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ABSTRACT: Iron porphyrins exhibit unrivalled catalytic activity for USSR Effective
electrochemical CO,-to-CO conversion. Despite intensive experimental I . .

and computational studies in the last 4 decades, the exact nature of the =° (’/ — /<> Hamlltonlan
prototypical square-planar [Fe"(TPP)] complex (1; TPP?~ = tetraphe- = 2 S o
nylporphyrinate dianion) remained highly debated. Specifically, its i SE ——
intermediate-spin (S = 1) ground state was contradictorily assigned to 0 _ 100 200 300, | H———

either a nondegenerate A, state with a (d,,)*(d,?)*(d,,,.)* configuration =1 Temperature (K) 950 cm-80C — —

or a degenerate 3Eg state with a (dxy)z(dxzyyzf(d;)l/ (dzz)z(dx},)l(d,cz‘},z)3 '

configuration. To address this question, we present herein a A " J94cm
comprehensive, spectroscopy-based theoretical and experimental elec- < 88% %A,
tronic-structure investigation on complex 1. Highly correlated wave- > 129% 3Egg

function-based computations predicted that 3A2g and 3Eg are well-isolated 4 /2 0. 2
- ppler shift (mm/s)
from other triplet states by ca. 4000 cm™', whereas their splitting A,_g is
on par with the effective spin—orbit coupling (SOC) constant of iron(II) (~400 cm™'). Therfore, we invoked an effective
Hamiltonian (EH) operating on the nine magnetic sublevels arising from SOC between the 3A2g and 3Eg states. This approach
enabled us to successfully simulate all spectroscopic data of 1 obtained by variable-temperature and variable-field magnetization,
applied-field *’Fe Mossbauer, and terahertz electron paramagnetic resonance measurements. Remarkably, the EH contains only three
adjustable parameters, namely, the energy gap without SOC, A,_g, an angle 6 that describes the mixing of (d,,)*(d,.,.)*(d;?)! and
(d2)*(d,)'(d,,,.)* configurations, and the (ry;™>) expectation value of the iron d orbitals that is necessary to estimate the *’Fe
magnetic hyperfine coupling tensor. The EH simulations revealed that the triplet ground state of 1 is genuinely multiconfigurational
with substantial parentages of both SAZg (<88%) and 3Eg (>12%), owing to their accidental near-triple degeneracy with A,_g = +950
cm™'. As a consequence of this peculiar electronic structure, 1 exhibits a huge effective magnetic moment (4.2 uB at 300 K), large
temperature-independent paramagnetism, a large and positive axial zero-field splitting, strong easy-plane magnetization (g, ~ 3 and
g ~ 1.7) and a large and positive internal field at the *’Fe nucleus aligned in the xy plane. Further in-depth analyses suggested that
g1 >> g is a general spectroscopic signature of near-triple orbital degeneracy with more than half-filled pseudodegenerate orbital sets.
Implications of the unusual electronic structure of 1 for CO, reduction are discussed.

1. INTRODUCTION highest catalytic activity of all relevant catalysts reported thus

4
Transition-metal complexes supported by macrocyclic ligands, far. ) )
such as porphyrins, phthalocyanines, and corroles, have been The experimental work reported by Saveant, Robert, and co-

utilized as (pre)catalysts for the activation of a wide range of workers demonstrated that complex 1 undergoes two

small molecules, such as CO,, O,, and Hz-l It is thus of great successive one-electron reductions to generate [Fe(TPP)]~
interest to elucidate their electronic structures as a prerequisite (1_) and [FQ(TPP)]Z_ (12_) and that the latter species,
to understanding structure—activity relationships and under- formally a Fe(0) compound, is the actual CO, reductant.” We
lying chemical principles, the subject of intense research efforts

worldwide.” In this regard, electrochemical CO,-to-CO Received: January 6, 2021 \norgani‘,t_(hemmry

conversion catalyzed by complex [Fe(TPP)] (1; TPP*™ = Published: March 19, 2021
tetraphenylporphyrinate dianion) and its derivatives displays
exceedingly high efficiency and nearly exclusive product
selectivity.” It was found that [Fe(o-TMA)]* (o-TMA*" = o-
N,N,N-trimethylanilinium porphyrinate dication) exhibits the
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recently studied the electronic structures of reduced species 1~
and 177 in great detail using *’Fe Mdssbauer, X-ray absorption,
and resonance Raman spectroscopy coupled with quantum-
chemical calculations. The results established that both
reduction steps are ligand-centered. Throughout the series,
the Fe center retains an intermediate-spin (Sg, = 1) Fe(Il)
state and is antiferromagnetically coupled to the nascent
porphyrin radicals generated by the reduction; i.e., complexes
17 and 1>° are best formulated as [Fe"(TPP*3")]” and
[Ee''(TPP***")]>" rather than [Fe'(TPP?>7)]™ and
[Fe’(TPP*")]*, respectively.’

In the case of parent complex 1, although early studies® have
assigned a quintet ground state, consensus has been finally
reached that the ground state is a triplet. Specifically, the room-
temperature effective magnetic moments (ueff) measured for
various crystalline forms obtained by different preparation
procedures range from 4.0 to 4.4 yiz (Bohr magnetons).7 The
values are considerably lower than the spin-only value for § =2
(4.9 ug) but substantially surpass that expected for S = 1 (2.8
Ug). An S = 2 d° configuration would inevitably populate the
Fe d_-centered molecular orbital (MO) that is strongly o-
antibonding with respect to the interaction between the Fe
center and the four porphyrin N donors. Here, the xy plane is
defined as the plane of the porphyrin ligand. In fact, the Fe—
Nipp bond distance (1.97 A) determined by X-ray
crystallography for 17 is significantly shorter than those
found for the related high-spin (S = °/,) ferric porphyrin
complex, [Fe"(TPP)CI] (2.06 A)® and [Zn"(TPP)] (2.03—
2.04 A).” For the latter two complexes, the Fe de_y MO is
singly and doubly occupied, respectively. The bond metrics
thus provide strong experimental support for an S = 1, instead
of an S = 2, ground state of complex 1."” The intermediate-
spin ground state is in accordance with its square-planar
coordination geometry, where the Fe d,>_» MO lies at much
higher energy than the remaining essentially nonbonding d,,
d.. d,,, and d orbitals and, hence, is unpopulated. As such,
four low-lying triplet electron configurations can be envisioned
(Scheme 1), namely, (a) 3A2g with a (dxy)Z(dzl)z(dxzr},z)2
configuration, (b) *E,(A) (d,)*(d2)'(dy.,.)% (c) °E(B)
(dxy)l(dzz)z(dxz,yz)3l and (d) 3B2g (dxy)l(dZZ)I(de,yZ)4 (SCheme
1). Here, the symmetry of each state is labeled by the
irreducible representations of the D,;, point group.

Despite intense experimental studies over the course of the
last 4 decades, the intermediate-spin ground state of 1 that can
be assigned to either 3A2g or a degenerate 3Eg state has not
been completely established. Zero-field "Fe Mdossbauer
measurements on 1'' and resonance Raman studies on a
related complex, [Fe'(OEP)] (OEP?~ = octaethylporphyrinate
dianion),"” suggested the E, ground state with predominant
parentage of the 3’Eg(A) configuration. On the contrary,
experimental investigations using X-ray diffraction,”> 'H
NMR,"* applied-field "Fe Méssbauer spectroscopy,” and, in
particular, magnetometry’ all attributed the 3A2g ground state
to 1.

