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Abstract

Spin-bearing metal ions encapsulated by macrocyclic ligands in porphyrin complexes make
them an ideal component in molecular spintronic devices where there is scope for the logical
manipulation of various magnetic properties of the molecular system. Adding an axial ligand
to the planar porphyrin complexes is established to be a very useful route to alter different
aspects of the magnetochemistry of the resulting complex. Magnetic anisotropy is a lesser-
known avenue in this context. For a series of high-spin pentacoordinate ¢ Fe(IIl) and d°
Fe(II) porphyrin complexes with varying axial ligands, the magnetic anisotropy parameters
are obtained from the spin Hamiltonian formalism. The d° high spin complexes, having a net
zero orbital angular momentum, possess an almost isotropic magnetic environment. The small
positive zero-field splitting (2-7 cm ') for these complexes arises due to near proximity of the
quartet excited states. This ZFS is found to increase down the group for the halide ligands
owing to the decrease of the sextet-quartet energy gap. On the other hand, possessing a triaxial
anisotropic magnetic environment, the sign and the magnitude of the ZFS parameters of the d°
complexes are mostly dependent on the axial ligand itself. Amongst the considered complexes,
H, O and NH; exhibit positive ZFS while the Imidazole-based ligands possess a negative sign

to the ZFS parameter.
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Introduction

The diverse and versatile magneto-chemistry of the spin-bearing iron(II) porphyrins has expanded
the scope of these archetypal metal-organic complexes beyond their well-known involvements in
various biological processes like oxygen transport, electron transfer reactions, catalysis, etc.!™
This class of bio-inspired complexes has already marked its presence as an important compo-
nent in the fields of catalysis, molecular switches, molecular spintronics, and single molecular
devices.>%"!! Three closely lying spin multiplets, viz. the triplet (S = 1), quintet (S = 2), and sin-
glet (S = 0) states dictate the overall magnetochemical behavior of these complexes. The square
planar iron(II) porphyrin as an isolated molecule exhibit a triplet ground state. !>>! The addition
of various ligands to the axial coordination sites of the metal center provides a route to manipulate
the magneto-chemistry of the metalloporphyrin complexes.??* The change in the ligand envi-
ronment by such means triggers an alteration in the fundamental magnetic properties like the spin
state of the complex, crystal field splitting, etc. On the other hand, the strong chemisorption of the
molecule on the substrate induces a set of modifications to the molecular structure that pave the
path for manipulating the magnetic state of the molecule. The interaction between the d-electrons

of the magnetic center of the molecule and the substrate often leads to the change in the spin

35,36 7,8,37 9,38-40

state, magnetic coupling with the substrate, magnetic anisotropy of the molecule,
etc. The multi-orbital nature and the spin—orbit coupling induce an anisotropy to the magnetic state
of the molecule.”*!**> The intermediate spin species exhibit an easy-plane magnetic anisotropy. !
Reports have shown that owing to the change in spin state upon deposition to a substrate the
molecules exhibit an easy axis anisotropy.3>*’ The iron porphyrin molecule has been found to
exhibit an easy axis of magnetization and large spin relaxation time when it is deposited on an
Au(111) substrate via an on-surface metalation reaction.>” Several other porphyrin derivatives are
found to possess a sizable amount of the zero-field splitting which in turn leads to slow relaxation of
the magnetization in the corresponding complex indicating the single-ion magnetic behavior. 3343
Spin-bearing molecules with the ability to retain the orientation of the magnetic moment in the

absence of the magnetic field are called single-molecule magnets. *++
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Thus, the ease of manipulation of various magnetic properties of the iron porphyrin complexes
via deposition on various substrates ’~33=*248 or via axial ligation >*>%%7 or via the both ! 141424950
means makes the penta-coordinated porphyrins ideal candidates for the device applications. To
date, several attempts have been made to harness the anisotropic environment exerted by the lig-

