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ABSTRACT: Zero-field splitting (ZFS) parameters of non-

ca“e(m% b,
deuterated metalloporphyrins [Fe(TPP)X] (X = F, Br, I; \“e\asf‘“‘eu‘xr?:‘/\ Zero-Fie:'I;:‘| 5Splittingn ,:/j . Zz,osn,% .
H,TPP = tetraphenylporphyrin) have been directly determined ) ‘ \ Gy Sbar,
by inelastic neutron scattering (INS). The ZFS values are D = b A o
4.49(9) cm™" for tetragonal polycrystalline [Fe(TPP)F], and D . 2 |
=88(2) em™, E=01(2) cm™'and D = 134(6) em™, E = % .« | o —
0.3(6) cm™ for monoclinic polycrystalline [Fe(TPP)Br] and " o e

[Fe(TPP)I], respectively. Along with our recent report of the
ZFS value of D = 6.33(8) cm™! for tetragonal polycrystalline
[Fe(TPP)Cl], these data provide a rare, complete determi-
nation of ZFS parameters in a metalloporphyrin halide series.
The electronic structure of [Fe(TPP)X] (X = F, Cl, Br, I) has been studied by multireference ab initio methods: the complete
active space self-consistent field (CASSCF) and the N-electron valence perturbation theory (NEVPT2) with the aim of exploring
the origin of the large and positive zero-field splitting D of the °A; ground state. D was calculated from wave functions of the
electronic multiplets spanned by the d° configuration of Fe(IIl) along with spin—orbit coupling accounted for by quasi
degenerate perturbation theory. Results reproduce trends of D from inelastic neutron scattering data increasing in the order from
F, Cl, Br, to I. A mapping of energy eigenvalues and eigenfunctions of the S = 3/2 excited states on ligand field theory was used
to characterize the o- and 7-antibonding effects decreasing from F to L This is in agreement with similar results deduced from ab
initio calculations on CrX’~ complexes and also with the spectrochemical series showing a decrease of the ligand field in the
same directions. A correlation is found between the increase of D and decrease of the z- and s-antibonding energies ¢} (4 = o, 7)
in the series from X = F to L. Analysis of this correlation using second-order perturbation theory expressions in terms of angular
overlap parameters rationalizes the experimentally deduced trend. D parameters from CASSCF and NEVPT?2 results have been
calibrated against those from the INS data, yielding a predictive power of these approaches. Methods to improve the quantitative
agreement between ab initio calculated and experimental D and spectroscopic transitions for high-spin Fe(III) complexes are

proposed.
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The chemistry of metalloporphyrins has the potential to impact 3 (1)

our understanding of biological and geological roles that the

naturally occurring systems play.l_3 The diverse biological where D and E are the axial and rhombic ZFS parameters,

respectively, which measure the magnetic anisotropy of the
system. When the x and y directions are equivalent, E = 0.
ZFS manifests as differences among energy levels in the
absence of an external magnetic field. For d° Fe(III) porphyrin
complexes in the current studies, the electronic ground states of

functions of heme proteins are often attributed to the varying
degree of changes in the local heme environment as shown in
Table 1."* Many metalloporphyrins have unpaired electrons,
making the compounds paramagnetic. One intrinsic property in

paramagnetic compounds is the zero-field splitting (ZFS). For complexes with S = 5/2 are split as shown in Scheme 1. The
compounds with spin § > 1, the interaction of the electron resulting energy spectrum exhibits peaks, 2D and 4D, that are
spins mediated by spin—orbital coupling (SOC) leads to a associated with transitions in ZFS. The rhombic ZFS, E, mixes
splitting of the spin states of otherwise degenerate states.*”°
The spin Hamiltonian up to second-rank terms is given in eq Received: July 6, 2015
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Table 1. Comparison of D (cm™') Values of Different Fe(III) Porphyrin Halides Determined by Different Methods

[Fe(TPP)X] by INS

Fe(III) protoporphyrin IX dimethyl Fe(III) deuteroporphyrin IX

X [Fe(TPP)X] by other methods including the current work ester halides (Chart 1) by far-IR dimethyl ester halides by far-IR
F 4.49(9) 5.0(1)" 5.55(11)"
Cl 65 (far—IR?,” D = 3.2—11.9 determined by other 6.33(8)" 6.95(14)" 8.95(18)"
methods''
Br 4.9 (magnetic susceptibility),"*" 9.15 gfa.r-IR),” 8.8(2) 9.75" 11.80(23)"*
12.5(5) (magnetic susceptibility)'>>"¢
1 13.5(5) (magnetic susceptibility)'® 13.4(6) 14.5"7 16.40(15)"*

Scheme 1. (a) Structures of Metalloporphyrins in the Current Studies; (b) d Orbital Splitting; (c) and (d) ZFS in Compounds
with § = 5/2 with D > 0, E = 0 (for D < 0, Energy Levels Will Be Inverted), and E # 0, Mixing of Pure Doublet States (E < D)**

Ph
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the AMg = +2 states. Thus, the Mg = +1/2 states interact with
either Mg = +5/2 or F3/2 states, leading to the shift of the
energy levels shown in Scheme 1d.

ZFS is of fundamental importance to understanding
molecular magnetism. While ZFS parameters have been actively
studied, there is still a limited understanding on how ZFS
parameters relate to the geometric and electronic structures of
transition metals compounds, including how metal—ligand
bonding affects ZFS.*> Knowledge of the effects of metal—
ligand bonding on ZFS also helps design better single
molecular magnets (SMMs) as data storage and quantum
computing materials.®

ZFS, including that of metalloporphyrins, has been
investigated by several techniques, including high-field and
high-frequency electron paramagnetic resonance (HFEPR),
magnetic susceptibility measurement, nuclear magnetic reso-
nance (NMR), far-infrared (far-IR), Mdssbauer spectroscopy,
magnetic circular dichroism (MCD), and inelastic neutron
scattering (INS)."*”'% INS is one of the few techniques that
directly gives both the magnitude of the D parameter and often
its sign. Because of its spin, neutrons carry a magnetic moment
that makes them an excellent probe for the investigation of
magnetic structures and dynamics. There is a strong interaction
between magnetic field (magnetization density) created by the
unpaired electrons in the sample and magnetic moment of the
neutron. Incident neutrons are scattered from the magnet-
ization density of the atom. The effect of ZFS on a transition
metal ion is to partially or totally remove the (2S5 + 1)-fold
degeneracy of the ground-state multiplet. In the case of d°
Fe(III) compounds with ZFS in Scheme 1, the magnetization
density that interacts with the spin of neutrons is the spin
dipole moment from the 5 unpaired d electrons, as the orbital
angular momentum of the d electrons in the complexes is
quenched. The resulting energy spectrum exhibits peaks
associated with transitions from Mg = +1/2 to +3/2 (2D)
and from Mg = +3/2 to +5/2 (4D) in Scheme 1.