Theoretical studies have led to a number of contradictory
assignments as well, even for calculations using highly
correlated wave-function-based ab initio approaches. Early
CASSCF/CASPT2 (CASSCF complete-active-space self-
consistent field; CASPT2 complete-active-space with
second-order perturbation theory) computations on
[Fe"(Por)] (Por®™ = porphyrinate dianion) erroneously
predicted a quintet ground state,'® but later, more accurate
CCSD(T) [CCSD(T) = coupled cluster with single, double,
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Scheme 1. Four Low-Lying Triplet Electron Configurations
of 1°
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“Of note, inversion of the d and d,, orbital energies leads to the
same configuration in parts a and d. For both cases, only one of the
two possible energy orders is displayed in the scheme.

and perturbative triple excitations] calculations arrived at a
triplet-ground-state assignment.'” Very impressive stochastic
CASSCEF calculations including all porphyrin 7 orbitals in the
active space, recently reported by Alavi and co-workers,"®
yielded “E,(A) about 175 cm™" lower in energy than *A,.
Qualitatively, the same conclusion was reached by -earlier
computations using configuration interaction'” and multi-
reference Moller—Plesset perturbation theory.'*° By contrast,
recent CASSCF/CASPT2 and CCSD(T) calculations pub-
lished by Radén,'” Pierloot,”" Bistoni,** and their co-workers
all favored the 3A2g ground state, with an energy gap of at most
800 cm™' between the *E,(A) and A, states (Table S1). It
should be noted that the aforementioned energy separations all
fall into the uncertainty range of the computational method-
ologies employed.

Taken together, the earlier work is indicative of a situation in
which neither experiments nor quantum-chemical calculations
alone could reach an unambiguous assignment of 3AZg or 3Eg to
the ground state of 1. In this work, we present a combined
spectroscopy-based theoretical and experimental study on
complex 1, based on variable-temperature and variable-field
(VTVH) magnetization, applied-field *’Fe Mdssbauer, and
terahertz electron paramagnetic resonance (THz-EPR) meas-
urements. After an unsuccessful attempt to reproduce all
spectroscopic details with the usual spin Hamiltonian (SH)
formalism, we designed an effective Hamiltonian (EH)
operating on the nine-dimensional Hilbert space spanned by
the energetically closely spaced °A,, and °E, states. This
approach enabled us to successfully simulate all magnetization
and “"Fe Mossbauer experimental data and derive meaningful
parameters closely related to the electronic structure. Further
in-depth analyses revealed the correlation of the electronic
structures and magnetic properties of 1. In particular, our
analyses demonstrated how the unusual spectroscopic
parameters are a characteristic signature of a near-triple orbital
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degeneracy, as opposed to double orbital degeneracy. Of note,
the latter case attracted much attention recently, particularly in
the field of molecular magnetism. Finally, we discussed
ramifications of the peculiar electronic structure of 1 on the
mechanism of its catalyzed electrochemical CO, reduction.

2. EXPERIMENTAL PROCEDURES

2.1. Synthesis. All reactions were carried out in an inert-glovebox
argon atmosphere. Stabilizer-free tetrahydrofuran (THF) was
purchased at Acros Organics. Before use, it was degassed by a
freeze—pump—thaw technique (three cycles), stirred over sodium for
2 days, and stored over a molecular sieve (4 A). Heptane was
purchased at Acros Organics, degassed by bubbling argon through it
for 1 h, and stored over a molecular sieve (4 A). [Fe(TPP)Cl] was
purchased at Sigma-Aldrich with 95% purity (porphin residue).
Sodium anthracenide was prepared by a previously described
procedure.”® After reduction, all samples were stored at —40 °C
inside the glovebox. [Fe(TPP)] was prepared according to the
procedure published by Scheidt and co-workers.**

[Fe(TPP)(THF),]. [Fe(TPP)Cl] (100 mg, 0.142 mmol, 1 equiv) was
dissolved in THF (12 mL). Sodium anthracenide (0.2 M solution,
0.71 mL, 1 equiv) was added slowly via a syringe to prevent local
excess of the reducing agent. The solution was stirred at room
temperature for 30 min, then filtered over a poly(tetrafluoroethylene)
syringe filter, layered with heptane (48 mL), and set aside for
crystallization at —40 °C for 2—3 days. The mother liquor is removed,
and the remaining solid is washed with a little heptane (3 X 1 mL).
UV—vis (2-MeTHF, RT): A, 425, 545, and 605 nm.

[Fe(TPP)]. [Fe"(TPP)(THF),] is dried at 100 °C in high vacuum
(1072 mbar) for 60 min. Thermogravimetric measurements confirm
the loss of two THF molecules from the THF adduct:
Mpefore thermogravimetry — 9.3 mg; Myfer thermogravimetry — 7.56 mg; Acha\lccl
for [M — 2THF] = 1.73 mg; Am,,, = 1.74 mg. UV—vis (2-MeTHF,
RT): Ay 425, 545, and 60S nm.

2.2. Magnetic Susceptibility Measurements. Magnetic
susceptibility data were measured from powder samples of a solid
material immobilized in eicosane in the temperature range 2—300 K
by using a Superconducting Quantum Interference Device (SQUID)
with a field of 1 T (MPMS-7, Quantum Design; calibrated with a
standard palladium reference sample; error <2%). Multiple-field
variable-temperature magnetization measurements were done at 1, 4,
and 7 T also in the range of 2—300 K with the magnetization
equidistantly sampled on a 1/T temperature scale.

2.3. *’Fe Méssbauer Spectroscopy. Fe Mossbauer spectra
were recorded on conventional spectrometers with alternating
constant acceleration of the y source. The minimum experimental
line width was 0.24 mm/s (full width at half-height). The sample
temperature was maintained constant in either an Oxford Instruments
Variox cryostat or a cryogen-free, closed-cycle M0ssbauer magnet
cryostat from Cryogenic Ltd. The latter is a split-pair superconducting
magnet system for applied fields up to 7 T. The temperature of the
sample can be varied in the range 1.7—300 K. The field at the sample
is perpendicular to the y beam. The ’Co/Rh source (1.8 GBq) was
positioned at room temperature inside the gap of the magnet system
at the zero-field position by using a reentrant bore tube. The detector
was an Ar/10% CH,-filled end-window-type proportional counter for
the zero-field measurements and a Si drift diode (150 mm?* SDD
CUBE) of an AXAS-M1 system from Ketek GmbH with a vacuum-
tight 200 mm stainless steel finger, which was inserted into the
cryostat to position the diode also in the gap of the magnet. Isomer
shifts are quoted relative to Fe metal at 300 K.

2.4. THz EPR. Frequency-domain Fourier transform (FD-FT)
THz-EPR investigations were performed at the THz beamline of the
synchrotron BESSY II, Helmholtz-Zentrum Berlin. This spectrometer
allows for THz-EPR measurements from 0.1 to 11 THz (~3—370
cm™"), employing a fully evacuated high-resolution Fourier transform
infrared spectrometer (IFS 125, Bruker), a superconducting high-field
magnet (Oxford Spectromag 4000; By = +11 to —11 T) with variable-
temperature insert (T = 1.5-300 K) and liquid-He-cooled bolometer
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detectors. A detailed description of the spectrometer can be found
elsewhere;”* experimental procedures are described in the Supporting
Information. SH simulations were performed with EasySpin° and its
extensions for frequency-domain EPR.*’

2.5. Computational Details. Three distinct porphyrin con-
formations, namely, ruffled, saddled, and planar, have been found for
crystal structures of complex 1 (ruffled and saddled) and of its
derivative [Fe(TTP)] (TTP>~ tetratolylporphyrinate anion;
planar).” The varying core conformations have slightly different
Fe—N bond lengths and disparate packing modes, which may lead to
their different electronic structures, a behavior observed for a high-
spin dicyano|meso-tetrakis(2,4,6-triethylphenyl)porphyrinato Jiron-
(111) complex.”® Because the crystal structure of 1 was not resolved
in our laboratory, calculations were performed on the aforementioned
three porphyrin conformations.

Starting from the crystal structures’ of each core conformation
(ruffled, saddled, and planar), only the positions of the H atoms were
optimized in the gas phase by using the BP86 functional in
combination with the def2-TZVP basis set for all atoms.*>** D3B]J
corrections due to Grimme were employed for dispersion
corrections.”’ Calculations were sped up by using the resolution
identity approximation.’”> Normal SCF (I X 107° Eh), normal
geometry convergence criteria, and grid S were used for these
calculations.

