
M06-L 2.241 2.268 2.084
M06 2.252 2.277 2.089

NCH CASPT2 2.154 2.164 1.907
DFT Avg. 2.175 2.166 1.935
TPSSh 2.170 2.160 1.928
PBE 2.176 2.150 1.908
M06-L 2.192 2.190 1.960
M06 2.162 2.167 1.943
Crystal 2.159 77 –

PH3 CASPT2 2.596 2.618 2.209
DFT Avg. 2.602 2.635 2.259
TPSSh 2.663 2.628 2.263
PBE 2.582 2.629 2.248
M06-L 2.574 2.603 2.250
M06 2.622 2.643 2.274

CO CASPT2 2.324 2.285 1.864
DFT Avg. 2.338 2.268 1.922
TPSSh 2.331 2.264 1.919
PBE 2.319 2.220 1.894
M06-L 2.358 2.301 1.940
M06 2.345 2.288 1.933
Crystal 1.910 76

(300K)

CNH CASPT2 2.255 2.203 1.846
DFT Avg. 2.251 2.209 1.900
TPSSh 2.268 2.213 1.901
PBE 2.260 2.179 1.882
M06-L 2.175 2.201 1.886
M06 2.302 2.244 1.918

those obtained from DFT optimizations (Table 1). We also report
the average value of the four DFT functionals since one of the
arguments one could make for using CASPT2 is that it does not
depend on functional choice. We note that one can argue that
CASPT2 introduces a dependence on the choice of active space;
however, we argue that a geometry optimized with too small an
active space is unlikely to yield physically meaningful bond dis-
tances and angles. A larger active space can then be employed in a
systematically improvable fashion both for subsequent geometry
optimization or to perform single-point calculations. Comparing
the DFT average bond distances with CASPT2 for the HS state,
the differences range from −0.017 to +0.021 Å (a positive value
occurs when the CASPT2 bond distance is longer than the DFT
average value). and no clear trend as a function of ligand field
strength emerges with regard to geometry differences between
the methods. On the other hand, the deviations between CASPT2
and DFT are larger for the LS bond distances, in particular for the
strong field ligands PH3, CO, and CNH where the difference be-
tween the CASPT2 and average DFT distance is −0.050, −0.057,

and −0.051 Å, respectively. This can be compared with the weak
field ligands NH3 and NCH where the differences were 0.024 and
−0.028 Å, respectively. Note that the complexes with strong field
ligands tend to be more multiconfigurational (Tables S7 and S8).

Additionally, we compared the M-L bond lengths of the fully
optimized [Fe(NH3)6]2+ geometries with previously reported M-
L bond lengths obtained by point-by-point CASPT2 calculations.
The point-by-point computed Fe–N bond lengths were found to
range from 2.243 to 2.256 Å for the HS state and 2.049 to
2.070 Å for the LS geometry, depending on the size of the ba-
sis set and the active space.12 The CASPT2/cc-pVTZ optimized
molecular geometries are in line with these results. The FIC-
CASPT2 optimized geometries are slightly longer with average
Fe-N distances for the HS apical bond distance at 2.263 Å, the HS
equatorial bond distance at 2.258 Å, and the LS bond distance
at 2.058 Å). These are small differences given that the basis set
and zero-order Hamiltonian are not the same in the two sets of
calculations.

Without a clear experimental reference, it is not possible to
definitively assess if CASPT2 or DFT perform “better". Both have
their strengths since DFT is less computationally intensive and
converges more rapidly with respect to basis set choice, while
CASPT2 can be used to systematically improve the treatment of
electron correlation. These results support that CASPT2 geome-
tries using reasonable sized basis sets and a modest sized active
space choices result in reliable bond distances in Fe(II) SCO com-
plexes. We also note greater differences in general, as determined
by changes in the weight of the CI coefficients in CASSCF and the
T1 amplitudes from coupled cluster (Tables S7 and S8), for the
LS states compared to the HS states where more multiconfigura-
tional character tends to be observed.