To our knowledge, few bioinorganic complexes have been
studied by INS. We recently reported the direct determination

of ZFS parameters of several nondeuterated metalloporphyrins
[M(TPP)CI] (M = Fe, Mn, Cr) and [Mn(TPP)] (H,TPP =
tetraphenylporphyrin).'" With the nature of how ligands affect
ZFS relatively unknown, the current study focuses on iron(III)
porphyrin halides, which are common inorganic ligands, with a
2-fold interest: (a) The first is determination of ZFS parameters
for [Fe(TPP)X] (X = F, Br, and I) by INS. Thus, along with
[Fe(TPP)Cl], a compound we recently studied,"" this is a rare
complete series of biomimetic halide compounds with the ZFS
values determined.'” (b) The second is ab initio study of the
electronic structure and magnetic anisotropy of the metal-
loporphyrins to explore the origin of the large and positive
zero-field splitting of the A, ground state.

There have been many previous studies of the ZFS of Fe(III)
compounds with a °A; ground state. Solomon and co-workers
have investigated the origin of the °A; ground-state zero-field
splitting in axially distorted high-spin d® [FeCl,]™.> Brackett
and co-workers have reported D values of four Fe(III)
deuteroporphyrin IX dimethyl ester halides (Chart 1) that
were determined by far-IR (Table 1).'* Goff and co-workers
have reported correlations of axial ligand field strength and
zero-field splittings in the C-13 NMR spectra of 5- and 6-
coordinate high-spin Fe(III) porphyrin complexes.'> Ohya and
Sato conducted a comparative study of Mossbauer spectra of

Chart 1

OMe

X=F,Cl,Br,I
Fe(lll) protoporphyrin IX dimethyl ester halides
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three halides [Fe(TPP)X] (X = Cl, Br, I) to probe electronic
effects of substituents and axial ligands.14 In addition, D
parameters of [Fe(TPP)Br] and [Fe(TPP)I] have been
determined by magnetic susceptibility measurements (Table
1).15’16 For [Fe(TPP)Br], D = 13.0(5) cm™' was reported
initially'>* and later revised to 12.5(5) cm™ based on reanalysis
of the data. For [Fe(TPP)I], the reported D = 13.5(5) cm™.'°
Far-IR studies by Uenoyama gave D = 9.15 cm™' for
[Fe(TPP)Br] (Table 1).”” To our knowledge, ZFS of
[Fe(TPP)F] has not been studied.

Although both [Fe(TPP)Br] and [Fe(TPP)I] molecules
have 4-fold symmetry, their crystals are in the monoclinic
system. Thus, the rhombic parameter E in eq 1 is required to
explain ZFS properties of their crystalline samples. However,
the earlier determination of ZFS parameters by magnetic
susceptibility measurements and far-IR did not determine the E
values.">'”  Several experimental measurements, such as
magnetic susceptibility and HFEPR, that allow for the
determination of the g-factor require the use of a magnetic
field, which prevents direct measurement of zero-field splitting
(ZES).

INS has been used to probe the magnetic properties of metal
complexes, especially excitations among low-lying energy
levels.'® For example, the low-lying energy levels of magnetic
clusters have been characterized by INS.*'® D for single-
molecule magnets [Mn,0;X(OAc);(dbm),;] (X = Br~, CI,
OAc™, and F~) have been studied by Giidel and co-workers to
see how the D values change with the axial X~ ligands.18b The
state-of-the-art facilities at Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory (U.S.) have made it possible to
probe magnetic properties of nondeuterated metal complexes
in detail.'® We have used the cold neutron chopper
spectrometer (CNCS)'” at SNS to determine both the size
and the sign of ZFS parameters D for nondeuterated
metalloporphyrins [Fe(TPP)X] (X = F, Br, and I) as well as
the best fit E values for [Fe(TPP)X] (X = Br, I). In addition, we
have calculated the electronic structure of [Fe(TPP)X] (X = F,
Cl, Br, I) with a °A; ground state by multireference ab initio
methods to explore the origin of their D values. A correlation is
found between the increase of D and the decrease of the 7- and
o-antibonding energies ¢} (1 = 6, 7) in the series from X = F to
L. Analysis of this correlation using second-order perturbation
theory expressions in terms of angular overlap parameters
allows one to rationalize the experimentally deduced trends.

B EXPERIMENTAL SECTION
Synthesis of [Fe(TPP)X] (X = F, Br, 1). [Fe(TPP)X] were

prepared by following a literature method”® with modifications. Details
of our syntheses of [Fe(TPP)X] (X = F, Br, I) are given in the
Supporting Information.'”'***® The overall synthesis is shown in
Scheme 2.

Air-stable solid products of [Fe(TPP)X] (X = F, Br, I) were
characterized by UV—visible spectroscopy and powder X-ray
diffraction. Powder diffraction patterns were obtained on the
PANalytical Empyrean diffractometer using Cu K, radiation (4 =
1.5418 A) with samples of [Fe(TPP)X] (X = F, Br, I) on a zero-
background plate holder. Powder X-ray diffraction of the [Fe(TPP)F]
sample is consistent with the simulated pattern predicted from the
single-crystal X-ray diffraction data of [Fe(TPP)Cl] (Figure S2).>' We
could not use the reported single-crystal X-razr structure of
[Fe(TPP)F], as some key data are not available.”* The reported
crystal structure does, however, indicate that the solid sample is in the
tetragonal crystal system,”” as the crystal structure of [Fe(TPP)CI].*"
Indexing of our powder X-ray diffraction data from the [Fe(TPP)F]

