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Fe(II)-porphyrins play an important role in
many reactions relevant to material science and
biological processes, due to their closely lying spin
states. Although the prevalent opinion is that
these systems posses the triplet ground state,
the recent experiment on Fe(II)-phthalocyanine
under conditions matching those of an isolated
molecule points toward the quintet ground state.
We present a thorough DFT and DMRG-based
tailored CC study of Fe(II)-porphyrin model,
in which we address all previously discussed
correlation effects. We examine the importance
of geometrical parameters, the Fe—N distances
in particular, and conclude that the system
possesses the quintet ground state.

Porphyrins are conjugated aromatic systems composed
of four pyrrole rings connected at their C, atoms by CgH
groups (see Fig. . Their metal-derivates, in particular
Fe(II)-porphyrins based on Fe(II)-porphyrin (FeP, Fig.
[Ih) (Fe(Il)-phtalocyanine (FePc, Fig. [Ib) and Fe(II)-
porphyrazine (FePz, Fig. )), play an important role
in reactions related to material science and biological
processes due to the near degeneracy of their high-spin
(quintet), intermediate-spin (triplet) and low-spin (sin-
glet) states. A well-known example is the triplet to sin-
glet spin crossover upon binding of molecular oxygen to
the Fe(II) active site of hemoglobin®.

Since neither FeP, nor FePz exists in an unsubstituted
state, the direct comparison of theoretical and experi-
mental results is not possible. Although the existing ex-
perimental studies on four-coordinated Fe(II) embedded
in substituted porphyrin systems? % mostly predict the
triplet ground state, they have been performed either in
the crystal phase or polar solvent, which are far from the
gas phase conditions of computational studies.

We have recently investigated the effect of different
environments on the FePc ground state by means of
the Mdssbauer spectroscopy and various computational
methods™. Our experiments have unambiguously indi-

Figure 1: Structures of Fe(II)-porphyrin (a),
Fe(II)-phtalocyanine (b), Fe(II)-porphyrazine (c), and a
model system of Fe(II)-porphyrin (d) studied in this
work and in the text denoted as 1, or depending on the
geometry, the Fe-N distance in particular, employed 1a,
1b, and 1c (see Table ).

cated the triplet ground state of FePc in the crystalline
form and dissolved in dimethyl-formamide, and the quin-
tet when dissolved in monochlorobenzene (resemblance
to gas phase conditions of computational studies). The
quintet ground state was also confirmed by the multiref-
erence density matrix renormalization group (DMRG)
calculations. These findings clearly contradict the preva-
lent opinion in the literature.

The experimental observations of Fe(II)-porphyrins
guided several follow-up computational studies on FeP
and FePz with the density functional theory (DFT)=H1r23
and multireference methods?¥2. Nevertheless, due to
the complexity of the problem, an unambiguous answer
to the state ordering has not been found even with the
multireference methods that are able to correlate a rela-
tively large number of electronge:29:33i34

The effects of different contributions to electron
correlation 222680 have recently been investigated by cal-
culations on model system of Fe(II)-porphyrin in which
the bridging CgH groups are replaced by hydrogen atoms
(model 1, Fig. [Id). In the recent work of Li Manni et
al®*L the complete active space (CAS) was constructed
from 32 electrons in 34 orbitals, in particular, the Fe(3d),
Fe(4d), o lone pairs, and all 7 orbitals of the porphyrin
model ring to cover the valence correlation. The active



space was then augmented by the semi-core Fe(3s,3p) or-
bitals resulting in CAS(40,38) and a minor increase in the
quintet-triplet gap. The inclusion of beyond-CAS cor-
relation by employing the single reference coupled clus-
ter correction further stabilized the triplet ground state
and provided the final estimate of the triplet-quintet en-
ergy gap as 5.7 kcal/mol. Comparing these results to
the FePc experimental datal and our preliminary DFT
calculations on the spin state ordering in FeP and FePc
(see ESI), we reopen the debate over the character of
the Fe(II)-porphyrins and their modelling. Besides dis-
cussing the extent of electron correlation in the multiref-
erence approach, we explore the role of other parameters
which may influence the ground state predictions.

Among such parameters, particular attention should
be paid to the geometry of FeP systems. The Fe—
N bond distance (Rpen) has been discussed by several
authors®?¥7 with some proposing that the increase in
Rrpen stabilizes quintet states via the relaxation of dy2_»
orbital®®, The calculated Fe-N bond distances obtained
for the quintet states typically range from 2.0 to 2.1
ABSEIAT Ty comparison, the value of 1.972 A taken
from the X-ray diffraction of Fe(II)-tetraphenylporphyrin
(FeTPP)® is closer to the value of 1.989 A obtained for
the FeP triplet state by employing the PBEQ functional
in DFT optimization®®. This result confirms the sugges-
tion discussed in Ref¥ for Fe(II)-Pc, according to which
the ground spin state observed in the crystalline form
of Fe(IT)-porphyrins very likely differs from the ground
state of an isolated molecule in the gas phase.