3.2 Spin State Splitting Energies of the Smaller Fe(II) Com-

plexes

In order to understand the impact of the geometry changes dis-
cussed previously, CASPT2/CC ∆EHL is computed on the molecu-
lar geometries optimized with CASPT2 and DFT (Table 2). Note
that other methods can be used to compute ∆EHL. Recently,
Flöser et al. used detailed pair natural orbital-based (DLPNO)
coupled cluster calculations for [Fe(NH3)6]2+ and [Fe(NCH)6]2+

obtaining values of –11.3 and –8.8 kcal/mol, respectively, using
a QZ/5Z quality basis set.48 Additionally, we have previously re-
ported CASPT2/CC values for the same complexes on the TPSSh
geometry extrapolated to the basis set limit resulting in values of
–14.8 and –3.7 kcal/mol.50 As such, we emphasize once more the
challenges associated with predicting SCO phenomenon quantita-
tively and that the values in Table 2 are presented to demonstrate
sensitivity to choice of geometry, not the absolute best computa-
tion of ∆EHL. First, strong field ligands stabilize complexes in the
LS ground state, leading to more positive values of ∆EHL in CO,
PH3, and CNH compared to the weak field NH3 and NCH ligands.
The standard deviation of ∆EHL among the four DFT function-
als is always less than 2 kcal/mol but appears to be larger for
the strong field ligands. On the other hand, ∆EHL computed us-
ing the CASPT2 geometries differs from the average value on the
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DFT geometries from −5.5 to +0.3 kcal/mol. The CASPT2 and
average DFT ∆EHL are within 1.5 kcal/mol with the exception of
[Fe(NH3)6]2+ at -5.5 kcal/mol.

Table 2 CASPT2/CC computed ∆EHL values in kcal/mol for [FeL6]2+

complexes using the CASPT2 and DFT optimized geometries. The dif-
ference from the CASPT2 value is reported in parentheses.

Method NH3 NCH CO PH3 CNH

CASPT2 –36.2 –17.2 38.9 46.2 55.8

TPSSh –41.5 –16.7 37.6 44.7 54.7
(–5.4) (+0.5) (–1.2) (–1.5) (–1.1)

PBE –41.0 –16.9 39.4 45.2 56.3
(–4.9) (+0.2) (+0.6) (–1.0) (+0.5)

M06-L –41.7 –16.8 36.5 45.8 56.9
(–5.6) (+0.3) (–2.4) (–0.4) (+1.1)

M06 –42.5 –16.8 36.4 44.2 53.4
(–6.3) (+0.3) (–2.5) (–1.9) (–2.3)

DFT avg. –41.7 –16.8 37.5 45.0 55.3
DFT st. dev. 0.6 0.1 1.4 0.7 1.6

3.3 Geometries of Larger Fe(II) Complexes

In this section, the effect of active space and basis set choice for
[Fe(tacn)2]

2+ is discussed, followed by sections on the geometries
of [Fe(bpy)3]

2+ and asymmetric [Fe(pic)3]
2+.

3.3.1 Effect of Active Space and Basis Set Choice for the

[Fe(tacn)2]
2+ Complex

The CASPT2 Fe–L bond distances in the studied [FeL6]2+ com-
plexes are in good agreement with available experimental data
and the average values from the DFT geometries. However, the
[FeL6]2+ geometries were optimized with the largest basis set (cc-
pVTZ) and active space (10e,12o) directly. For moderately sized
molecular complexes (40-50 atoms), this becomes computation-
ally intensive, while for the largest complexes the calculation is
intractable. As such, we aim to use the smallest basis set and ac-
tive space required to obtain reliable geometries, thereby using
the fewest resources. We tested the effect of basis set and ac-
tive space on the larger and less symmetric [Fe(tacn)2]

2+ complex
where tacn = 1,4,7-triazacyclononane (Figure 2). The complex
was characterized by diffraction in 1985,54 and its ability to un-
dergo thermal spin-crossover at 330K was reported in 2013.78

CASPT2 geometry optimizations of [Fe(tacn)2]
2+ were carried

out with the active spaces (6e,5o), (6e,10o) and (10e,12o) along
with four basis sets sizes: cc-pVDZ on all atoms, cc-pVTZ on Fe
and cc-pVDZ on the other atoms, cc-pVTZ on Fe and its first co-
ordination sphere and cc-pVDZ on the other atoms, and cc-pVTZ
on all atoms (Table 3 and Table S3). Geometry optimizations that
use the cc-pVDZ basis set on all atoms have longer Fe–N bond dis-
tances than those with triple-ζ on Fe. For example, Fe–N bond dis-
tances optimized using the (6e,5o) active space with the double-ζ
basis were 2.044 Å in the LS state, but are 2.036 Å when Fe is
treated with cc-pVTZ. Using cc-pVTZ on all atoms only changes
these distances by 0.002 Å with respect to the distance with cc-
pVTZ only on Fe. On the other hand, the Fe − Nequatorial bond
distance is nearly the same for all basis sets tested while the Fe–

Napical distance shows slightly more sensitivity to basis set choice.
The choice of active space resulted in reasonably small changes
in Fe–N bond distances in both the HS and LS state. The largest
change from the (6e,5o) to the (10e,12o) is only 0.004 Å. Since
the (10e,12o) active space has been reported to produce good
agreement with the spin state energies and spin-crossover prop-
erties34,79 of transition metal complexes, we decided to carry out
rest of the geometry optimizations with this active space. We also
tend to observe convergence in fewer geometry steps when this
active space is used making the computational cost less in total
despite being higher per gradient calculation. The cc-pVTZ basis
set will be used on Fe only for the remaining calculations as well.