Scheme 2. Synthesis of [Fe(TPP)X] (X = F, Br, I)
Ph ex. FeF3 ¢ 3H,0 Ph

ex. FeBrye xH,0

Ph ——— Ph
Ph O, in air Ph

ex. Fel, * xH,0

Ph Oy in air w Ph

[Fe(TPP)],0

excess HI

[Fe(TPP),0 2 [Fe(TPP)I]

sarﬁlgﬂ}e by the McMaille method also yielded the same tetragonal unit
cell.™

The powder X-ray diffraction of the [Fe(TPP)Br] sample is
consistent with the simulated pattern predicted from the single-crystal
X-ray diffraction data of [Fe(TPP)Br],** indicating that the solid
sample is in the monoclinic crystal system. It should be noted that
Skelton and White originally reported the structure in P2,/c [a =
10.191(2), b = 16.121(5), ¢ = 23.223(4) A, = 115.34(1)°].>** This
space group could be converted to P2,/n.**" Conversion by the matrix
and software at http://www.cryst.ehu.es/cryst/celltran.html (using a
primitive P cell) yields P2,/n, a = 10.191(2), b = 16.121(5), ¢ =
20.990(4) A, = 90.69(1)°.

The powder X-ray diffraction of the [Fe(TPP)I] sample is
consistent with the simulated pattern predicted from the single-crystal
X-ray diffraction data of [Fe(TPP)I] [P2,/n, a = 10.118(3), b =
16.352(4), ¢ = 21211(7) A, B = 89.56(2)°],*° indicating that the
sample is also in the monoclinic crystal system.

Because INS peaks other than the two expected magnetic
transitions were observed for [Fe(TPP)Br] and [Fe(TPP)I] as
discussed below, elemental analyses of the two samples were
performed (Supporting Information), confirming the purity of the
samples. Attempts to obtain mass spectra of [Fe(TPP)X] (X = F, Br,
I) by MALDI/TOF (matrix assisted laser desorption ionization time-
of-flight) led to the observation of [Fe(TPP)*], indicating dissociation
of the Fe—X bonds during the mass spectroscopic process (Supporting
Information).

INS Studies of [Fe(TPP)X] (X = F, Br, I). The INS measurements
were carried out on the CNCS, which is a direct geometry, time-of-
flight spectrometer that receives a beam from a coupled cryogenic H,
moderator."” For energy selection, the CNCS employs four chopper
assemblies. The speeds and slit widths of the choppers can be varied,
allowing adjustments in the instrumental resolution and intensity of
the incident beam. Approximately 500 mg of each sample was loaded
into a 1/2-in.-thick aluminum tube. The three tubes, containing
[Fe(TPP)X] (X = F, Br, I) each, were placed in a sample holder. The
sample holder was mounted in a standard liquid helium cryostat with a
base temperature of T = 1.6 K. An oscillating radial collimator was
used to reduce background scattering form the tail of the cryostat.
Vanadium was used as a standard for the detector efficiency correction.

The incident neutron energy for every measurement was chosen to
cover the anticipated region of interest in both the energy E and
scattering-vector Q space.”*”” The small incident energy is especially
important to observe excitations near the elastic peak (at energy
transfer close to 0 cm™"), as the full-width-at-half-maximum (fwhm) of
the elastic peak, which is typically 1.5-2% of the incident energy,
would be narrow, giving better energy resolution.

For [Fe(TPP)F], measurements were performed at 1.6, 10, 50, and
100 K with incident neutron beam energies E; = 24.20, 40.89, and
97.35 cm™". For [Fe(TPP)Br] and [Fe(TPP)I], measurements were
performed at 1.6, 10, and 50 K with E; = 24.20, 40.89, and 97.35 cm™.
It took approximately 24 h to run the three samples at various
temperatures and incident neutron energies. Data were then reduced
and analyzed using the DAVE (Data Analysis and Visualization
Environment) program package.”®
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Table 2. Experimental (X-ray Diffraction, X = F, Cl, Br, I; Neutron Diffraction, X = Cl) versus DFT Structural Parameters of the

[Fe(TPP)X] (X = F, Cl, Br, I) Complex Series

F Cl Br 1
X X-ray DFT X-ray2 ! /neutron DFT X—ray243 DFT X—rayZS DFT
Fe—-X (A) 1.815 2.194/2.200 2210 2.348 2.360 2.554 2.566
Fe—N (A) 2.063 2.052/2.067 2.061 2.069 2.057 2.061 2.054
2.074 2.076
2.057 2.055
2.078 2.074
£XFeN (deg) 102.78 100.99/101.96 102.89 104.10 102.37 102.94 101.86
103.89 103.38
103.67 103.26
103.04 101.83

For [Fe(TPP)Br] and [Fe(TPP)I], a pair of D and E values were
used to give a calculated INS spectrum, which was then compared to
the experimental INS spectrum to find the best fit. The D, E values
were determined through the use of the chi-square goodness of fit test
of the experimental and calculated INS peaks.

The line widths of the INS peaks lie within experimental accuracy
determined by the instrumental resolution. The effective resolution
function R(Q,E) of CNCS is nearly Gaussian in energy.w Therefore,
the INS intensities were fit assuming Gaussian line shapes with fwhm
of the energy resolution for the CNCS spectrometer. The detailed
analyses, using the plots with smaller stepsize points, and calculations
of errors in the D values, are given in the Supporting Information.

Computational Details. Coordination Geometries. Although the
crystal structures of four [Fe(TPP)X] complexes in this study have
been reported (X = F,* CL* Br,** and I*°), only atomic coordinates
for the structures of X = Cl, Br, and I are available. In addition, the
structure of X = Cl is disordered.”® Therefore, for the sake of our
analysis, we have used DFT geometries for all four complexes.
Calculations for the available experimental structures show no major
differences (Table S7). DFT geometry optimization of all four
[Fe(TPP)X] (X = F, Cl, Br, I) complexes was done with the BP86
functional and def2-TZVP basis sets. van der Waals correction for
nonbonding interactions was included following Grimme.*”>° Because
of the participation of heavy ligands in the coordination sphere of
Fe(III), scalar relativistic corrections were included with the Douglas—
Kroll-Hess method along with appropriate basis sets.”’ Structural
parameters from these computations are compared to X-ray data in
Table 2.