9.39-42.51 Hence, it

and field into a real-time device application for the iron porphyrin complexes.
becomes imperative to look into the origin of the magnetic anisotropy for various iron porphyrin
complexes. Having a net zero orbital angular momentum, there is no first-order spin-orbit cou-
pling contribution for a 3d° iron(IIT) ion. A very small contribution from the second-order SOC
makes the high spin (S = 5/2) iron(III) an almost electronically isotropic species.*> On the other
hand, the iron(III) in its intermediate spin state shows significant negative zero field splitting as
well as slow magnetic relaxation.**? It is found in various experimental studies that the high spin
penta-coordinated iron(III) porphyrins show significant zero-field splitting (ZFS) varying within
the range of 1-10 cm~!.222%26 The most popular explanation of this phenomenon is the near
proximity of the low-lying spin states due to the presence of the ligand field.?3*33 The iron(II)
(3d®) in its high spin (S = 2) configuration possesses a large orbital angular momentum which
in turn leads to a strong uniaxial magnetic anisotropy and slow magnetic relaxation.>* Although,
a lot of dedicated efforts have been bestowed upon understanding the electronic structure of the
ground spin state of the iron porphyrin complexes, a very small portion of the studies are focused
on unraveling the nature of magnetic anisotropy of these complexes.

X X Fe*" : F", CI', Br, HO
Fe?* : H,0, NH;, Im, Melm

— A
N——Fie/—r- N—

—_— N”/’/’ZFeOOP .

Figure 1: Schematic representation of the penta-coordinated porphyrin complexes. X stands for
various axial ligands. The outwards displacement of the porphyrin core is denoted by AFeppp. The
blue dotted line represents the imaginary line joining the two opposite nitrogen of the porphyrin
macrocycle.
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In this work, we have extensively studied the origin and nature of the magnetic anisotropy
exhibited by the penta-coordinated iron porphyrin complexes. By considering different atom/group
in the axial position (Figure 1), the modification in the ligand field imposed by the axial ligands
were studied. We have chosen eight different axial ligands which result in the high spin ground
state for the central metal ion iron. On the other hand, the two most common oxidation states; +3
and +2 are considered for the iron atom having d° and d° electronic systems. For the porphyrin
model, we have used the truncated porphine molecule. We have chosen the negatively charged
monodentate ligands (F~, C17, Br~, OH™) for the d° and neutral monodentate ligands (H,0, NH;,
Imidazole (Im) and methyl imidazole (MeIm)) for the d° systems. Upon carefully investigating the
effect of the axial ligation on the structural parameters obtained from hybrid density functionals,
we have analyzed the magnetic anisotropy of the considered complexes as obtained from ab initio
treatment of the ground spin state via CASSCF+NEVPT?2 methods. The observed effect of the
axial ligands on the nature and magnitude of the magnetic anisotropy parameters of the complexes

have been discussed.

Computational details

Spin unrestricted density functional theory (DFT) calculations are performed to obtain the ground
state geometry for each complex. The hybrid GGA functional PBE0>" is used in combination with
def2-TZVP>° basis set. A D3 dispersion correction®’ is included along with a Becke-Johonson
damping(D3BJ)>? for accounting the long-range effects during the geometry optimization cycles.
All the molecules are ensured with zero negative vibrational frequencies for all three possible spin
states. The adiabatic spin state energies (AE//@baticy with respect to the high spin state are calcu-
lated to evaluate the relative spin state energies of the complexes. The vertical spin state energies
are also been calculated from DFT-based hybrid functionals as well as a multiconfigurational ap-
proach (discussed later).