Considering this level of theory, the average CASPT2 optimized
LS Fe–N bond lengths (2.036 Å) (Table 3) are in very good agree-
ment with those of the crystal structure54, where the Fe–N bond
lengths vary between 2.023-2.042 Å (2.033 Å on average). We
can also compare to the Fe–N distances with the reported ge-
ometries by different DFT methods.52,53 Kepp obtained a dis-
tance of 2.031 Å at the BP86/def2-SVP/COSMO level of theory
in the LS state, and for the HS state the average Fe − Napical

and Fe − Nequatorial distances were 2.242 and 2.238 Å, respec-
tively.52 These are 0.030 and 0.012 Å longer than the correspond-
ing CASPT2 (10e,12o) values.

On the other hand, the DFT geometries computed by Lord et al.

show the average LS Fe–N distance of 2.084 Å,53 when they used
reparametrized B3LYP* functional with the 6-31G** basis set for
lighter elements and the LACVP basis for the Fe (0.049 Å longer
than CASPT2). For the HS state, the average Fe − Napical and
Fe−Nequatorial bond distances were reported to be 2.273 Å and
2.266 Å, respectively (0.061 and 0.040 Å from CASPT2).53 The
difference between the two DFT calculations52,53 were similar
magnitudes of 0.031 and 0.028 Å for the HS apical and equato-
rial distances, with a difference of 0.053 Å in the LS state. DFT
optimizations were performed with the same functionals as in Ta-
ble 1 and are given in Table S4. Overall, the CASPT2 geometries
of [Fe(tacn)2]

2+ are in good agreement with both experimental
and DFT data, falling within the differences typically observed
due to functional dependence.

Table 3 Selected average Fe–N bond distances (in Å) as a function of
basis set size and active space. The atoms with the cc-pVTZ basis set
are noted; all remaining atoms are treated with cc-pVDZ. Apical and
equatorial bond distances are given for the HS state.

Active Space Atoms with cc-pVTZ Fe–N Bond Length
HSapical HSequatorial LS

(6e,5o) all 2.209 2.223 2.034
Fe, N 2.207 2.222 2.035
Fe 2.215 2.223 2.036
none 2.216 2.223 2.044

(6e,10o) Fe 2.213 2.226 2.037
(10e,12o) Fe 2.212 2.226 2.035

3.3.2 Geometries of [Fe(bpy)3]
2+

The [Fe(bpy)3]
2+ complex, where bpy = 2,2′-bypyridine, is known

to be stable in the LS spin state (Figure 2). Due to the large spin
splitting energy (∆EHL ≈ 6000 cm−1),11 the molecule does not
undergo thermal spin-crossover; however, irradiation with light
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Table 4 Selected average CASPT2 Fe–L bond distances (in Å) of the
complexes [Fe(bpy)3]

2+, and [Fe(pic)3]
2+.

Molecule Fe–N Bond Lengths
Bond HS LS

[Fe(bpy)3]
2+ Fe−Napical 2.182 1.941

Fe−Nequatorial 2.168

[Fe(pic)3]
2+ Fe−Npyridine 2.187 1.964

Fe−Namine 2.234 2.029

results in excited state mediated population transfer from the LS
to HS state.80,81 Nevertheless, we are focusing on the geometries
associated with the HS and LS states. For the LS geometry, we
compare our results with experimental57,58 and computational
data.11,12,59 Since experimental geometries are only available in
the LS state,57,58 the CASPT2 HS Fe–N bond lengths are com-
pared to other computational results. The CASPT2 computed LS
geometry has an average Fe–N bond length of 1.941 Å,12 in nice
agreement with reported experimental distances of 1.967 Å (a
difference of 0.026 Å).57,58 Depending on the choice of func-
tional and basis set, literature values for the DFT computed Fe–N
bond distances in the LS state vary from 1.956 to 2.027 Å.59 Sim-
ilarly, the DFT LS bond distances computed using the TPSSh, PBE,
M06, and M06-L functionals and def2-TZVP basis sets varied from
1.968 to 2.009 Å (Table S5). In the HS geometry, the CASPT2 Fe–
N bond lengths are on average 2.168 Å in the equatorial plane
and 2.182 Å for the apical bonds, consistent with those reported
by DFT that fall in the range of 2.148 to 2.234 Å.59 Again, the
DFT distances computed is this work compare well to the litera-
ture ranging from 2.148 to 2.205 Å (Table S5). The bond param-
eters computed by the full CASPT2 geometry optimization also
agree very well with those obtained by point-wise CASPT2 calcu-
lations with values ranging from 1.918 to 1.941 Å for the LS and
2.146 to 2.149 Å for the HS states.12