Electronic Multiplets and the Zero-Field Splitting Parameters D.
The d° configuration of Fe'™ gives rise to one S = 5/2 ground (6
microstates) and to 24 S = 3/2 (96 microstates) and 75 S = 1/2 (150
microstates) electronically excited states. Because the SOC operator
connects only AS, AL = 0, +1 states, the spin-components of the S =
1/2 states do not couple to the S = 5/2 ground state and have been
neglected. Nonrelativistic energy levels and wave functions have been
computed using the Complete-Active-Space-Self-Consistent Field
(CASSCF) method,* averaging over the electron densities of all
considered states and taking an active space with 5 electrons
distributed over the S 3d-MOs [CAS(S,5)]. Dynamical (short-range)
correlation effects were accounted for by using N-electron valence
perturbation theory to second order (NEVPT2).>*™*" The effect of
NEVPT2 on the energy levels is to replace the diagonal matrix
elements of the configuration interaction (CI) matrix given by
CASSCF with improved diagonal energies. Such a replacement
provides more accurate (but still approximate) energetics while
keeping the same (zeroth-order) CASSCF wave functions. CASSCF
and NEVPT2 methods have been efficiently implemented in the
program package ORCA***” and allow computations on real systems
(without the necessity of model truncations) with unprecedented size
(up to 100—200 atoms, 2000 contracted basis functions). From the
resulting energies of many-electron states, spin-Hamiltonian parame-
ters were computed applying a computational protocol described
elsewhere.*® To this end, SOC was taken into account using a mean-

field spin—orbit coupling operator.*""** Spin—orbit mixing of non-
relativistic CI eigenfunctions and splitting of the corresponding
eigenvalues are accounted for by Quasi Degenerate Perturbation
Theory (QDPT).** In these, as well as in the correlated calculations,
triple-{ valence quality basis sets (def2-TZVP)™** were used.
Ground-state ZFS parameters have been computed by diagonalizing
the state interaction SOC matrix nonperturbatively using effective
Hamiltonian theory. CASSCF and NEVPT?2 energies for the lowest 17
excited states are listed in Tables SS and S6.

Metal ligand antibonding enerﬁgies have been derived using the
angular overlap model (AOM)** of the ligand field with parameters
that have been obtained from a least-squares fit to S X § ligand field
matrixes resulting from the ab initio ligand field theory (AILFT)
method.*”*® Inter electronic repulsion between the 3d-electrons has
been modeled in terms of two Racah parameters B and C. AOM
calculations were carried out with the AOMX program.*

B RESULTS AND DISCUSSION

INS Studies. Neutron magnetic scattering cross-section
corresponds to the number of neutrons scattered per second,
due to the magnetic interaction described above, into a solid
angle dQ with energy transfer between #iw and A(w + dw),
divided by the flux of the incident neutrons. For unpolarized
neutrons, identical magnetic ions with localized electrons, and
spin-only scatterin§, the magnetic scattering cross-section is
expressed by eq 2:°%%

d20' _ 2& l : —2W(Q)
Qdg - ) ki[ng(Q)] ¢
Q,Q
) (% — ﬁ)s“ﬁ«z, )
a,p (2)

where ¢ is the neutron cross section; y is the gyromagnetic
ratio, ry is the classical radius of an electron, g is the Landé g-
factor, F(Q) is the dimensionless magnetic form factor defined
as the Fourier transform of the normalized spin density
associated with magnetic ions; ¢"@ s the Debye—Waller
factor caused by thermal motion; S¥(Qu) is the magnetic
scattering function; (8,5 — (Q,Qu)/Q’) is the polarization
factor, which implies neutrons can only couple to magnetic
moments or spin fluctuations perpendicular to Q; Q is the
scattering vector of the momentum transfer (Scheme 3)—For
powder samples, only the length Q is measured; 7w is the
energy change experienced by the sample; and @ is the angular
frequency of neutron.

In eq 2, the magnetic form factor F(Q) reveals the
distribution of spin and orbital magnetization from unpaired
electrons. It falls off with increased Q. Therefore, peaks of
magnetic origin decrease in intensity with increased Q. In
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Scheme 3. Schematic of the INS Process”

Detector
g k
Neutron ° !
source ki Sample

“Q = k; — k¢ is the scattering vector of the momentum transfer, where
k and k¢ refer to the wavevectors of the incoming and outgoing
neutrons, respectively.

contrast, peaks of vibrational origin increase with increased Q.
However, strong incoherent scattering from samples containing
hydrogen atoms may smear out Q dependence of the magnetic
peaks, and instrumentation constraints might limit the
accessible Q range, leading to roughly constant intensities of
the magnetic peaks throughout the observable Q range in the
samples.' 5”8

Peak position in INS spectra gives a direct measurement of
the eigenvalues of the spin Hamiltonian. When there is no
external magnetic field and the compound is in the tetragonal
environment, the spin Hamiltonian is defined by a single
anisotropy parameter D and depends on the spin projection
along z. The E parameter provides a distortion that removes the
axial symmetry, and introduces anisotropy in the xy plane. For
[Fe(TPP)X], two magnetic INS peaks are observed, as
discussed below. The D and E parameters were then
determined from the spin Hamiltonian in eq 1 using INS
data, as described in the Experimental Section.

Simulated INS spectra were obtained by calculating the
energies and corresponding wave functions via exact diagonal-
ization of the spin Hamiltonian expressed in eq 1. These
calculations can be used to get the INS intensity, which is
proportional to the scattering function S(Qu). The
experimental and simulated INS spectra are given for
comparison.

[Fe(TPP)F]. In [Fe(TPP)F], the Fe(IIl) ion has a high spin
(S = 5/2) configuration, and its electronic ground state is split
into three Kramers doublets: M, = +1/2, +3/2, and +5/2
(Scheme 1). The spacings among the three doublets are 2D
and 4D, respectively. In the INS spectra of [Fe(TPP)F], a peak
at 8.99 cm™" was observed (Figure 1) at 1.6, 10, 50, and 100 K.
This peak corresponds to the first excitation from the M =
+1/2 to the M, = +3/2 states. Magnetic intensities are based
on Boltzmann statistics. Therefore, as the temperature is
increased, the 2D peak decreases in intensity, as shown in
Figure 1. In addition, the first excited states are populated with

the temperature increase. The excitation from the first excited,
M, = +3/2 states to the second excited, M, = +5/2 states
produced the second, 4D peak. This peak is observed at 18.05
cm™!, which is approximately twice the energy (8.99 cm™) of
the 2D peak. The intensity of the 4D peak increases with
temperature, indicating its magnetic origin. Analyses of the
temperature dependence of experimental and calculated
intensities are given in Figures S6—S8.