To understand the effect of the chemical bonding on the magnetic anisotropy parameters, a se-
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ries of state-averaged complete active space self-consistent field (SA-CASSCF)>? methods with N-
electron valence second-order perturbation theory (NEVPT2)® based calculations are performed
using different active spaces. Starting from an active space constructed by distributing the 3d elec-
trons in the five Fe 3d (CAS(6/5,5)) orbitals. The active space size is denoted as (no of electron
for d° complex in the active orbitals/same number in case of the d° case, no of active orbitals).
To account for the nondynamical correlation effects associated with covalency between the iron
and the porphyrin macrocycle, a doubly occupied bonding (Fe-Np,,) orbital is added resulting in
a CAS(8/7,6) space. After adding a second 4d (denoted as d’) shell to describe the double-shell
effect (CAS(6/5,10)), the Peerloot active space (CAS(8/7,11)) for iron porphyrin is constructed
which is found to produce the correct ground spin state for the porphyrin complexes. 1629313261
The axial ligands studied here can show ¢ (Of._x) and 7 (7x_,F.) bonding interactions with the
iron center and hence call for extensive understanding of the nature of the bonding interactions for
individual ligands. Thus, the molecular orbitals that inherit both the ¢ and 7 bonding interactions
of the Fe-X chemical bonds, whenever important, are considered in the active space after obtaining
a preliminary idea about the nature of the bonding from the DFT results for a particular complex.

Estimation of magnetic anisotropy: The ab initio treatment via the spin Hamiltonian approach

calculates the zero-field splitting (ZFS) parameters as %

Apps=S-D-§ (1)

where D' is a symmetric 2nd order traceless tensor and hence can be expressed in terms of two

constants; D and E as

. 1
Azps =DI[S? — S+ 1) +E[S2 - 82]
3 1
where, D = ED;Z, E= E(D;x —-D}))

D and E are called axial and rhombic ZFS parameters. The D parameterizes the uniaxiality of
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the magnetization in the absence of any external magnetic field.

The spin Hamiltonian parameters are obtained by considering both the static and the dynamic
correlation via the CASSCF+NEVPT2 methods. % The Douglas-Kroll-Hess (DKH) approximation
is included in the calculations to account for the scalar relativistic effects. Compatible with the level
of theory the DKH-def2-TZVP basis set is used.®* The contribution of the spin-orbit coupling
to the ZFS is calculated from the quasi-degenerate perturbation theory (QDPT) where the SOC
operator is obtained from the spin-orbit mean field (SOMF) treatment. %0 All the calculations are

performed in the ORCA 5.0.3 program package.®’

Results and discussion

The relative energies of the optimized geometries at different spin states obtained from the PBEO/def2-
TZVP level of theory establish the high spin electronic configuration (S = 5/2 for d> and S = 2 for
d systems) to be the ground state for all of the complexes. (SI Table S1) The optimized structural
Table 1: Comparison of different optimized structural parameters for high spin states of

penta-coordinated iron porphyrin complexes obtained from hybrid-functional calculations at the
PBEO/def2-TZVP level.

dre N1 dpe-n2 | /N1FeN2 | dpe_nN3 dpe_N4 | /N3FeNd | dpe_x | AFepop
Molecul
olecne A & ©) A Q& ©) A | &

FePorF ¢ 2078  2.078 153.200 | 2.078  2.078 153.200 | 1.785 | 0.482
FePorCl ® 2077  2.078 152.503 | 2.078  2.077 152.502 | 2.196 | 0.494
FePorBr ¢ 2074  2.075 153.244 | 2.074  2.074 | 153.244 | 2.355 | 0.480
FePorOH 2.083  2.087 152.379 | 2.089  2.087 151.830 | 1.818 | 0.498

FePorH20 2070  2.072 172280 | 2.050  2.065 168.776 | 2.241 | 0.139
FePorNH; 2077 2.077 169.060 | 2.062  2.065 166.518 | 2.221 | 0.198
FePorIm ¢ 2079  2.084 167.648 | 2.068  2.068 163.405 | 2.153 | 0.298
FePorMeIm ¢ | 2.087  2.087 164.055 | 2.071  2.073 161.982 | 2.170 | 0.324

“ Anzail et al., single crystal®® dp,_y: 2.072 A, AFe(oop): 0.47 A, dpe_ci: 17192 A.
> Scheidt et al., single crystal;*® dp,y: 2.068 A, AFe(gop): 0.49 A, dpe_c;: 2.192 A.
¢ Behere et al., single crystal;26 dpe_n: 2.069 A, AFe(OOP): 0.56 A, dp,_p,: 2.348 A.
¢ Ali et al. DFT, B3LYP'" ; dp, n: 2.11 A, AFe(gop): 0.43 A, dp,_ym): 2.16 A.