3.3.3 Geometries of the Asymmetric [Fe(pic)3]2+ Complex

The geometries of the octahedral Fe(II) complexes discussed pre-
viously have relatively symmetric ligands and the CASPT2 geome-
tries are in good agreement with literature data. However, one
motivation for performing a full CASPT2 geometry optimization
is when mixed ligand systems are employed, reducing the sym-
metry of the molecule. A point-wise optimization of each Fe–L
bond distance becomes more challenging since one can no longer
isotropically distort the octahedral field. Furthermore, the com-
plex could involve a mixture of ligand field strengths. In this
section we will examine the performance of CASPT2 geometry
optimizations for an octahedral Fe(II) complex with asymmetric
ligands, [Fe(pic)3]

2+, where pic = 2-picolylamine (Figure 2).
In [Fe(pic)3]

2+, the Fe center is in an octahedral field; however,
two types of nitrogen atoms are present: the nitrogen in hete-
rocyclic pyridine ring and the one in the aliphatic amine group.
Kusz et al. reported the HS and LS geometries of the complex at
different temperatures starting from 10K to 200K. At 10K, the av-
erage LS Fe−Npyridine bond distance was reported to be 1.995 Å,
while the average Fe−Namine bond distance was 2.022 Å.55 The

Fe–N distances in the 100K LS geometry were similar to those
reported at 10K with values of 2.006 Å for Fe − Npyridine and
2.029 Å for Fe−Namine (0.011 and 0.007 Å longer with respect to
the 10 K structure).55 They further demonstrated that the com-
plex undergoes light-induced spin-crossover at 10K temperature
and were able to characterize the structure of the complex in the
HS state at 10 K.55 The HS geometry has average bond distances
of 2.208 Å for Fe−Npyridine and 2.182 Å for Fe−Namine. Similar
to the LS state, the average Fe–N distances in the structure of the
HS state characterized at 200 K were similar to those at 10 K with
values of 2.201 Å for Fe−Npyridine and 2.180 Å for Fe−Namine

(0.007 and 0.002 Å shorter with respect to the 10K structure).
Furthermore, Hostettler et al. showed that the structure is not
particularly sensitive to choice of solvent.56 Given these exper-
imental results, we feel more comfortable comparing calculated
gas phase Fe–N distances and experiment directly than we did for
the previous complexes; however, the effect of crystal packing can
be important and for this reason we continue to compare of DFT
and CASPT2 directly as well.

For the LS geometry, the CASPT2 computed Fe−Npyridine bond
distance was 1.964 Å, which is 0.031 Å shorter than the ex-
perimental value at 10K and 0.042 Å shorter than the value at
100K. The LS CASPT2 Fe−Namine distance was 2.029 Å in ex-
cellent agreement with those reported experimentally, which is
0.007 Å longer than the 10K structure and equal to the dis-
tance measured at 100 K. The average CASPT2 HS Fe−Npyridine

bond distance is 2.187 Å which is 0.021 Å from the 10K geom-
etry and 0.014 Å from the 200K geometry. The computed HS
Fe−Namine bond distance is 2.234 Å on average, which is 0.052
and 0.054 Å longer than those characterized at 10K and 200K, re-
spectively. Although gas phase optimizations do not account for
crystal packing or thermal effects, the CASPT2 optimization could
reproduce the small differences in the Fe–Npyridine and Fe–Namine

distances. Furthermore, the differences beteen CASPT2 and ex-
periment were similar in magnitude to the deviations we obtained
between DFT and CASPT2 in previous sections.

If we compare with DFT directly, a similar pattern emerges
(Table S6). Taking the DFT geometries (PBE, M06-L, M06, and
TPSSH), the Fe–Npyridine distances deviate from CASPT2 distances
by 0.006 to 0.049 Å for the LS state and by -0.006 to 0.015 Å for
the HS state. However, the Fe–Namine distances vary by 0.022 to
0.043 Å for the LS state and 0.028 to 0.045 Å for the HS state.
Once more, nice agreement between CASPT2 and DFT is observed
with slightly better agreement between the methods for the Fe–
Npyridine distances compared to the Fe–Namine distances.