INS may also give the sign of D for these S = 5/2 systems.
Because the 2D peak was observed at a low temperature before
the 4D peak, the axial D parameters of these complexes (X = F,
Br, I) are positive. If D < 0, the ground state would be M; =
+5/2 and the first peak observed at 1.6 K would be 4D
(Scheme 1c).

In addition, peaks with negative energy transfers were also
observed in INS. When the temperature was raised to 10 K, a
peak at —8.99 cm™' appeared, indicating that the incident
neutrons gained energy from the sample in the INS process. In
other words, molecules at the +3/2 states in Scheme 1 returned
to the ground +1/2 states, transferring the energy to the
neutrons. Thus, the ZFS parameters are D = 4.49(9) cm™' and
E = 0 ecm™". The error analysis is given in the Supporting
Information.

[Fe(TPP)Br]. The E parameter in the monoclinic crystals of
[Fe(TPP)Br] leads to a change of the energy levels in Scheme
1d. The transitions from Mg = +1/2 to +3/2 and from Mg =
+3/2 to +5/2 (E <« D) are no longer 2D and 4D,
respectively.” There is now an E component inside these
transitions that is not independent of D. Experimentally, the
energy of the 4D peak is very close to twice the energy of the
2D peak, demonstrating that this compound is close to the axial
symmetry with a small E value. (See Figure 4 to view how E
affects the energy levels of S = $/2 compounds.) The INS
spectra of [Fe(TPP)Br] are given Figure 2. The first and
second magnetic peaks are located at +17.5 and 35.04 cm™,
respectively. Thus, the ZSF parameters are D = 8.8(2) and E =
0.1(2) cm™. A comparison of the temperature dependence of
experimental and calculated intensities, given in Figures S11—
S13, confirms the magnetic nature of the peaks. Other peaks
(~11.5 and 26 cm™) in the spectra have different line widths.
In comparison to the magnetic peaks, they are broader and not
well shaped. The differences suggest that the peaks are not due
to transitions from well-determined energy levels but rather
from phonon density of states. This argument is confirmed by
comparing how the intensities of the peaks change with
different Q ranges with low to high Q values. The peaks at 11.5
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Figure 1. (Left) INS spectra of [Fe(TPP)F] with incident neutron energy E; = 24.20 cm™', Q = 0.5—1.3 A™', and a step size of 0.024 cm™". (Right)

Theoretical INS spectra of an S = 5/2 spin system with D = 4.49 cm™.
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Figure 3. (a) INS spectra of [Fe(TPP)I] with E; = 40.89 cm™, Q = 0.5—1.0 A™', and a step size of 0.024 cm™". (b) INS spectra with E; = 97.35 cm™,
Q = 0.48—1.8 A™', and a step size of 0.024 cm™". (c) Theoretical INS spectra of an S = 5/2 spin system with D = 13.4 cm™" and E = 0.3 cm™".

and 26 cm™' were identified as phonons as they have the
greatest intensities at high Q as shown in Figure S14. It should
be noted that, in addition to a magnetic peak at 18.3 cm™!
(Table 1), Uenoyama also observed the 11.5 cm™" peak, which
was not identified in the far-IR spectrum of [Fe(TPP)Br]."”

[Fe(TPP)I]. Two incident energies had to be used to observe
two magnetic transitions in the INS spectra. An incident
neutron energy of E; = 40.89 cm™' only displayed the first
magnetic peak at 26.8 cm™' (Figure 3a). At a higher incident
energy E; = 97.35 cm™’, the second magnetic peak at 53.3 cm™
appeared (Figure 3b). Analysis of the INS spectra for
[Fe(TPP)I] and the determination of ZFS parameters were
analogous to those for [Fe(TPP)Br]. The temperature
dependence of experimental and calculated intensities is
shown in Figure S17. The second magnetic peak is broad
and almost overlaps with a phonon peak, meaning this
magnetic peak is not as resolved as the first due to the
proximity of a phonon peak. Therefore, there is a larger error
associated with the use of this peak to calculate the D and E
parameters. Equation 1 gave the ZFS parameters D = 13.4(6)
ecm™ and E = 0.3(6) cm™". As [Fe(TPP)Br], the spectra for
[Fe(TPP)I] also have additional peaks with broad line widths,
which were determined to be from phonon density states. The
presence of phonon peaks is confirmed by examining the Q
dependence of the peaks in Figures S18,519. As expected, the
phonon peaks are more pronounced at high Q, while the
magnetic peaks stay constant or decrease in intensity.

Both [Fe(TPP)Br] and [Fe(TPP)I] have a small E value.
This in turn translates into small variations of the 2D and 4D

peak positions. When the E parameter is small, there is little
mixing of the energy levels until E > 2 cm™ as observed in
Figure 4. For example, in [Fe(TPP)I] with D = 134 cm™,
changing from E = 0 to 0.3 cm™" leads to a 0.58% increase and
0.11% decrease in the positions of the 2D and 4D peaks,
respectively.

The D values for [Fe(TPP)X] (X = F, CL"' Br, I) from the
INS studies are listed in Table 1. D values of [Fe(TPP)X],
determined by other methods, and Fe(Ill) protoporphyrin/
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Figure 4. Effect of the E parameter on the energy levels of an S = 5/2
system with ZFS parameters of D = 134 and E = 0.3 cm™' (in
[Ee(TPP)I]).
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Figure S. Structural view of the series of complexes as revealed by X-ray and neutron diffraction studies and DFT geometry optimizations.

deuteroporphyrin IX dimethyl ester halides are also summar-
ized there. Several methods gave D = 32—119 cm™ for
[Fe(TPP)Cl] and 4.9-12.5(5) cm™ for [Fe(TPP)Br]. Our
INS studies'' gave accurate values for the complexes. It is also
interesting to note that the D values for [Fe(TPP)X] are similar
to those of the corresponding Fe(Ill) protoporphyrin IX
dimethyl ester halides (Table 1).