For each of the aforementioned core conformations, CASSCF
calculations® were performed in the gas phase in conjunction with
Abhlrich’s def2-TZVP basis set for all atoms. These calculations were
state-averaged over the four lowest triplet and four lowest quintet
states. The normal convergence criteria were selected (energy
convergence threshold 1 X 1077 Eh and orbital gradient convergence
threshold 1 X 1072). A grid 6 was used for all calculations. The quasi-
restricted orbitals®® from a single-point density functional theory
(DFT) calculation were used for the initial guess of each CASSCF
calculation. For each case, the active space consisted of 8 electrons
distributed into 11 orbitals. In addition to five 3d orbitals of the Fe
center, the bonding counterpart of the Fe d,>_,» MO was added to the
active space to account for Fe—TPP covalent interactions. Besides
these six orbitals, the second d shell was included in the active space
because of the well-known double-shell effect.”® The active orbitals
are shown in Figure S1. On top of the CASSCF wave functions, a
dynamical correlation was recovered by using the strongly contracted
second-order N-electron valence perturbation theory (NEVPT2).*®
All calculations were performed using the ORCA, version 4.0,
package.”’

3. RESULTS AND DISCUSSION

3.1. Experimental Characterizations. Magnetometry
Measurements. To explore the electronic structure of 1, we
first carried out VIVH magnetometry investigations on a
powder sample. As shown in Figure 1, the effective magnetic
moment /i determined at 298 K (4.24 ) is markedly higher
than the spin-only value for a triplet state (2.8 pg), in
agreement with earlier studies.” At high temperatures, j 4 does
not level off up to room temperature, reflecting a strong non-
Curie behavior for 1. Instead, the high-temperature slope of fi.¢
indicates a considerable temperature-independent paramagnet-
ism (TIP) contribution to the magnetic susceptibility ().
Similar non-Curie behavior has been previously observed for
related square-planar Fe(II) compounds using 'H NMR
spectroscopy.”” Below ca. 120 K, . drops precipitously,
typical of systems having strong axial zero-field splitting (ZFS).
In accordance with this notion, isofield magnetization curves
measured at varying applied fields (B, = 1, 4, and 7 T display
a strong nesting behavior (inset of Figure 1).

To simulate the SQUID data, we employed the usual SH for
triplets, given by

https://doi.org/10.1021/acs.inorgchem.1c00031
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Figure 1. SH fit of the effective magnetic moment of 1 at variable
temperature and under 1 T (red) and (inset) isofield magnetization
curves under 1 T (red), 4 T (magenta), and 7 T (blue). The dots
represent experimental measurements, and the solid lines represent
the SH fits with the following parameters: g, = 3.07, g; = 1.70, D = 94
em™, E/D = 0, and yrp = 1000 X 107 emu. 7.9% S = 2 impurities
were taken into account in the simulations.

R 1.,x E ?2 42
Hel’SH =D|S, - gS(S +1) + B(Sx - Sy )
+ /’tBBext'g'S (l)

where S = 1 is the pseudospin, D and E/D are the axial and
rhombicity ZFS parameters, and g is the Zeeman g matrix
(more details are given in the Supporting Information). During
the simulation, E/D was fixed to zero, according to the
effective Dy, symmetry of 1. A global simulation yielded a
reasonable fit with D = 94 em™, g, = 3.07, g = 1.70 (g,,
2.70), and yrp = 1000 X 107% emu (Figure 1). Note that the
TIP correction is not included in eq 1. The simulation indeed
confirms a rather large ZFS in complex 1, and the determined
D and g,, are consistent with those reported before for two
different crystalline forms of 1 (D = 70 and 108 cm™; g,,
2.94 and 2.77).”*" The resulting g,, deviates substantially from
the spin-only value, g. & 2, which accounts for the unusually
high p.¢ of 4.24 piy at 298 K because, in high-temperature limit,
the spin-only effective moment would be

He =8, S(S + 1) py. The large TIP correction confirms

the non-Curie behavior of y at high temperatures. In addition,
we found that the sample contains 7.9% of S = 2 impurities,
likely because of the residual presence of [Fe(TPP)(THF),]
(S = 2).* Alternatively, the impurities might be high-spin
Fe(III) products generated by air oxidation, as documented in
earlier publications.”” Simulations with the same parameters,
except 5.5% S =/, impurity instead of 7.9% S = 2 impurity,
also yielded a global fit of similar quality (Figure S2). Either
way, the presence of impurities explains the deviation of the
isofield magnetization curve under 1 T from a plateau-shaped
response, typically expected for a system with large positive D
and low E parameters.

Although the quality of the fits was satisfactory, the huge D
and g,, values thus obtained cast doubt on the validity of the
SH formalism. In principle, the SH only can be applied to
systems featuring energetically well-isolated, nondegenerate
electronic ground states without first-order orbital angular
momenta.”’ In the present case, such a large magnitude of D,
in fact, signals the existence of low-lying excited states, as
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elaborated by McGarvey and Telser for related ferrous
complexes.42 Furthermore, the TIP correction corresponds to
an ad hoc term in the SH and is used to approximate field-
induced unavoidable mixing of the ground and excited states,
corresponding to quadratic Zeeman effects.”® The TIP value
found for 1 is an order of magnitude higher than those
typically observed for systems with orbitally nondegenerate
ground states,”> which further corroborates the existence of
low-lying excited states for 1. As a consequence, 1 may even
have an orbitally nearly degenerate ground state. Congruent
with this reasoning, 1 indeed possesses sizable unquenched
orbital angular momentum, as evidenced by the determined g,
factor significantly exceeding g..

THz-EPR Spectroscopy. The zero-field THz-EPR spectrum
of 1 (Figure 2) exhibits a single resonance at 94.4 cm™'. With
increasing applied fields, this resonance splits into two
components, with one being blue-shifted and the other being
red-shifted. The zero-field position of this resonance provides
an accurate measure of the energy splitting AE of the low-lying
triplet and, hence, corresponds to its (absolute) value. For a
triplet in zero field, two EPR transitions are allowed. The fact
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Figure 2. Experimental FD-FT THz-EPR spectra of 1 (black line).
Spectra are shown as magnetic field division spectra, where the
spectrum for By is obtained by dividing a spectrum measured at B, + 1
T by a spectrum at By. Spectra are rescaled and offset according to the
applied magnetic field B,. Simulations with the SH parameters: D =
94.4 (+1) em™, E = 1.1 (1) cm™, and g = 1.70 are shown as red
dash-dotted lines. Gray lines indicate calculated transition energies for
magnetic fields applied along the x (dashed), y (dotted), and z (solid)

axes.
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that we observe only one transition indicates that two of the
three states are (almost) degenerate. In the language of the SH,
this corresponds to a negligible E/D value. Nevertheless,
simultaneous SH simulations of zero-field and field-dependent
spectra allowed an estimate of E. Further, while g, cannot be
determined accurately, because the variation of g, (for g, < 4)
does not discernibly affect the quality of the simulations, a
good assessment of g, was possible. The best agreement
between the experimental spectra and SH simulations was
obtained with the following parameters (Figure 2): D = 94.4
() em™, E=1.1 (#1) cm™}, and g, = 1.70; therefore, E/D =
0.00—0.02.

*’Fe Mbossbauer Spectroscopy. The zero-field "Fe
Mossbauer spectrum of a powder sample of complex 1
measured at 80 K (Figure S4) showed a well-resolved
quadrupole doublet with an isomer shift (§) of 0.56 mm/s
and a quadrupole splitting (IAEq|) of 1.31 mm/s. The & value
is consistent with those (0.52—0.57 mm/s) reported earlier for
1,7 as well as those for related complexes [Fe(OEP)] (0.62
mm/s) and [Fe"(OEC] (0.63 mm/s; OEC*™ = trans-7,8-
dihydrooctaethylporphyrinate dianion).** The quadrupole
splitting determined for our sample is also comparable to
that found for complex 1 having a ruffled core (1.51 mm/
s),”" as well as those for [Fe''(OEP)] (1.71 mm/s** and 1.60
mm/s*549).