¢ Hu et al., single crystal;?’ ; dp,_y: 2.08 A, AFe(pop): 0.36 A, dre—N(im): 218 A.
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parameters corroborate nicely with the experimental structure and reveal that the presence of an
axial ligand induces a set of major modifications in the molecular geometries as well as in the
electronic structures in an iron porphyrin complex. As an immediate effect of the axial ligation,
the movement of the iron atom from the porphyrin plane (AFepop in Table 1) leads to the doming
shape of the planar porphyrin core which is quantified by the angle between two opposite iron
nitrogen bonds ( Figure 1 and /N1FeN2 and /N3FeN4 in Table 1 ). The out-of-plane movement
of the iron atom from the porphyrin plane is a very significant quantity that needs to be considered
with utmost care. The incorporation of the dispersion correction during the geometry optimization
produces structural parameters quite close to the experimentally reported structures. The AFepop
computed in this work is found to be nicely corroborating with their counterparts reported in the
experiments. It is noteworthy to mention here that the PBEO+D3+def2-TZVP predicts a smaller
AFepop (0.01-0.08 A ) as compared to the experimental value, while the other structural parame-
ters are in very good agreement. The previous computational report where the dispersion correction
is not used predicted a larger AFepop as compared to the experiment. The axial ligation, for some
complexes, incorporates some degree of inequivalence to the in-plane Fe-N bonds. For the halide
ligands, all the four Fe—N bond distances are equal. Only the FePorOH shows a very small dif-
ference in the Fe—N bond distances among the d° complexes. On the contrary, the inequivalence
in the in-plane bond distances is more pronounced for the d® complexes. The overall reduction
in the symmetry of the complex due to he d° systems show a larger amount of displacement of
the iron atom from the porphyrin core as compared to the d® complexes. The increased positive
charge on the iron atom in the Fe* results in a higher electron affinity. This facilitates a stronger
bonding of the metal center and the ligands in the corresponding complexes. As a result, the bond
orders (Table 2) for both the axial and the equatorial bonds in the d° porphyrin complexes become
larger as compared to the d® complexes. Although the internuclear distance between the metal and
the axial ligand (dF.—x in Table 1) changes significantly the out-of-plane displacement of the iron
atom from the porphyrin plane remains almost identical. On the other hand, for the d® complexes

the AFegop and /N1FeN3 vary significantly with the change of the axial ligand while the dr,_x
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remains almost identical. This signifies the non-uniform ligand field exerted by various axial lig-
ands. Throughout the following subsections, upon understanding the ground electronic structure
of the penta-coordinated porphyrin complexes we are going to correlate the trends and the nature

of their magnetic anisotropy parameters.

The electronic structure of the ground spin state

Table 2: Electronic structure properties obtained from PBEO+def2-TZVP calculation.

Molecule Mayer bond order(MBO) Lowdin charge population
Fe—N(Por) Fe—X dyy dy dyy dp dp_p | Total
FePorF 0.63 0.87 1.07 127 127 141 155 | 6.57
FePorCl 0.64 1.03 1.07 131 131 153 155 | 6.77
FePorBr 0.65 1.03 1.08 130 130 156 1.55 | 6.79
FePorOH 0.60 1.03 1.07 128 132 144 152 | 6.63
FePorH,O 0.55 0.24 1.07 198 1.13 120 1.50 | 6.89
FePorNH, 0.54 0.29 1.07 197 1.12 124 149 | 690
FePorlm 0.56 0.41 1.07 1.13 196 125 149 | 6.89
FePorMelm 0.57 0.40 1.07 1.17 193 124 148 | 6.89