This discussion on various effects influencing the spin
state ordering raises the following question: Does the im-
proved electron correlation treatment result in the same
changes in the triplet-quintet state ordering of the FeP
model regardless of whether the triplet optimized or quin-
tet optimized distance is used?

To resolve this issue, apart from the DFT calculations
with the B97-D3 functional, we investigated the elec-
tronic structure of 1 by means of DMRG-based meth-
ods. DMRG is a well-established and very powerful
approach suitable for treatment of strongly correlated
problems that require large active spaces**#2. However,
despite its favorable scaling, it is still computationally
prohibitive to treat the dynamic correlation solely with
DMRG. As a possible solution, we have introduced the
TCCSD method, in which the CC wave function is ex-
ternally corrected using the information extracted from
the DMRG calculation®?. We showed that it is able to
describe both non-dynamic and dynamic correlation in a
balanced way4%, but due to the scaling of the CCSD part,
the TCCSD methodology quickly becomes unfeasible for
larger systems. To remove this bottleneck, we have re-
cently developed its domain-based local pair natural or-
bital (DLPNO) version®*®, which employs the pair natural
orbitals to exploit the locality of electron correlation6 s,
The electronic structure of parent FeP was recently stud-
ied also by means of an alternative post-DMRG method,
namely the DMRG-based pair density functional theory

Table I: The Fe-N distance (Rpen, in A) optimized for
each state at the B97-D3/def2-TZVPP level for
FeP-based systems with the exception of 1a which is
from RefBL

Triplet Quintet
FeP model (1) 1.989 (1a)

2.048 (1b) 2.180 (1c)
FeP 1.997 2.064
FeTPP 1.995, 1.998 2.063-2.065

(DMRG-PDFT)3,

The Rpen values resulting from spin separate triplet
and quintet optimizations of model 1, performed at the
B97-D3/def2-TZVPP level, are given in Table For com-
parison, we also report the distances for FeP and FeTPP,
which are in very good agreement with the PBEO values
of 1.989 A and 2.053 A optimized for the FeP triplet and
quintet states, respectively?’, Additionally, the Rp.x val-
ues obtained from the triplet optimizations agree reason-
ably well with the distance of 1.972 A found in the X-
ray diffraction experiment® (where FeTPP is predicted to
possess the triplet state), thus confirming the reliability
of B97-D3 functional. In agreement with the discussion
above, the quintet-optimized Rg.N values of FeP, FeTPP
and 1 are larger compared to the triplet state, with the
differences 0.060 A, 0.067 A and 0.132 A, respectively.
The significant increase in elongation for 1 compared to
FeP and FeTPP stems from the larger flexibility of the
surrounding ring because of the missing bridging CsH
groups.

Table [[T] lists the relative spin state energies from DFT
obtained by employing the B97-D3 functional for various
geometries of 1 and their comparison with the previously
reported results on la obtained with the Stochastic-
CASSCF3U3L The B97-D3 adiabatic energy gap is de-
termined as 11.0 kcal/mol with the quintet ground state
by using the Fe-N distances from the fully optimized
triplet 1b and quintet 1c geometries (the difference in
Rpen is 0.132 A) This gap then reduces to 2.8 kcal /mol
when Rpen values from the optimized FeP are used (the
difference in Rpen is 0.067 A) The vertical gap at the
triplet geometry 1b results in reversed ordering with the
triplet state more stable than quintet by 2.9 kcal/mol
and it increases to 8.0 kcal/mol when Rpen optimized
for FeP triplet is used. At the similar Fe-N distance
1a, the Stochastic-CASSCF calculations3¥31! predict the
triplet ground state as well, but with the smaller energy
gap of 3.1 and 4.4 kcal/mol using the CAS(32,34) and
CAS(40,38), respectively.

These results indicate that the Fe-N bond distances
play a significant role in the spin state ordering of FeP
systems, but the extent of its influence has not yet been
evaluated in detail. In fact, it seems that the value of
this structure parameter can dominate the energy bal-
ance and thus relative ordering of the spin states. We



Table II: Relative energies in kcal/mol of the triplet and quintet states of 1 based on the DFT calculations and
Stochastic-CASSCF calculations from Ref?!. Geometry denotes the source of geometry parameters

Method Excitation Geometry Triplet Quintet
B97-D3/def2-TZVPP adiab. 1b, 1c 11.0 0.0
vert. 1b 0.0 2.9
adiab. FeP (T,Q) 2.8 0.0
vert. FeP (T) 0.0 8.0
Stoch.-CASSCF(32,34)  vert. la 0.0 3.1
(40,38)  wvert. 1a 0.0 4.4*

% Involving CCSD(T) correlation treatment increases the gap to 5.7 kcal/mol.

evaluate this effect together with another significant in-
fluence which is the level of electron correlation treat-
ment. In the following, we present the main results of
(DMRG-)CASSCF and TCC calculations, while the com-
plete set of energies together with Computational Details
is provided in the ESI.