To explore the magnetic hyperfine interaction of the *’Fe
nuclei with the electronic system of complex 1, VTVH *’Fe
Mbossbauer studies were conducted. As shown in Figure 3, the
magnetic splitting of the spectra recorded at 1.7 K is
moderately large but strongly field-dependent. Each spectrum
shows a unique pattern determined by competing nuclear
Zeeman and electric quadrupole interactions of unique
strength. The occurrence of not more than six resolved lines
is characteristic of fast paramagnetic relaxation. In this limit,

-4

-2 0. 2
Doppler shift (mm/s)

Figure 3. SH fit of *’Fe Mdssbauer spectra of a powder sample of 1 at
1.7 Kunder 1 T, at 1.7 K under 4 T, at 1.7 K under 7 T, at 60 K under
7 T, and at 120 K under 7 T. Dots represent the experimental
measurements, and red solid lines represent the SH fit, with the
following parameters: D = 94 cm™', E/D =0, g, = 3.07, g1 =170,A,/
gPn = +50.0 T, Ay =0, AEq = +1.31 mm/s, n = V,./(V,, = V,,) = 0,
and 6 = 0.56 mm/s. Black arrows indicate slight but systematic misfits
of the magnetic hyperfine splitting at elevated temperatures.
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the internal fields at the iron nuclei, By, arising from (field-
induced) magnetic moments of the electronic system, are
Boltzmann-weighted averages of the contributions from the
individual magnetic sublevels of the electronic ground state.
The internal fields depend on the direction of the applied field
with respect to the molecular frame, and the effective splitting
of the spectra is determined by the vector addition of internal
and applied fields. Finally, the envelope of the spectra results
from additional powder averan age.

In view of the large D of the low-lying triplet of the
electronic system, the magnetic Mossbauer spectra recorded at
1.7 K (Figure 3, traces 1—3 from top) only can probe the
properties of the lowest magnetic level (corresponding to “M;
= 0” of pseudospin S = 1 in the SH picture). Indeed, the weak
magnetic splitting of the spectrum obtained with B, =1 T at
1.7 K renders just a magnetically perturbed quadrupole doublet
(Figure 3, topmost trace) because of almost vanishing internal
fields at this condition. This corresponds to a nearly vanishing
induced magnetic moment of the lowest level at a weak applied
field. In the SH picture, this feature, as well as the subsequent
significant increase of By, at 4 and 7 T at 1.7 K (traces 2 and 3
from top), would be typical of an integer spin system (S = 1)
with a large positive D, leading to a lowest-lying “Mg = 0” level.
Interestingly, the strong increase of the magnetic Mdssbauer
splitting with the applied field suggests the presence of a
positive internal field. This is particularly unusual for Fe(II) and
always originates from the dominant contribution of an
unquenched orbital moment to the magnetic hyperfine
coupling, as will be detailed in section 3.4.

The 7 T spectrum at 1.7 K (Figure 3, trace 3 from top)
approaches the typical six-line pattern anticipated for the high-
field limit of mixed magnetic and electric hyperfine
interactions,” where the nuclear Zeeman splitting strongly
dominates over the quadrupole shifts of nuclear levels because
of the presence of a strong induced internal field. In this
situation, the intensity of the AM; = 0 lines in the Mdssbauer
spectrum (lines 2 and S from left to right) is determined by the
direction of the hyperfine field with respect to that of the
incident y beam. This holds true even for powder samples, as
long as the paramagnetic centers show strong magnetic
anisotropy. Here for 1, the strong AM; = 0 lines in the 7 T/
1.7 K spectrum indicate particularly easy-plane (xy) magnet-
ization of the lowest magnetic sublevel.

The shift of the inner four Mossbauer lines of the 7 T
spectrum at 1.7 and 60 K with respect to the outer two lines
represents a negative quadrupole shift. However, in the actual
high-field limit of hyperfine interactions, the quadrupole shift
in first order only arises from the component of the electric-
field-gradient (EFG) tensor pointing along the dominating
internal field. Because the internal field is predominantly
oriented in the xy plane, as inferred above, only the (negative)
V. and V), components of the EFG tensor are effective in the
measurement. Because the EFG is a traceless tensor, the sign of
the main component V,, must be positive and so is AEq. Here
we can safely assume that the EFG tensor is collinear, with the
principal axes of the electronic Hamiltonian describing the
magnetic properties of 1 because of the effective D,;, symmetry.

On the basis of the qualitative understanding discussed
above, we simulated all VI'VH Mossbauer spectra using an S =
1 SH. To do so, the SH shown in eq 1 was augmented with a
nuclear SH (H,, sy), consisting of the electric quadrupole
(Hq), the nuclear Zeeman (H;), and the magnetic hyperfine
coupling interactions (Hygcsy). In addition, isomer shifts, 6,
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are just uniformly added to all Mossbauer transition energies
(Hp).

Hywsu = Hs + Hq + Hy + Hype s (2a)
eQ A2 ) A2
Hy=——(V_I +V + V.
LT o121 - 1)( e+ Vede V) (2b)
Hy = —f\ g Bu'1 (2¢)
Hygc,suy = I-A-S (2d)

Here, e is the elementary charge of the proton, Q the
quadrupole moment of the nucleus (taken as 0.16 Barns), I the
nuclear spin quantum number, I, the a component of the
nuclear spin angular momentum operator, gy the nuclear g
factor for *"Fe (0.179 for the ground state I = '/, and —0.102
for the excited state I = 3/,), By the nuclear magneton, and A
the hyperfine coupling tensor (more details are available in the
Supporting Information). Because of the high symmetry of the
molecule, the EFG and A tensors have the same principal axis
system as the g matrix and D tensor. Moreover, the x and y
components of these matrices were taken to be equivalent by
symmetry. For the Mdssbauer simulations, the electronic SH
parameters were fixed to D = 94 cm™, E/D = 0, 81=307,¢g,=
1.70, and only A was allowed to vary (Figure 3). Note that A
cannot be properly resolved as expected for systems with very
large positive D values and was arbitrarily set to zero. The low-
temperature (1.7 K) spectra at varying fields can be fitted
satisfactorily with a large and positive value, A /g\fy = +50.0
T, which generates an internal field along the same direction as

the external field (E; —A(S)/ gNﬁN) and, hence, results in

the drastic increase of the magnetic splitting with applied fields.
However, the temperature dependence of the internal fields
cannot be properly reproduced by the SH simulations, as can
be seen from small but systematic misfits at elevated
temperatures marked by arrows in Figure 3. Apparently, the
SH formalism requires that the A tensors of the “Mg = +1” and
“M, = 0” magnetic sublevels should be different. In fact, the
same problem was encountered in an earlier study. Lang and
co-workers circumvented this problem by using a phenom-
enological description of the internal field."> However, because
such nonphysical parametrizations cannot provide any insight
into the electronic structure of 1, we refrained from this
approach.

In summary, it is possible to fit the broad features of the
magnetic, THz-EPR, and magnetic Mossbauer data of 1 with
an S = 1 SH. This description, however, fails in noticeable
details; for example, it leads to inconsistent magnetic hyperfine
couplings for the different Mg levels. More importantly, the
enormous D, g, and TIP values, as well as the highly
anisotropic g matrix and the positive internal fields at the *"Fe
nucleus found for 1 hint at the presence of a significant
unquenched orbital angular momentum and violation of the
preconditions of the SH formalism. This, at least in part,
undermines the credence of conclusions about the electronic
structure of complex 1 drawn from traditional SH analyses. We
must emphasize that, in the present “fortuitous” case, the
failure of the SH approach is technically not so obvious
because of the limited number of magnetic sublevels in a
triplet; however, the failures are significant enough to look for a
more physical analysis that is based on the actual electronic
structure of the compound, which will be developed below.