A. &’ Tron(III) porphyrins: The residence of the five unpaired electrons in the five d orbitals
leads to a high spin (S = 5/2) %A’ term for the d° complexes. It is noteworthy to mention here
that, despite the near identical structural features, slight differences are observed in the bond order
of the iron halogen bonds. The chloride and bromide show higher bond order for the Fe-X bond
(Table 2). The weak possibility for the -donation of the non-bonding electrons from the fluoride
to the iron center makes the Fe-F bonds weaker as compared to the Fe-Cl or Fe-Br bonds. The later
ones exhibit a prominent signature of the m-bonding as observed in an increase in the population
at the dy; and d,, orbitals of the iron atom (Table 2). This bonding information turns out to be
crucial for choosing the active space for the CASSCF calculations. To account for the effect of the
bonding of the axial ligands, on top of the Peerloot CAS (7,11) space, two electrons from the ¢
bond between the iron atom and the axial ligand (0F,_x in Figure S1-S4 in the SI) is included as
the active orbitals, resulting in a CAS (9,12) space. Depending upon the extent of the 7 bonding

we have also included the 7 orbitals between the metal and the axial ligands into the active space.

8
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Figure 2: Vertical spin state energies of the d° iron(IIl) porphyrin complexes obtained from dif-
ferent methods.

For FePorF only one 7 orbital is included in the active space leading to a CAS (11,13) active space
(Figure S1). While, for the FePorCl and FePorBr two 7 orbitals were included in the active space
with the rise in the active space size to 13 electrons in 14 orbitals (Figure S2-S3). For FePorOH,
the active space is limited to the CAS(9,12) space due to the absence of the & bonding interaction
between the metal and the OH™ ligand (Figure S4).

It is imperative to understand the effect of the axial ligands on stabilizing the sextet ground spin
state. The closest electronic states to the ground spin state are of lower multiplicity with S = 3/2.
The vertical spin state energies computed on the relaxed geometry of the high spin state are sum-
marized in Figure 2. The vertical energies computed from the PBEO hybrid functional account for
the difference in the total energies computed with multiplicity 6 and 4 on the ground state opti-
mized geometries for each complex. The EV*"" computed from the CASSCF methods represents
the energy difference between two lowest-lying electronic states of two different multiplicities af-
ter treating the CASSCEF converged wavefunctions with second-order perturbation treatment with
NEVPT2 formalism. It is found that the minimal active space containing the five unpaired elec-
trons (CAS(5,5)) largely overestimates the spin state energies compared to the other CASSCF

spaces (Figure 2). This stabilization of the high spin ground state is reduced with the inclusion
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of the o bonding interactions from porphyrin (CAS(7,6)) as well as the axial ligands. The in-
clusion of the double d-shell (CAS(7,11)) is also found to be lowering the energy gap. Further-
more, when we have appended the CAS space with the or,_x bond the energy is further reduced
with the CAS(9,12) space. Although the addition of the 7 electrons doesn’t further improve the
performance of the CAS wavefunction, the largest active space for a molecule described in SI
(CAS(11,13) for FePorF, CAS(13,14) for FePorCl and FePorBr and CAS(9,12) for FePorOH) is
used to evaluate the magnetic anisotropy parameters. Although the structural changes imposed by
the axial ligands are of very minute amount, the obvious trend that can be derived from the vertical
spin state energy gaps is AEgy > AEF > AE¢; > AEp,.