3.4 Computational Time

Finally, we report timings for a subset of the calculations per-
formed (Table 5). All timings were computed on Intel SkyLake
5000 series dual 12-core nodes. The data in Table 5 are intended
to be representative of the wall time and resources required for
the computations in this work. The force calculations were per-
formed on the FIC-CASPT2 optimized geometry, starting from
the converged CASSCF calculation using the (10e, 12o) active
space. However, we emphasize that the total time to optimize
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the molecules depends on the quality of the guess geometry and
the geometry optimization algorithm itself.

CASPT2 nuclear gradient theory has been recently reviewed,36

but it is worth noting that the Lagrangian approach is used in
which the so-called λ -equation is solved to determine the values
of the Lagrange multipliers. It is this equation and the computa-
tion of the CASPT2 energy that require the most computational
time. Therefore, the time is also reported for both of these, de-
spite being included in the total gradient wall time.

The timings presented here are intended to show that the cur-
rent version of the code can be used for applications with tran-
sition metals. The parallelization of the code and the implemen-
tation of advanced quasi-newton optimization methods such as
the eigenvector following (EF) and the rational functional opti-
mization (RFO) algorithms have made this work feasible.82,83 In
these computations, the EF algorithm was employed and the only
convergence issues encountered were a resolved by increasing the
size of the active space or by including a triple-ζ basis set on iron.
As is the case with DFT geometry optimizations, larger molecules
will require more geometry steps to converge.

Table 5 Computational time in seconds for the CASPT2 energy, λ -
equation, and gradient evaluation using the (10e, 12o) active space. The
cc-pVTZ basis set was used on Fe and the cc-pVDZ basis set was em-
ployed for the remaining atoms.

CPUs Time (sec)
Complex Used Spin CASPT2 E λ Eqn. Gradient
[Fe(PH3)6]

2+ 96 HS 556 476 1872
(25 Atoms) 192 HS 376 318 1364
(266 Basis) 288 HS 308 261 1191

96 LS 186 214 826
192 LS 127 146 584
288 LS 105 118 509

[Fe(pic)3]
2+ 192 HS 3036 1838 7505

(49 Atoms) 288 HS 2413 1432 6066
(524 Basis) 384 HS 2039 1214 5095

192 LS 938 1192 3257
288 LS 732 936 2636
384 LS 632 815 2265

[Fe(bpy)3]
2+ 288 HS 3575 2569 12060

(61 Atoms) 384 HS 2866 1950 9309
(692 Basis) 576 HS 2303 1462 7388

288 LS 1334 1796 5649
384 LS 1097 1395 4511
576 LS 898 1124 3786

4 Conclusions

We have investigated the performance of FIC-CASPT2 analytical
gradients to perform geometry optimization of a series of Fe(II)
SCO complexes. An active space of (10e,12o), together with the
cc-pVTZ basis set, was employed to optimize small [FeL6]2+ com-
plexes, where the ligands L were chosen with varying ligand field
strength. Comparisons between the CASPT2 geometries and crys-
tal structures are less direct; therefore, we compared the CASPT2
geometries with those obtained by various DFT functionals and

observe good agreement. Next, we optimize the geometries of
comparatively larger complexes by means of CASPT2. Since the
computational cost increases with system size, we employed dif-
ferent combinations of active spaces and basis sets to demonstrate
the sensitivity of the geometry to these choices. Although the ge-
ometries are not particularly sensitive to active space choice, the
convergence to a minima was improved by using the (10e,12o)
active space. The iron center should be treated with cc-pVTZ ba-
sis set, but the cc-pVDZ basis set can be used on the remainder
of the atoms without seriously impacting the quality of the ge-
ometry. CASPT2 computed geometries for the larger complexes
([Fe(tacn)2]

2+, [Fe(bpy)3]
2+, and [Fe(pic)3]

2+) are in good agree-
ment with DFT and those reported experimentally. This study
focused on Fe(II) complexes that are expected to have reason-
able geometries with DFT but provides support that moderate
sized basis sets and active spaces can be used for other com-
plexes, both in the ground and excited state, where multicon-
figurational effects are more pronounced. In addition to our re-
cent work on Cr2 complexes,47 systems known for multiconfigu-
rational electronic structures including other metal–metal bonds,
complexes with non-innocent ligands, transition sates, intermedi-
ate spin states, and minima on excited state surfaces are expected
to exhibit larger differences in molecular geometry between DFT
and CASPT2 than those in this work.
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