4971

3.2. Ab Initio Calculations. In a quest for a more
satisfying and physically proper parametrization of the
spectroscopic data than the usual SH approach and to gain
more fundamental insight into the electronic structure of 1, we
performed detailed ab initio calculations. As specified in the
Computational Details section, because of the existence of
three different porphyrin conformations,” CASSCF(8,11)/
NEVPT2 calculations on the ruffled, saddled, and planar
porphyrin conformations have been carried out (see the
Computational Details for more details on the calculations).
Gratifyingly, the calculations delivered the same energetic
ordering of the four lowest-lying triplet states irrespective of
the core conformations (Table 1), consistent with earlier

Table 1. Vertical Excitation Energy (cm™') from the *A,,
Ground State to the Triplet States 3Eg(x), 3Eg(y), and 3BZg
for Different Core Conformations of Complex 1 (Planar,
Ruffled, and Saddled) Estimated by CASSCF(8,11)/
NEVPT2 Calculations

core conformation *Ey(x) *Ey(y) *Byg
planar 979 997 4934
ruffled 917 920 4758
saddled 835 855 4753

work.”'"">17 Specifically, the lowest-energy state was
predicted to be *A,,, having a leading configuration (90%) of
(d,)*(d;)*(d,,,.)% and none of the remaining electron
configurations has a weight exceeding 1%. A 3’Eg state was
found approximately 1000 cm™" above 3Azg. In addition to the
dominant 3Eg(A) electron configuration, viz.,
(dxy)z(dzl)l(dxzryz)% both components of °E, contain sizable
contributions (10—15%) from the (dxy)l(dzz)ﬁ(dxz,yzy electron
configuration [*E4(B)]. It is worthwhile to note that the core
distortion does not discernibly lift the 2-fold degeneracy of the
two °E, components, labeled as *E,(x) and *E,(y) in Table I,
with the highest splitting of only 20 cm™ found for the saddled
core conformation, in agreement with the effective Dy,
symmetry postulated above. Finally, a *B,, state with a leading
electron configuration of (d,,)'(d)'(d,,,.)* (90%) was
computed to be situated at much higher energy (>4000 cm™).

As discussed in the Introduction, the small energy difference
between 3A2g and 3Eg is, unfortunately, not decisive because it
is within the uncertainty range of the quantum-chemical
methods employed. CASSCF calculations typically tend to
overestimate excitation energies, and even with the second-
order perturbative corrections, such as NEVPT2, errors of a
few hundred wavenumbers are not uncommon, even for d—d
excited states, where there is a large amount of error
cancellation because the electron correlation energies of all
states inside the d manifold tend to be quite similar."” Thus,
the ground state of 1 being either 3A2g or 3Eg cannot be
unambiguously assigned on the basis of calculations alone.
Nevertheless, the theoretical results strongly suggest that the
3A2g and 3Eg states are energetically well-isolated from other
triplet excited states. The energetic proximity of 3AZg and 3Eg
indicates the Fe d,,, d,,, and d.? orbitals to be of similar energy.
More importantly, in the present case, spin—orbit coupling
(SOC) is expected to considerably mix the *A,, and ’E, states
because their energy separation is comparable to the effective
SOC constant for Fe(II) (~400 cm™).*® As elaborated on
below, such SOC-induced mixing gives rise to the unusual
magnetic properties of 1 discussed in section 3.1. In order to
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Scheme 2. Hgy Matrix (eq 4) on the Basis of the Symmetry-Adapted |3Eg,Y) and |3A2g,Ms) Magnetic Sublevels”

|*A2g,0) |*Azg 1) [*Azg +1) |*Eg,B1) [*EgB2) PEgE-) [°EgE.) [*EgAi) [*Eg A,
(o | Col )
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CB_ CB_ B
2upBs | —205B, _ b8 Hp ¢ . upCBy | HpCBy
V2 V2 V2 V2
2upB_ B _ugCBy | ppCBy ¢ | MsCB_ | upCB,
Hp bz V2 NG > NGl 72
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— _ Ay p—= A —V2ugB, | —
7z 72 M-£7 5 +AupB V2ugB, \/ZMBB
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3E is the representation of the parent electronic state and Y is the D, double-group irreducible representation of the magnetic sublevel (detailed
state compositions in terms of the I°E (x) M) and PE Q}) ,Mg) magnetic sublevels described in eqs S4a—S4g). The Hy terms are displayed in red.
The Hgpc terms are displayed in green. The Hy,, terrns are displayed in brown (spin Zeeman) and blue (orbital Zeeman). For clarity, the zero

matrix elements are omitted, and the following substitutions have been used: A = cos 26, B, =

B, are the three components of the applied magnetic field B,

1By), and C = \/3cos 0 —sin 0. B,, B, and

ﬁ(x—

correlate the theoretical results with the experiment, we
decided to construct a new EH that explicitly treats SOC and
Zeeman interactions of the nine magnetic sublevels arising
from the 3AZg and 3Eg states. Such a treatment allowed us to
perform physically justified simulations of the experimental
data beyond the conventional SH formalism.

3.3. Simulation of Experimental Data Using an EH
Acting on the *A,; and °E, States. To set up a
parametrized EH for simulation of the magnetic data of
complex 1, we first carried out ligand-field-type analyses.
Nonrelativistic many-electron basis functions were constructed
from the dominant electronic configurations of the Azg and
Eg states, using pure Fe d orbitals. In the present case, the
covalency effects can be safely neglected because all occupied
Fe d orbitals of 3A2g and 3Eg are essentially nonbonding. By
convention, the porphyrin plane was referred to as the xy
plane, and its normal vector was chosen as the z axis. For Mg =
+1, the many-electron basis functions are given by

3

Py +1) = 1d,,d,d,.d,d d_ )

PEY(x), +1) = cos OPEJA(x), +1) + sin OPE_B(x), +1)
(32)

|3Eg(y), +1) = cos 9|3EgA(y), +1) + sin 9|3EgB(y), +1)
(3b)

Here, the orbitals with and without an overbar are populated
by spin-down and spin-up electrons, respectively, and the
brackets |--:| denote normalized Slater determinants. As
suggested by the CASSCF calculations, a mixing angle (6)
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was introduced in eq 3 to describe the mixing of the following
two E, configurations.

PEA(x), +1) = Id,d d,.d, d d_l (30)
PEB(x), +1) = ld,,d,.d,d,.dd_l (3d)
|3EgA(,y)) +1> = ldxydxydxzdxzdyzdzll (3e)
PEB(y), +1) = 1d,d,.d,.d d.d 6

Similarly, one can write down the basis functions for Mg = 0
and —1. The dimension of the Hilbert space in which the EH is
expressed thus amounts to nine.

Magnetometry Measurements. To simulate the SQUID
data, the effective electronic Hamiltonian (Hgy) consisting
essentially of SOC (Hgoc) and Zeeman operators (Hy,,) was
diagonalized on the basis of that described above.

Hpy = Hy + Hgoc + Hy,. (4)

H, = E(X )5X,MS/6MS,MS/ (4a)

Here, E(X) corresponds to the energy of the unperturbed
states of symmetry representation X [A,g, E (x), or E,(y)], and
the Kronecker deltas 6xy and Oy, are equal to 1 if the
symmetry representation and the Mg values of the unperturbed
states in the bra and ket are identical. H, introduces an
ad}ustable energy gap A,_p = ECE ) — E( Azg) between the
3Azg and E states. The matrix elements of Hgoc and Hy,, on
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the basis of the nine magnetic sublevels were computed by
using the usual single-electron terms.