B. d° Iron(II) porphyrins: Addition of one axial ligand (H,O, NH;, Im, Melm) to the axial
position to the d® iron porphyrin system modifies the ligand environment around the iron atom
and results in a change in the spin states of the complexes from intermediate (S = 1) to high spin
(S = 2). The monodentate ligands considered here tend to inherit a similar ligand environment
as all of them form the coordinate bond with the iron atom via a lone pair of electrons. Axial
ligation of those ligands imparts noticeable out-of-plane displacement of the iron atom from the
porphyrin core which can be correlated to a larger Fe-X bond order (MBO in the Table 2). For
H,0 and NH;, the lone pair of electrons resides in an sp> hybridized orbital. As we move to the
Im and Melm, the lone pair is accommodated in an sp> hybridized orbital which has a smaller
size and hence will procure a stronger bonding with the metal center. The identical population
at the d,; and d,, orbitals of the metal in FePorlm as compared to the other complexes nullifies
the possibility of the additional & bonding between the metal and the axial ligand. However, the
orientation of the imidazole ligand facilitates the interaction between the p, orbital of the N atom
and the d,; orbital of the iron atom. This interaction lowers the energy of dy, orbital and makes
it doubly occupied. This changes the ground electronic configuration for the FePorIm. Ligation
with H,O and NH; results in SAY (d%z, dylz, dzl2 , d)%y, diz,yz) as the ground state while imidazole (Im)

and methyl imidazole (MeIm) produce A’ (d2 , d!

yzr “xz0

d},d,

oyrd ;2 _y2) as the ground state. As the only

significant bonding interaction present between the axial ligand and the metal is the o bonding,

10
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only the orbital from the F'e — X bonding has been appended to the Peerloot’s active space resulting
in a CAS (10,12) space.

The vertical spin state energies calculated from PBEQ/def2-TZVP calculation and the NEVPT2
treated CASSCF wavefunction are compared in the Figure 3. The vertical energy gap calculated
with the largest CAS(10,12) space corroborated nicely with the previously reported values by Van-
coillie et al. '® by means of the CASPT2 calculations. Among all the CAS space the CAS(8,6) gives
the lowest energy gap after the NEVPT2 treatment. PBEO underestimates the spin energy gap. The
ground electronic configurations depicted by the PBEQ are reproduced by the CASSSCF+NEVPT2
calculations. The relative order of the vertical spin state energies remains the same irrespective of
the underlying computational method used. This trend of the vertical spin state energies clearly

establishes the influence of the axial ligand on the ground state of the complex.

16

B cAs(10,12)

B rsco B ocases) W ocasss) [ casein

—
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—

FePorH,O FePorNH; FePorIm FePorMelm

Figure 3: Vertical spin state energies of the d® iron(IT) porphyrin complexes obtained from differ-
ent methods.

Effect of axial ligation on the zero-field splitting parameters and magnetic

anisotropy

A. d° iron(ITI) porphyrins: The trend of the zero-field splitting parameter D amongst the d° pen-
tacoordinated porphyrin complexes is quite controversial. Different experiments reported different

trends of the ZFS parameters. Marikondi et al. have reported a higher D for FePorCl than Fe-

11
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Table 3: Comparison of magnetic anisotropy of the penta-coordinated porphyrin complexes as
obtained from the CASSCF+NEVPT?2 calculations from the effective Hamiltonian formalism.

Molecule  CASspace | D D |E/D| g« g g |8/ |GS*
d3-System

FePorF CAS(11,13) | 3.90 55% 10.00]1.99 199 2.00] 1.001 | °A’

FePorCl CAS(13,14) | 4.80 6.46" | 0.00 | 2.00 2.00 2.00 | 1.002 | A’

FePorBr CAS(13,14) | 6.64 125° | 0.00 [ 200 2.00 2.00 | 1.003 64’

FePorOH CAS(11, 13) | 2.06 - 0.07 | 200 2.00 2.00 | 1.000 | A’
d®-System

FePorH,0  CAS(10, 12) | 6.21 - 022 [ 2.11 217 228]1.078 | *A”

FePorNH;  CAS(10, 12) | 15.58 - 0.02 | 206 2.19 235 1.141 | A"

FePorIm CAS(10,12) | -11.98 5-30% | 0.02 | 2.07 2.16 230 | 1.114 | A’
FePorMeIm CAS(10, 12) | -20.19 5-30% | 0.17 | 2.02 2.10 243 | 1.21 | %A

# Brackett et al. > for ferrihemoglobin-F. T Nehrkorn et al. for FeTPPCI3* . © Behere et al.?® for
FeTPPBr. * Hu et al.?’ for Imidazole complexes of FeOEP.