Calculated Coordination Geometries. The geometries of
the first-coordination spheres of the four [Fe(TPP)X]
complexes are square pyramidal (Figure S) with four equatorial
Fe—N and one axial Fe—X bond. Structural parameters from X-
ray data are well reproduced by the DFT geometry
optimization (Table 2). The set of Cartesian coordinates for
each DFT optimized structure is listed in the Supporting
Information.

Multiplet Energies and the Zero-Field Splitting (D).
From CASSCF and NEVPT?2 calculations for [Fe(TPP)X] at
DFT-optimized geometries, we can conclude that all four
complexes are in a °A; ground state. Quartet (S = 3/2) excited
states originate from the 4G, D, *F, and *P states of the free
Fe(1II) ion split by the C,, ligand field in the complex. Energies
of CASSCF and NEVPT?2 of these terms in the energy range
below 50 000 cm™! are included in Tables S5 and S6. From all
of these, the states with the *T, cubic parentage split into *E
and *A, terms. Their mixing with the °A; ground state via
spin—orbit coupling leads to splitting of its M; = +5/2, +3/2,
and +1/2 sublevels, thus governing the sign and magnitude of
the zero-field splitting terms. From the three *T cubic terms,
only two yield essential contributions to D. Their energies and
calculated D values are depicted in Figure 6. Second-order
perturbation theory yields the following °A; ground-state
expression for D:

D(‘*Tl)=ﬁ[ — - ]
5| a0a) ~ ACB)

©)

where ¢ is the effective SOC constant and A(*A,) and A(“E)
are the energies of the ‘E and *A, C,, sublevels of each *T,
term.

F Cl Br |
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Figure 6. Term energies from CASSCF and NEVPT2 calculations
governing the sign and magnitude of the °A; ground state D value of
the series of [Fe(TPP)X] (X = F, Cl, Br, I) complexes; color code: red,
CASSCEF; blue, NEVPT2.

From eq 3, it is evident that when the energy of the ‘E
excited state is greater than that of the *A, excited state (Figure
6) from the lowest cubic *T; term, a positive D value results,
while if the energy of the excited states is reversed (‘E < *A,), a
negative D value results. Because of the larger “T;—°A,; energy
separation for the second excited *T, state, the positive term
dominates and determines the positive sign of D for the entire
complex. Qualitative predictions of the positive sign of D for
such coordination geometries of Fe(III) using angular overlap
model consideration have been published.*

In Figure 6 and Table 3, we compare calculated and
experimental values of D. While the experimental trend D(F) <
D(Cl) < D(Br) < D(I) is well reproduced, computed CASSCF
values of D are about 1 order of magnitude (8—10) smaller
than the experimental values. This can be attributed to the ionic
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Table 3. Metal-Ligand Bonding and Electron Repulsion Parameters for the [Fe(TPP)X] (X = F, Cl, Br, I, DFT Optimized
Structures) Series (in cm™") from Ab Initio Ligand Field Analysis and a Best Fit of the Angular Overlap Model to the CASSCF/
NEVPT2 (CAS(S,5) Active Space) Quartet Excited-State Energies

X F Cl Br I

ligand field parameters CASSCF NEVPT2 (C%)® CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2

& 6260 7355 4200 5348 3358 4501 2798 4055

(15) (21) (25) (31)

ei,m 2340 2625 1177 1287 843 873 523 474

(11) (8) ®3) (-10)

egla 5650 6058 5784 6266 5862 6372 5930 6467

(7 (8) (8) (8)

B 1145 1032 1127 1023 1122 1022 1114 1018
(B/By)© 0.88 0.83 0.87 0.82 0.86 0.82 0.85 0.82

C 4297 4698 4231 4735 4219 4761 4197 4800
(C/Cy)* 0.89 1.05 0.87 1.05 0.87 1.06 0.87 1.07

¢ 436 436 429 429 415 415 392 392
(€/.)° 092 092 091 091 0.88 0.88 0.83 0.83
D (calc) 0.45 1.54 0.59 1.98 0.96 2.60 1.48 3.45

D (exp, INS) 4.49(9) 633(8) 8.8(2) 13.4(6)

“Parameterization was done under the following simplifying assumptions: e

N =N = 0. bPercentage covalence C%, defined as {[¢;(NEVPT2) —

s T

¢,(CASSCF)]/¢e,(NEVPT2)} X 100 (1 = o, n), is listed in brackets. (See ref 47, p 187 for details.) “Nephelauxetic ratios of the Racah parameters B,
C and the spin—orbit coupling parameter { in the complex with respect to the computed values By, C,, and ¢, for the free Fe(IIl) ion: 1301, 4844,

472 (CASSCF) and 1240, 4490, 472 cm™" (NEVPT2), respectively.

nature of the CASSCF wave functions where metal—ligand
covalence is largely underestimated. In agreement with this
result, dynamical correlation accounted for by NEVPT2
improves the quantitative agreement with the experimental
data; now D(NEVPT2) values differ by a factor of 3—4 as
compared to the experimental ones. This will be thoroughly
discussed in a separate section below. The changes from the
CASSCEF to NEVPT? results are reflected by the drop down in
energy of the ‘A, and “E lowest excited states by as much as
10000 cm™" and by about one-half this amount for the second
excited state of the same C,, symmetry. The trends in D across
the series are nicely reflected by the concerted lowering of the
transitions energies from F to I in the series. The contributions
to D from the two *T states (Tables S5 and S6 in comparison
with eq 3) show that the improvement of the D parameters
upon NEVPT?2 corrections is largely dominated by the lowest
*T, term and the lowering of the excitation energy to *A, (by
about 10250 cm™"), which exceeds the energy lowering of the
higher, excited ‘E state (by about 7800 cm™). This is a
differential correlation effect, which increases with Fe—X
covalence increasing in the series F, CI, Br, and L

A calibration of the CASSCF and NEVPT2 values of D
allows one to predict the experimental D starting from the
computed ones. The latter are compared to the experimental D
values in Figure 7. A least-squares fit between the experimental
and the theoretical D values leads to the following expressions:

(4)
©)

with a standard deviation of 0.18 cm™ between the two data
sets.