Hgoe = ¢ Z Z 13i)-5(i)

i l=x,y,z

(4b)

Hy. = Y uylg3(i) + 1()]-By
i (40)

{ is the effective one-electron SOC constant, and g,, the free
electron g value, was fixed at 2.0. The total Hgy matrix on the
basis of the nine magnetic sublevels is shown in Scheme 2. For
the Zeeman operator, the matrix elements for the orbital
angular momentum [; operators on the real d orbitals are
tabulated in the literature,” and those for the spin angular
momentum 3; operating on the spin part of the orbitals were
obtained by using the ladder operator technique. Diagonaliza-
tion of the Hyy matrix (Scheme 2), which takes into account
the SOC of the 3A2g and 3Eg states as well as their Zeeman
interaction with applied fields, yields the nine magnetic
sublevels as eigenstates and their energies as eigenvalues.
The magnetization (M) and magnetic susceptibility (y) were
directly computed from the resulting energies by using the
microscopic magnetization M; = —0E,/0B,,, for the sublevels i
and y = M/B,,, where M is the molar magnetization.”

For simulations of the SQUID data, the energy splitting of
the 3A,, and 3Eg states, A,_g, and the mixing angle 0 (eqs 3a
and 3b) were defined as two fitting parameters. To avoid
overparametrization, splitting of the two E, components was
neglected, consistent with the nearly vanishing splitting
delivered by the CASSCF/NEVPT?2 calculations (<20 cm™).
In other words, we assumed axial symmetry for 1, as suggested
by the THz-EPR observations (see section 3.1). The SOC
constant ¢ was fixed to 400 cm™’, a typical value for Fe(II)
(400—430 cm™").*** A satisfactory global fit to all SQUID
data yielded A,_; = 950 cm™" and € = —0.137 (Figure 4 and
Table 2). Of note, unlike the SH simulations, the EH
simulations do not require any TIP correction.

The EH simulations with the parameters summarized in
Table 2 revealed that the lowest-energy eigenstates of 1 are a

4.5,
] eewﬂﬂmﬁﬁ&e%
3 57 O.O E 035 OO/Q/(}QOWMLM
] J O 0.30] f/
—~ 3.0] q"“" £ 0.25] / o —
5,; 2 51 q ‘:c>_>( 0.20] o
2 1 J < 0.18];
2.0]/ £ 0.10]
ﬁf' % 0.05’f
1.5] 5 0.00 " " " T
10 g 00 05 :iSB/kT1'5 20 25
0 50 100 150 200 250 300

Temperature (K)

Figure 4. EH simulations of the effective magnetic moment of a
powder sample of 1 recorded at different temperatures with a field of
1 T and (inset) isofield magnetization curves under 1 T (red), 4 T
(magenta), and 7 T (blue). The dots represent the same experimental
data as those shown in Figure 1, and the solid lines represent the best
fits obtained with the EH parameters A,_; = 950 cm™ and @ =
—0.137 (eq 4). The simulations take 7.7% impurity into account with
S=2.
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Table 2. EH Parameters Used for the Global Simulation of
Magnetic Data, Zero-Field THz-EPR Spectra, and Applied-
Field Mossbauer Spectra of 1

parameter meaning value comment

Apg energy gap of the 3AZg and 3Eg states 950 cm™! optimized

[4 mixing angle of the 3Eg(A) and —0.137 optimized
3Eg(B) configurations

¢ effective SOC constant of Fe(II) 400 cm™! fixed

£ spin-only g value 2.0 fixed

(rs™%) d-orbitals 7~ expectation value” 5.4 a,73 optimized

Apc/guPn Fermi contact contribution to HFC® —215T fixed

1) Mossbauer isomer shift 0.56 mm/s fixed”

AEq Mossbauer electric quadrupole +1.31 fixed*
splitting mm/s

n Mossbauer asymmetry parameter of 0 fixed

the EFG tensor, nn = (V,, — V,,)/
V,

zz

“Used for evaluation of the anisotropic part of the ’Fe hyperfine
coupling tensor A only. bIsotropic contribution to the *’Fe hyperfine
coupling tensor; gy and Py are the nuclear g factor and nuclear
magneton, “Values taken from the zero-field Mossbauer spectrum; the
sign of AE, was taken from the magnetic spectra.

triplet with thermally accessible magnetic sublevels I¢h;), l¢h, ),
and l¢p_). They are energetically reasonably well isolated from
the other sublevels by at least 957 cm™ (Figure S). The triplet
is split into a low-lying singlet l¢py) and an excited doublet I¢, )
with an energy gap of AE = 94 cm™, a situation similar to a
usual triplet with D = 94 cm™" in the SH formalism.

The present approach resembles Maltempo’s model used to
explain the magnetism of high-spin iron(III) porphyrins.50
However, in the present case, the unusual magnetic properties
of 1 do not originate from the interaction of two states with
different spin but rather from the coupling of three different S
= 1 states. In fact, we also examined the influence of the low-
lying quintet state (°A,,) with a leading electron configuration
of (d2)*(dy)'(de-)'(de)'(d),)" (>90%) on the magnetic
properties of complex 1. By enlarging the model space to
include it in the EH, no significant changes have been found
(for more details, see the Supporting Information), consistent
with an earlier work based on ligand-field theory.”* Therefore,
the quintet state will no longer be considered hereafter.

Applied-Field *’Fe Méssbauer Spectroscopy. To simulate
the applied-field *"Fe Mdssbauer data, the effective electronic
Hamiltonian (Hgy; eq 4) was complemented by the following
nuclear Hamiltonian (H,,):>"'

H,. =H;+ Hy + H; + Hygc (5)
The first term provides the isomer shift, which is just uniformly
added to all Mossbauer transition energies, the second and
third terms are the usual quadrupole and nuclear Zeeman
interactions, as were already given in eqs 2b and 2c,
respectively, and the fourth term is the magnetic hyperfine
interactions. The last term has three different physical origins,
viz., the Fermi contact (Hgc), spin-dipole (Hgp), and orbital
(Hy;) contributions.

Hygc = Hyc + Hgp + Hy, (5a)

- =

- 8 _
HFC = MBﬂNgegNI' Z ?5(1’1)51 = ﬁNgNAFCIS (Sb)
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Figure S. Final energy spectrum of the in-state and out-of-state SOC of the nine magnetic sublevels, computed by using the EH in the absence of
any external field. On the left side, the symmetry-adapted states arising from in-state SOC between |E,Y) and |A,,M) are shown, and all state
compositions are available in the Supporting Information. The dotted lines represent interaction through the out-of-state SOC. On the right side,
the states I¢ho), 1h,), Ip_), 1,"), lp_"), and I¢,") represent the magnetic sublevels resulting from in-state and out-of-state SOC. The states of A,
symmetry coupling through out-of-state SOC are shown in red. The states of E symmetry coupling through out-of-state SOC are shown in green.
The states that are not coupled through out-of-state SOC are displayed in black.