*GS stands for ground state electronic term. The details of the other excited electronic states are
given in Figures 5 and 7 and Table S2-S5 and S7-10.

FePorF FePorCl FePorBr FePorOH

Figure 4: Orientation of the g,, gy, and g, components of the g-tensor (shown by red, blue, and
green vectors respectively) with respect to the molecular frame for the d° iron porphyrin com-
plexes. The length of the vectors is scaled according to the eigenvalues of the respective g-tensor
component. The pink iso-surface represents the distribution of the spin density with an iso-surface
value of 0.05up //P. Color code: C-ice-blue, N-yellow, Fe-orange, O-red, F-brown, Cl-lime, Br-
purple, H-silver.

PorBr?? which is later contradicted by Behere et al.?*?® These contradicting studies are unable to
establish the actual effect of the axial ligands in the zero-field splitting in d> porphyrin complexes.
In Table 3, the parameters determining the nature of the magnetic anisotropy of the d° pentacoor-
dinated porphyrin complexes have been reported as obtained from our CASSCF+NEVPT?2 calcu-

lations. The same parameters obtained from the smaller active spaces are given in the SI. The three

identical components of the g-tensor suggest an isotropic magnetic (g, = gy = g;) environment at
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the magnetic centers for all the d° porphyrin complexes. However, a small positive axial zero-field
splitting is observed for all the molecules. The orientation of the components of the g-tensor (Fig-
ure 4) shows that the main magnetic axis (g;) is aligned with the principal axis of symmetry that
is the bonding axis between the iron and the axial ligand. The other two axes lie in the porphyrin
plane and are diagonal to the iron-nitrogen bonds. All the complexes show similar relative orienta-
tions of the g-tensor components. The D-values can be ordered as Doy < D < D¢; < Dp,, which
is exactly the reverse order of the vertical energy gap between the high spin and intermediate spin
states. In other words, the proximity of the intermediate spin state to the high spin state gives rise
to a larger positive zero-field splitting parameter in the @° porphyrin complexes. As shown in the
Figure 5 (Table S2-S5), the major zero field anisotropy is arising due to the excited quartet state
(*A"). The established trend of the D remains unaltered irrespective of the size of the active or-
bitals (Table S6). The near proximity of the quartet excited state also induces a spin state mixing in
the ground state which is reflected in the composition of the ground state electronic wave function
(Table S2-S5).

B. d® iron(II) porphyrins: As reported by Tarrago and co-workers from their combined experi-
mental and theoretical study, the iron(Il) tetraphenyl porphyrin complex in intermediate spin state
is found to exhibit an easy plane magnetic anisotropy (g < g1) with a large positive zero field
parameter of ~ 94 ¢m~!.1° Owing to the change in the spin state and the electronic structure in the
penta-coordinated square pyramidal porphyrins, the magnetic anisotropy is also changed. Three
non-uniform values of the g-tensor components (g, < gy < g;) suggest a triaxiality of the magnetic
anisotropy in the considered complexes.’"’! The orientation of the main magnetic axis changes
according to the nature of the axial ligand (Figure 6). For the H,O and NH;, the main magnetic
axis is nearly collinear with the bonding axis between the iron and the axial ligand. The other two
components of the g-tensor lie near the iron-nitrogen bonds on the porphyrin plane. For the Im and
the Melm, the main magnetic axis (g,) deviates from the principal axis and lines up with the iron
nitrogen bond. On the other hand, the g, components of the corresponding complexes are collinear