Metal—-Ligand Bonding from Angular Overlap Ligand
Field Analysis of the CASSCF and NEVPT2 Many-
Electron States and the Correlation with D. Bonding in
[Fe(TPP)X] is governed by two types of donors: the equatorial
nitrogen of the TPP and axial X ligands. Angular overlap
expressions for the energies of 3d-type MOs in the simple case

D(exp , INS) = 8.326D(CASSCF) + 0.997 (cm™")

D(exp, INS) = 4.625D(NEVPT2) — 2.8255 (cm ™)

3.5+

3.0

N
[9)]
1

CASSCF

E 204 4 NEVPT2
Q)
T 1.5
Q
1.0
0.5 "
4 6 8 10 12 14

D (exp, INS) (cm™)

Figure 7. Calibration between experimental and CASSCF/NEVPT2
calculated values of the zero-field splitting parameter D for the
[Fe(TPP)X] series; D (exp, INS) = 8.326D(CASSCF) + 0.997,
standard deviation = 0.18 cm™'; D (exp, INS) = 4.62SD(NEVPT2) —
2.8255, standard deviation = 0.18 cm™".

of square-pyramidal FeN,X with ligands at the x,y and z axes
are given by

N
e(by, de—yZ) = 3¢,
e(ab dzZ) = ej'( + e(Ir\I - 465121I - es)é + AI'(es)d(esIZlI 12
e(e’ dxz,yz)

e(bll dxy) = 4eilr\|]|

_ X N
=e, + 2¢;,

(6)

Two sets of parameters ¢}, e- and ey, ¢ are introduced to
account for ¢ and z-antibonding, with eﬁu and ¢y, describing
iron—nitrogen in- and out-of-plane z-interactions, respectively.
The parameters ey and ey account for the stabilization of the
d,’ orbital due to partial hybridization with the 4s one. The
mixing of these two orbitals is induced by the 4-fold symmetry
where both orbitals are of the a; type. Because the N atoms of
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Figure 8. Magneto-structural correlation between the experimental D values and the Fe—X 7 (left) and o (right) antibonding energies as given by a
best fit of the angular overlap plus repulsion ligand field model to NEVPT2 eigenvalues.

the porphyrin ligand do not possess electrons for in-plane 7-
bonding, e?n can be safely set to zero. Even so, one is left with
six parameters from which only three are independent in the
given point group. To achieve further realistic approximation to
reduce the number of parameters, we considered a Fe(TPP)*
complex without the X atom. For such a complex (D,
symmetry), eq 6 is simplified to

e(by, de—yZ) = 3‘337\]

e(a, dy) = ) — 4}y
N

e(e, dleyz) = 2e,,

e(bp dxy) =0 )

A best fit of €}, ex,, and ey and B to energy eigenvalues from
CASSCEF calculations of a Fe(TPP)* model complex resulted,
respectively, in values of 5725, 99, 1289, and 990 cm™ L. These
results show that while keeping to an approximate CASSCF
wave function, ey, can be safely neglected. We thus arrive at a
model with three parameters e}, ¢, and ¢}, where e}y and ey
have been neglected. Parameters ¢y, €}, ey, B and C have been
obtained from a best fit to energies from CASSCF and
NEVPT?2 calculations for transitions from the °A; ground into
the S = 3/2 excited states (Table 3). In this procedure, the
detailed angular geometry as given by the DFT structure
optimizations was taken into account. While the energy of the
Fe—N antibonding e} is almost constant between the various
members, e and eX decrease across the series from F to I and
thus correlate with the increase of D in the same direction
(Figure 8). The bonding parameters from Table 3 have been
used to deduce the ligand field splitting pattern of the 3d-MOs
(Figure 9), which we in turn employ to rationalize D versus ex
and ¢ correlation. According to eq 3, the value of D is
dominated by contributions from ‘E and *A, terms for the
lower and the upper *T| states. All four transitions are governed
by an increase of interelectronic repulsion when going from the
%A, ground state (five unpaired electrons on each 3d MO) into
excited states with electronic configurations, where one orbital
becomes doubly occupied (an energy that equals roughly 10B +
6C for both *T, states). Excitations from the °A; ground state
into the lower *E and *A, pair correspond to e — t, transitions
with a gain of ligand field energy (ligand field de-excitation). As
illustrated in Figure 9 (middle left), this gain is larger for the
*A, state than for the *E state, leading to an energy ordering
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Figure 9. Ligand field 3d-MO energies from ab initio (NEVPT2)
calculations of the [Fe(TPP)X] series.

A(*E) > A(*A,) and, according to eq 3, a positive contribution
to D. Transitions to the upper *T, state are of the t, — e type.
Therefore, when exciting from %A, they are adding energy to
the 10B + 6C term. According to Figure 9 (middle, right), a
A(*E) < A(*A,) term sequence for the upper *T state leads to
a negative contribution to D. Coming from a lower lying
transition, positive contributions to D clearly dominate and
determine the overall sign of D. With ¢; and e; decreasing
across the series X = F to I, both *A,, the lowest excited state,
and “E, the second excited state, become lower in energy.
However (Table SS), the changes of the energy of ‘A,
dominate over those of *E and are mainly responsible for the
observed increase in D. As shown in a comparison between the
CASSCF and NEVPT? results in Tables S5 and S6, the effect is
enhanced when taking dynamical correlation into account.