Based on the previous discussions on the ground
state of FeP systems in literature, only the lowest
quintet (°Ajg) and triplet states are considered. Un-
like in the study of Li Manni et al®l the lowest
triplet state in all our (DMRG-)CASSCF and TCC
calculations corresponds to 3As, with the occupation
(dy2—y2)?(d,2)?(dxs) (dys) ' (dxy)?.  Considering a very
small energy gap of only about 0.5 kcal/mol between the
two lowest triplets (3As, and 3E,) in the aforementioned
study, this discrepancy might be attributed to the differ-
ence in basis sets. Nevertheless, we believe that such a
small energy gap is below the resolution of the employed
methods. Also, the Ay, state was found to be the lowest
triplet state of FeP in Ref4Y,

In order to assess the accuracy of the DLPNO ap-
proximation, we first performed a series of benchmark
calculations. In these, we calculated the energy dif-
ferences of the studied quintet to triplet energy gaps
AEQT = ET — EQ between the canonical TCC meth-
ods and its DLPNO counterparts in the smaller SVP ba-
sis set. The resulting errors coming from the DLPNO
approximation are well below 0.5 kcal/mol, except those
obtained for 1a with CAS(8,12), where the errors are
about 0.6 kcal/mol.

We first discuss the results for vertical AEQ~Tin the
la geometry which are presented in Fig. [2h. This sys-
tem has already been a subject of previous studies by Li
Manni et al3%31 and it therefore offers an opportunity to
compare our approach with a different method. Starting
with the smaller CAS(8,12) and CAS(12,16), CASSCF
results show an initial stabilization of the quintet state.
Similarly to Ref3! the additional dynamic correlation on
top of the CASSCF reference wave functions by means of
the DLPNO-TCCSD stabilizes the triplet, i.e. decreases
AEQ™T  Tts further, yet less prominent stabilization is
observed when perturbative triples are employed. At this
point, it is obvious that the inclusion of four Gouter-
man’s m-orbitals?® in CAS does not change the relative
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Figure 2: The (DMRG-)CASSCF, DLPNO-TCCSD,
and DLPNO-TCCSD(T) (a) vertical AEQTenergy
gaps of 1a3L (b) vertical AEQ~Tenergy gaps of 1b and
adiabatic energy gaps of fully optimized 1 in kcal/mol
in def2-TZVP basis. The keys are shared by both plots.

energies of the lowest quintet and triplet states and vir-
tually no difference in enegy gap between CAS(8,12) and
CAS(12,16) at all levels of correlation treatment is ob-
served. However, the situation is different when the
largest active space is used.

While for the smaller active spaces each method assigns
the quintet ground state, the addition of all 7-orbitals
stabilizes the triplet state with respect to quintet at the
DMRG-CASSCF(32,34) level. Thus, the triplet becomes
the ground state with AEQ7Tgap corresponding to -2.49
kcal /mol, which agrees well with the energy gap of -3.1
kcal/mol of the said study®”. The difference between
these two values might originate in the use of different
basis sets and/or slightly differently optimized CASSCF
orbitals, since the bond dimension in DMRG-CASSCF
is not in full accordance with the given number of walk-
ers in Stochastic-CASSCF. When the dynamic correla-
tion is added on top of DMRG-CASSCF, the change in
AEQTis less prominent compared to the smaller active
spaces. This means that the majority of important corre-



lations is already captured by the active space containing
34 orbitals as previously discussed®. Interestingly, the
dynamic correlation stabilizes the quintet state, resulting
in AEQ7Tof —0.11 kcal/mol at our highest level of the-
ory DLPNO-TCCSD(T)(32,34), which contrasts with the
previous observations —5.7 kcal /molPt. We would like to
add that in Ref®¥, the effect of active space on the ener-
getic ordering of the lowest spin states of FeP was studied
by means of DMRG-PDFT. The ground state was iden-
tified as triplet, the question of the geometry was not
discussed in Ref¥ though.