-5 3E)E _§ = a7 - 3
Hgp = /‘BﬂNgegNI' Z ) By = _2ﬂ5<rd 3><L> - 2/‘13<rd 3> Z 2 S
i fi Ti (5¢) i fi
o — Apc(S) (5f)
> l; >
Hyy = 2uppg 1 z = where L corresponds to the orbital angular momentum
i i (sd) operator. The three terms in eq 5f correspond to the orbital,

spin-dipole, and Fermi contact contributions to the internal
Here 5(r;) is the Dirac delta function, r, the radius of electron i — =5 -
field: B, B, and B, , respectively. Finally, because the

with respect to the >’Fe nucleus, and Agc a parameter to be Pty int at ;
determined (see below). Importantly, S refers to the real spin experimental spectra showed that the system is in the regime of

. . . 57 ..
angular momentum operator, not to be confused with the f;s’t parariqagdnetlc relaxat1'0n (sectlf)nd.&'}i), fh'e Feln;cllglfm
pseudospin S of the SH formalism (eqs 1 and 2a). the sample do not experience an individual internal field for

The following approximations were invoked to compute the .each L ulated magnetic sublevel but a thermally averaged
magnetic hyperfine interaction, Hygc. First, because, in the internal field given by

presence of external fields larger than a few hundred gauss, the Y B, o Ei/ kT
—_— t.
electronic Zeeman interaction is much stronger than all other (Biyt) = 2 — T
interactions involving the nuclear spin, the nuclear and e (5g)

electronic states are essentially decoupled. As such, one can
replace the electron-spin and orbital angular momenta
operators in Hygc by their expectation values and diagonalize

where E; is the energy of the magnetic sublevel i, ky the
Boltzmann constant, and T the temperature.
To simulate the ’Fe Mdssbauer data, the expectation values

the electronic and nuclear Hamiltonians separately. Second, we of the electronic operators involved in eq Sf were directly
neglected the anisotropic covalency for different d orbitals by calculated by diagonalization of Hygy with the parameters
replacing the individual ri_3 operators by a unique_ expectation determined by the magnetometry investigations (Fjgure 6)
value (ry~>) for the Fe d, d, d,;, and d.* orbitals.”” Therefore, Furthermore, the isomer shift and quadrupole splitting were
the nuclear Hamiltonian can be simplified to fixed to the values obtained by the zero-field *’Fe Mdssbauer
measurements. However, neither (rd_3) nor the Fermi contact

H,,.=H; + Hy — [}NngB;; contribution Ag¢c can be calculated within the approximations
o inherent to this EH, and both have to be treated as fitting

= H; + Hy — f\& ] “(Bine + Buxe) (Se) parameters. To complicate matters, because (ry>) and Ap are
covariant, a unique fit could not be found. To circumvent this

where the internal field B, is given by problem, the value of Agc was fixed to 21.5 T, according to the
4974 https://doi.org/10.1021/acs.inorgchem.1c00031
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Figure 6. Applied-field *’"Fe Mossbauer spectra of a powder sample of
1 recorded at different temperatures, from top to bottom: B, = 1 T,
T=17K;4T, 17K 7T, 17K 7 T, 60 K; 7 T, 120 K. The dots
represent the same experimental measurements as those shown in
Figure 3, and the solid lines represent the best fits obtained from the
simulation using the EH and HFC expressions of eqs 4 and S with the
parameters summarized in Table 2.

empirical rule that the Fermi contact contributions is 21—-22 T
per unit spin for most ferric and ferrous complexes.”> The
remaining parameter (ry >) was allowed to vary freely during
the simulation, and all VTVH *’Fe Mdssbauer spectra can be
satisfactorily simulated with (ry®) = 5.4 a,™>. This value is
similar to that found for the metallic Fe (5.5 a,~%),"" thereby
indicating that expansion of the Fe electron density arising
from the ligand field counteracts its contraction because of the
higher oxidation state of the Fe center in complex 1.

In summary, all magnetometry and magnetic Mossbauer
data of 1 could be fitted with the same EH as that shown in
Figures 4 and 6. It should be emphasized that the EH is
physically transparent and has only three adjustable parame-
ters, i.e., the energy difference between the °E, and *A,, states
(As_p) and the relative weights of the 3EgEA) and %Eg(B)
configurations controlled by the angle 6; in addition, for
magnetic hyperfine coupling calculations, only the (ry™)
expectation value of the d orbitals has to be considered. The
success of the EH is based on the theoretical findings that 3AZg
and 3Eg are well-isolated from other triplet states, and their
marginal energy splitting is commensurate with the effective
SOC constant of Fe(II) (~400 cm™"). To explicitly treat the
SOC of 3A2g and 3Eg, the EH was designed to deliberately act
on the nine-dimensional Hilbert space spanned by them only.
In an earlier investigation reported by Mitra and co-workers’*
to simulate the magnetic data of 1, a model derived from the
ligand-field theory is proposed that involves three parameters
representing the energies of the d?, d,, and dg_ orbitals
relative to d,, . but requires a basis dimension of as large as
160. The complexity of the ligand-field model largely foiled
attempts to pinpoint the underlying electronic-structure
features that are responsible for the complex experimental
observations. The computational prescreening used in the
present work renders our EH as probably the simplest viable
solution to the problem.
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3.4. Origin of the Unusual Magnetic Properties.
Parametrization of the electronic structure of 1 derived from
EH analyses of its magnetic and MG0ssbauer properties is
elegant and physically very satisfying because it deals just with
energy splitting and quantum-chemical mixing of the most
important electronic states of the compound. In fact, these
parameters yield immediate chemical information about the
ligand-field splitting of the valence orbitals of Fe. However,
deduction of the magnetic properties from the EH parameters
is complex and rather tedious, in contrast to SH descriptions,
in general, the eight parameters of which (D, E/D, full g
matrix) directly reflect the magnetic properties of the ground
state, such as the energy splitting of the magnetic levels and
their Zeeman effect. In order to analyze the relationship of the
SH and EH treatments in more depth, we will derive in the
following the magnetic and hyperfine properties of 1 in terms
of the SH parameters from the EH. This elucidates the origin
of the unusual magnetic properties of 1 and also unveils the
limitations of the SH formalism.

SOC and ZFS. EH analysis of the magnetic data of 1
revealed a low-lying triplet that is separated from other excited
states by >900 cm ™" and split into a low-lying singlet sublevel
(I)) and a degenerate doublet (I, ); Figure S). The energy
gap AE = 94 cm™" within the triplet is equivalent to D in the
SH formalism. For transition-metal complexes, ZFS arises
primarily from SOC between the ground and low-lying excited
states.” The orbitally nondegenerate 3A2g state has no first-
order SOC, whereas the °E, states possess unquenched orbital
angular momentum along the z direction, leading to the first-
order SOC within the two components of 3Eg. Hereafter, we
first consider the in-state SOC of 3Eg and then deal with the
out-of-state SOC between the 3A2g and 3Eg states (the second-
and higher-order SOC).

Diagonalization of the SOC matrix of the six magnetic
sublevels of 3Eg yields three non-Kramers doublets labeled as
ISEg,MS,i) (Mg = £1, 0). They are also the eigenfunctions of
L, with the eigenvalues given by

0 0
(Bg M, £ILPEg, M, +)

+(cos® 0 — sin” 0)
= (6)
Although, in general, SOC of the molecules does not follow
the Russel—Sanders scheme, in the present case, the energies
of the three doublets of 3Eg can be readily computed by their S,
and L, eigenvalues:

+cos 26

E=A ; F gMS cos20=A,  — %MS<L2> @)
In fact, the six magnetic sublevels of 3’Eg belong to the E, A},
A,, B,, and B, irreducible representations in the D, double
group; therefore, only one of the three doublets is indeed
degenerate by symmetry. Specifically, the upper and lower
doublets are accidentally degenerate and transform as A; and
A, and as B, and B,, respectively, and the middle one belongs
to E (Figure 5, left). The symmetry-adapted states are linear
combinations of |E;Mg+) and are labeled as IE,Y), where Y
corresponds to the D, double-group irreducible representation
of a given state. All state compositions are summarized in the
Supporting Information. The three magnetic sublevels of A,
transform as E (Mg = +1) and A; (Mg = 0) in the D, double
group and remain degenerate in the first-order SOC treatment.

https://doi.org/10.1021/acs.inorgchem.1c00031
Inorg. Chem. 2021, 60, 4966—4985


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00031/suppl_file/ic1c00031_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00031?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00031?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00031?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00031?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00031?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

The degeneracy is lifted by the second-order SOC, for which
the states that belong to the same irreducible representation of
the D, double group can interact with each other, thereby
giving rise to the ZFS within the low-lying triplet (Figure S).