Magnetic Anisotropy (D) and Metal-Ligand Cova-
lence in the [Fe(TPP)X] Series. Changes in covalence in 3d
complexes affect D: (1) decrease in the spin—orbit coupling
(SOC, quantified by ¢) reduces D, eq 3; and (2) reduction the
interelectronic repulsion (quantified by the Racah parameters B
and C) with respect to the free ions (nonrelativistic and
relativistic nephelauxetic effects, respectively) increases D. Ab
initio ligand field analyses clearly manifest a decrease of B and {
across the series (Table 3, CASSCF/NEVPT2 results),
reflecting the expected increase of metal—ligand covalence
from F to I, as shown in Figure S20. It is worth considering
these two effects on D separately.
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Effect of Spin—Orbit Coupling (SOC) on D. Desrochers
and co-workers studied ZFS in 4-coordinate C;, Ni(II)
complexes Tp*NiX [Tp*~ = hydrotris(3,5-dimethylpyrazole)-
borate; X = Cl, Br, I] by HFEPR, reporting D = +3.93(2),
—11.43(3), —22.81(1) ecm™’, for X = Cl, Br, I, respectively, for
the d®* S = 1 complexes.”’ Studies by the Angular Overlap
Model (AOM)>" and wave function-based ab initio methods™*
show that the final signs and magnitudes of D parameters here
are mostly determined by the metal—ligand covalency and low
symmetry in the scorpionate complexes. These 4-coordinate, d*
Ni(II) complexes are more covalent than the S-coordinate,
high-spin d® [Fe(TPP)X] in the current work. Theoretical
studies of [NiX,]*” (X = F, Cl, Br, I) also showed the
increasing contribution of intraligand spin—orbit coupling to
ZFS from F, Cl, Br to I in [NiX,]*, leading to a sign reversal,
between Br and I, of the spin—orbit splitting within the t,-
orbitals of Ni** ions.>” Being relatively more ionic, the effect of
the intrinsic spin—orbit couplings of the heavier ligands on D in
the [Fe(TPP)X] series is not as strong as that in the Tp*NiX
or [NiX,]*>~ complexes. In other words, the {Fe'-X"}" —
{Fe"-X*}" charge transfer is much higher in energy than
{Ni"-X"}? - {Ni'=X*}'° so that the large SOC of I” cannot
affect D considerably. Although the N atoms (on the porphyrin
ligand) and halides X in [Fe(TPP)X] are involved in strong &
bonding with Fe(II) (as quantified by the parameters ¢} and ¢
in eq 6), there is no first-order spin—orbit coupling in the °A,
ground state. Thus, the impact of all of these factors on the ZFS
of the [Fe(TPP)X] series is not as large as in the Ni(II)
complexes.

Effect of the Nephelauxetic Reduction of B and C on
D. D values of axial Fe™ complexes are generally under-
estimated by both CASSCF and NEVPT2 methods.
Correlation effects in the S = 5/2 ground state and S = 3/2
excited state are quite different. Dynamical correlation in the
latter states is much more pronounced and is largely
underestimated at both the CASSCF and the NEVPT?2 level
of theories. This differential correlation effect results in
interelectronic repulsion parameters B and C distinctly larger
than those deduced from experiment. This leads to (a) a larger
gap between the °A; ground state and the *A,/*E excited states;
and (b) small values of D according to eq 3. To quantify the
effect, we have adapted the angular overlap model with
parameters from Table 3 and studied the dependence of D on
B, while keeping the ratio C/B unchanged. A model calculation
for [Fe(TPP)Cl] as an example shows a dramatic increase of D
when lowering B (Figure 10). Such (nephelauxetic) reduction
of B is a measure of metal—ligand covalence. The rather large
values of B deduced from the multireference ab initio
calculations (1000—1100 cm™') reflect the rather ionic
CASSCF wave functions. Because of this ionicity, the
nephelauxetic reduction of B is largely underestimated at the
ab initio level. The effect can be quantified by getting B that
reproduces D from the INS work. Adapting again the angular
overlap model with the same values of the parameters for the
complexes (Table 3, NEVPT2 set), we obtain B = 579 (F), 557
(Cl), 540 (Br), and 518 (I) cm™. In other words, they are
twice as small as their ab initio counterparts (both CASSCF
and NEVPT2, Table 3). Taking this result with precaution (due
to the model character of the given considerations), we can
conclude that the reduction of B is largely governed by the TPP
ligand and further modified by the covalence of the Fe—X bond
increasing from F to L Finally, the large reduction of the
parameters B deduced from the INS data implies a shift of the

D(cm™)

500 600 700 800 900 1000 1100
B(cm™)

Figure 10. Variation of D with B for [Fe(TPP)CI] taken as a model
example. The figure has been constructed using the AOMX program
package with model parameters set (NEVPT2) from Table 3. A C/B
ratio of 4.63 has been adapted using the same data.

electronic transitions °A; — *A, (*T,) and A, = “E (“T))
from their ab initio values [NEVPT?2: 11 135 and 20 006 (F) to
8960 and 16089 cm™' (I), Table S6] to the near-IR and IR
regions [explicitly: 4738/8878 (F), 3685/9035 (Cl), 2738/
7652 (Br), and 1719/6135 (I)]. Thus, these transitions are
falling in energy below the Soret (~24 000 cm™") and Q-bands
(16 000—20 000 cm™)** z—z* absorption region. This opens
an interesting perspective for their spectroscopic character-
ization.

B CONCLUDING REMARKS

Zero-field splittings in [Fe(TPP)X] (X = F, Br, I) have been
studied by inelastic neutron scattering, providing a rare,
complete determination of ZFS parameters in a metal-
loporphyrin halide series. Ligand field analysis of the ab initio
data shows that the relatively large D values for these complexes
are due to delocalization of the o d-electrons on the TPP
ligand, which lowers the parameter B and reduces the energy
gap between the ground °A, ground and the *A, excited state.
The trend of the increase in D, from X = F, Cl, Br, to I, is
further correlated with the increase in the covalency of the Fe—
X bond in the same order. Ab initio multireference electronic
structure calculations and their ligand field analysis allow one to
relate the increase in the D values with the lowering of the
energy gap between the ‘A, ground state and the *T; lowest
excited state. This lowering is attributed to the weakening of
both the ¢ and the 7 antibonding interactions between the
Fe(1Il) ion and the axial halide ligand. Quantitative magneto-
structural correlations were derived between D and the angular
overlap model parameters e, and e,, characterizing the bonds of
iron(III) ion to the axial ligands.

Single ion magnets (SIMs) are of intense current interest.
There is a significant debate regarding the strategy for the
design and synthesis of SIMs. To rationally design SIMs, key
factors dictating the sign and magnitude of D values in metal
complexes need to be identified. The current work not only
reports ZFS parameters by inelastic neutron scattering for the
S-coordinate halide complexes, but also identifies key factors
that determine the sign and magnitude of D values in these Fe'"
single ion complexes.

An important point we learn from the current study is that,
for square pyramidal S-coordinate high-spin d° complexes, D
may become negative if the equatorial ligand donors are weaker
than the axial one.
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