This inconsistency between our and the previously
published results deserves a few comments. In the
study®!, the authors investigated the effect of Fe(3s,3p)
orbitals, as well as the virtual orbitals not included in
CAS(32,34). Both groups of orbitals have a different sta-
bilization effect: semi-core orbitals stabilize the triplet
state, whereas the dynamic correlation of the full vir-
tual space stabilizes the quintet state. In our opinion,
the observed discrepancy stems from the fact that in the
article by Li Manni et al*¥ the correlation effects have
been studied at a different level of theory. The semi-
core orbitals have been eventually included into the ac-
tive space, and thus described at the multireference level,
while the effect of full virtual space has been studied by
means of single-reference CC. Taking into account that
in our TCC calculations the HF determinants contribute
to the total wave function with the weight of about 0.6,
the single-reference level of theory might be inadequate.
Even though we employ the single-reference CC formal-
ism (using one-determinant Fermi vacuum), our TCC ap-
proach systematically accounts for the strong-correlation
effects via the CC amplitudes extracted from the DMRG
wave function. The semi-core correlation is included di-
rectly at the CCSD level and the effect of triplet sta-
bilization is even more prominent than in Li Manni et
al®L' (with respect to calculations with frozen Fe(3s,3p)
orbitals, see ESI). Nevertheless, further studies which
would employ alternative computational methods of cal-
culation of dynamic correlation on top of CASSCF(32,34)
(e.g. adiabatic connection®) are necessary to confirm our
hypothesis.

Since Radoni showed that CCSD(T) method itself can
perform well on FeP?Y, we have carried out additional sin-
gle reference DLPNO-CCSD(T) calculations of the FeP
model. The resulting vertical gaps presented in ESI are
in qualitative agreement with the DLPNO-TCCSD(T)
results, differing by 2.8 and 3.6 kcal/mol in case of la
and 1b geometry respectively.

Next, the results are analyzed in terms of Rpen dis-
tance for spin state specific optimized structures of FeP
model 1 and presented in Fig. [2b. The solid lines
show the values of vertical AEQ~Tcalculated for the
1b geometry, which with improving treatment of elec-
tronic correlation exhibit very similar trends as for 1la,
but shifted by about 8 kcal/mol towards the more sta-
ble quintet. The dashed lines show the values of adia-
batic AEQ~Tcalculated for fully optimized 1 i.e. with

the triplet and quintet states in 1b and 1lc geometries,
respectively. Compared to the vertical AER™T, these
stabilize the quintet even more.

Now, considering the most important geometrical pa-
rameter Rpon of the models used in this study, our best
estimate of the vertical AE®~Tof 1a (Rpen = 1.989 A)
obtained at the DLPNO-TCCSD(T)(32,34)/def2-TZVP
level of theory puts the triplet state below quintet with
the negligible gap of —0.11 kcal/mol. On the other hand,
the same calculations of 1b (Rpen = 2.048 A), which
is optimized for the triplet state, result in quintet being
more stable by 7.83 kcal /mol. Note that although the 1b
model comes from the triplet optimized geometry, its Fe—
N distance closely reflects the quintet state geometry of
FeP and its derivatives and the conclusions made on these
systems will thus be slightly biased towards quintet (just
as la reflects their triplet geometry and is biased towards
triplet, see Table . As can be seen from the comparison
of the spin state ordering of 1 with FeP and FePc (see
Table [} and ESI), the former is not a sufficient model to
describe the correlation of electrons in Fe(3d,4d) orbitals
and pyrrolic m-electron system in Fe(II)-porphyrins. In
addition, the changes in triplet and quintet geometries of
1 are overestimated due to the increased flexibility caused
by removing the CgH groups. Despite this, our results
highlight the crucial role of Fe-N distance in the spin-
state ordering and shed new light on the experimental
data interpretation of Fe(II)-porphyrins.

In this communication, we presented a thorough study
of Fe(Il)-porphyrin model, which explored various ef-
fects influencing the spin state ordering of FeP sys-
tems. We included all previously discussed correla-
tion effectg?8808134 _ 1on-dynamic valence correlation
via DMRG-CASSCF(32,34), and beyond-active-space
and semi-core dynamic correlation via DMRG-based
DLPNO-TCCSD(T). The use of the latter method al-
lowed us to employ basis sets flexible enough to cap-
ture subtle changes in the spin state ordering. On top
of that, we stress the crucial importance of geometrical
parameters, the Fe-N distances in particular, which is
an aspect that has not been previously addressed and
has a substantial impact on the ground state character.
By exploring different geometries, we conclude that by
using the model structure with Fe-N distances close to
the quintet optimized geometry of FeP and its deriva-
tives, the ground state is found to be a quintet (vertical
AEQ?T = 7.8 keal/mol), which is consistent with the
previous measurements on an isolated molecule of Fe(II)-

phthalocyanineL.
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