with the axial ligand. The H,O and NH; induce a small positive zero-field splitting parameter
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while Im and Melm give rise to a comparatively large negative ZFS. Several imidazole complexes
have been studied earlier by Hu and co-workers?’ and resulted in an inconclusive sign of the ZFS
parameter. However, the consistent negative sign of the ZFS over a large number of active spaces
for both the imidazole complexes in our calculations unequivocally establishes the negative sign
of the ZFS for those complexes. Unlike the d? complexes, the first two excited electronic states
of the d® complexes are also quintet states. As shown in Figure 7, the excitations that give rise
to the ZFS are the excitation from the ground quintet state to the first excited quintet state. As
discussed earlier, the ground electronic term also depends upon the axial ligand. A smaller energy
gap between the ground quintet state and the first excited quintet state results in a larger D-value

and hence D is unrelated to the quintet-to-triplet energy gap.

17500 1 ZA:' D=-0.64
ZA' —
p A"
15000 4 A D=-0.71 D=-0.62
A" D=-0.69
2
AV
12500 A 4 4 2 ’
A"A D=-0.74  , A
- A'CA! D=-0.31
' 10000 1
Nt 4
ﬁ A'L D=3.54
S 7500 -
S 4
A’ D=5.20
4
5000 A'L D=6.22 4.,
A D=7.22
2500 A
o 6A, 6A, 6A, 6A'
FePorF FePorCl FePorBr FePorOH

Figure 5: Relative ordering of the electronic configurations as obtained from CASSCF+NEVPT2
calculations for the d° complexes studied here. The molecular term corresponding to a particular
electronic configuration is placed above the energy level. The values corresponding to D represent
the contribution of that particular electronic configuration towards the total ZFS parameter D in
cm~! unit. Only those configurations are shown here that contribute more than +0.5 cm .
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FePorH2O FePorNH3 FePorlm FePorMelm

Figure 6: Orientation of the g, gy, and g, components of the g-tensor (shown by red, blue, and
green vectors respectively) with respect to the molecular frame for the d° iron porphyrin com-
plexes. The length of the vectors is scaled according to the eigenvalues of the respective g-tensor
component. The pink iso-surface represents the distribution of the spin density with an iso-surface
value of 0.05up/A3. The same color code as Figure 4 is used here.

5000 7 3 "
3AN Al —
3
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3AVY _ 32
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=
N
>
o0
St
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=
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Figure 7: Relative ordering of the electronic configurations as obtained from CASSCF+NEVPT2
calculations for the d® complexes studied here. The molecular term corresponding to a particular
electronic configuration is placed above the energy level. The values corresponding to D represent
the contribution of that particular electronic configuration towards the total ZFS parameter D in
cm~! unit. Only those configurations are shown here which contribute more than +0.5 cm™!.
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Conclusions

Within a series of the penta-coordinated high spin iron(II/IlII) porphyrin complexes, the structural
distortion to the planar porphyrin core inserted by the axial ligands is dependent on the ligand
itself as well as on the oxidation state of the metal. The out-of-plane movement of the iron atoms
in the d° iron(IIl) porphyrin is less pronounced compared to the d° iron(I) porphyrins. For the
iron(IIT) halides, the small positive value of the D parameter is attributed to the proximity of the
excited quartet state to the ground sextet state. The order of the D parameter for these complexes is
Dr < D¢y < Dp, which follows the inverse trend of the vertical spin state energy gap between the
sextet and the quartet states. On the other hand, the d° iron(II) porphyrins show a triaxial kind of
anisotropy with g, < g, < g, which in turn is significantly influenced by the axial ligands. The zero-
field splitting in these complexes arises due to the transitions between the nearly degenerate quintet
states. While the proximity of the first excited quintet regulates the value of the ZFS parameter, the
sign of the ZFS depends upon the nature of the bonding between the iron and the axial ligand itself.
The H,0 and NH; give rise to a small positive ZFS parameter while the imidazole-based ligands
result in a significantly negative ZFS for the corresponding complexes. Thus, the axial ligation
to the iron center in the iron(II/III) porphyrin complex can significantly influence the nature as
well as the magnitude of the zero field splitting and hence can be very crucial in designing the

porphyrin-based single molecular magnets.
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