Hereafter, we employed the second-order perturbation
theory to estimate the energy gap AE between the ground
singlet (I¢)) and upper doublet (l¢p.)). Clearly, because of
the close proximity of the A,, and 3Eg states, the second-order
perturbation treatment cannot give an accurate AE value but
can ;)rovide insight into its physical origin. The energy changes
(E®) for each magnetic sublevel of 3A2g due to SOC estimated
by second-order perturbation theory are given by

ICA,, OIHSOCI3E9 AP

EP(PA,, 0) =
> cos 20

aox + 5 (7a)
ICA,., +11Hy P EC, E )P

EO(PA,, +1)) = — & — 0 & =2

Ak (7b)
Therefore, the relationship holds

AE ~ EP(PA,, 1)) - EP(PA,, 0)) (7¢)
In the present case, the coupling element
|(3A2g, 0|HSOC|3EZ, AP = 1.97¢* was found to be twice as

large as |(3A2g, +1|HSOC|3E9 +)I2 =0.99¢% and 1A, gl > ¢/
2. Finally, E(z)(|3A2 ,0)) and E(Z)(|3A2 +1)) equal to —291
and —167 cm™, respectlvely, and AE = 124 cm™". As expected,
the estimated energy separation is slightly higher than that
determined experimentally. However, this analysis clearly
discloses that the large axial ZFS of complex 1 stems from
the strong SOC between 3A2g and 3E due to their low-energy
separation (950 cm™).

For the same reason, Azg and 3Eg are heavily mixed by SOC
in the three low-lying magnetic sublevels, and their wave
functions are of multiconfigurational nature. Indeed, our EH
analyses showed that the wave functions of I¢p,) and l¢py)
contain 12% and 15% contributions from the 3Eg state,
respectively. The state composition of the low-lying triplet is
given by

Iy) = 092PA,, 0) + 0.39PEY, A,)

= 092PA,,, 0) + 027(PE, +1, —) — PEJ, -1, +))
(8a)

) = 0.94PA,, + 1) + 0.34°E, E,)
= 0.94PA,, £ 1) F 0.34PE], 0, +) (sb)

As elaborated on below, the multiconfigurational nature of the
low-lying triplet is the orgin of the peculiar magnetic properties
observed for 1.

Effective Magnetic Moment and g Values. In the SH
formalism for powder samples, .4 at high temperatures is
proportional to g,,. In fact, besides the TIP contribution to ,
the significant deviation of g, from the g value (~2) is
responsible in large part for the unusually large ¢ of 1 at high
temperature. Hence, to understand the origin of p.g it is
convenient to extract the g factors from the EH analyses.

Because of the effective D,;, symmetry, the g axis should be
along the z direction and g, in the xy plane; i.e., the principal
axis of the g matrix coincides with the reference frame of the
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EH. Therefore, by mapping of the matrix elements of the
Zeeman operator in the § = 1 SH and those in the EH on the
basis of l¢hy) and l¢p, ), the principal g values can be directly
computed by

gH = |<¢+|ge§z + f’zl¢+>| (9a)

g = V2K lg S, + L lgy)! (9b)

This yields g; = 1.85, g, = 3.05, and g,, = 2.70, in reasonable
agreement with those (1.70, 3.07, 2.70) determined by the SH
simulations. (For more details of this analysxs using the
method proposed by Chibotaru and Ungur, 55 see the
Supporting Information.)

For the g; component, the contributions from the spin (g )
and orbital angular momentum (g;;) are 1.77 and 0.08,
respectively. Because the g value (1.0) for orbital angular
momenta is only half that for spin angular momenta (2.0), g is
slightly less than 2. For fields in the x/y directions, the g values
are gg; = 191 and g, = 1.14. The very large g , value
originates from the substantial unquenched transverse orbital
angular momentum of the low-lying triplet,

(¢y)L)h,) = 0.80 and (¢|L,1¢h) = +£0.80i. Ultimately, this
should be traced back to the considerable mixing of 3A2g and
3E in the low-lying triplet because in essence g | stems from
the sizable matrix elements of

C Ay MJLPE], M, +) = F1.40 (10a)
£ [ .
CAsy ML PE, M, ) = —1.40i (10b)

Consequently, g, reaches such a large value of 3. Given that g
is less than 2, it is g = 3.05 that is responsible for the
determined effective magnetic moment being significantly
higher than the spin-only value for a triplet system.

To gain further insight into the magnetic properties of
complex 1, we also computed microscopic longitudinal ()
and transverse (u,) magnetic moments of the low-lying triplet
as a function of the external field. As shown in Figure 7, the
ground singlet, l¢), is nonmagnetic along the z direction. This
is because l¢y) comprises, besides |3Azg,0>, which is non-
magnetic, an equal amount of |3Eg,—1,+> and I3Eg,+1,—). Thus,
spin and orbital angular momenta exactly cancel out for field
quantitation along the z direction. By contrast, the upper
doublet (¢, )) has sizable spin and orbital angular momenta
along the z d1rect1on, the latter of which originates from its *E
component (I*EY @0:1)). When the field is applied in the xy
plane, the Zeeman interaction causes mixing of I¢..) into lgh),
yielding the new, field-dependent eigenstates |¢+> and I¢h,).
Despite the large ZFS between I¢p.) and I¢hy) of 94 cm™, such
mixing makes the ground sublevel lho) acquire substantial spin
and orbital angular momenta in the xy plane because the
transverse spin and orbital angular momenta are proportional
to '/,gs, and g |, respectively. For the upper doublet |¢+>,
one of the levels becomes essentially nonmagnetic for fields in
the xy plane, whereas the other gains a negative magnetic
moment. As such, at low temperatures, complex 1 with
exclusive population of the sublevel Igh,) features easy-plane
magnetization. At first glance, the present situation closely
resembles that of the usual S = 1 systems with large positive D
values, but it should be noted that 38% of u; of complex 1
arises from the orbital angular momentum (Table 3).
Furthermore, the EH also nicely reproduced the single-crystal

https://doi.org/10.1021/acs.inorgchem.1c00031
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Figure 7. Microscopic transverse (A) and longitudinal (B) magnetic
moments of the low-lying triplet as a function of the applied field
computed by the EH (red dashed line) with A,_; =950 cm™' and 0 =
—0.137 and by the SH (black solid line) with D = 94 cm™, g = 1.8,
and g, = 3.05.

susceptibility data of complex 1 reported by Mitra and co-
workers,”* which show a large transverse magnetic suscepti-
bility (y,) and a vanishing longitudinal one (y;) below 50 K
(Figure S6).

Hyperfine Coupling and Internal Field. In the SH
formalism, the internal field is proportional to the hyperfine
coupling matrix A. Hence, to understand the physical origin of
the internal field, one has to extract the A matrix from the EH
model. For symmetry reasons, the A axis should be along the z
direction and the A axis in the xy plane. By mapping the
matrix elements of the SH internal field operators and those of
the EH (for more details, see the Supporting Information), the
A matrix can be computed by

— = g B Il

NN + itz (112)
A _ V2K By 1)

o (11b)

The resulting A values and corresponding Fermi contact (Agc),
spin-dipole (Agp), and orbital (A;) contributions are
summarized in Table 4. The A, value by far surpasses A

Table 4. Extracted SH A Values and Decomposition into
Fermi Contact (Agc), Spin-Dipole (Agp), and Orbital (A;)
Contributions, Given in Tesla (=A/g\fy)

total Agc Agp AL
A 4.6 -19.0 182 sS4
A, 475 ~20.6 -838 76.9

but is slightly lower than that deduced from SH simulations for
the reasons discussed below. The large and positive A arises
from the overwhelming orbital contribution (A; ), which even
overrides the otherwise predominant negative Fermi contact
term (Agc,). As elaborated on elsewhere,* A; is propor-
tional to g; |; therefore, like g,, the large A value also
originates from the unquenched orbital angular momentum of
the low-lying triplet of complex 1. The anisotropic Fermi
contact contribution (Agc vs Agc) reflects the significant
anisotropy of the gg values because Apc) and Agc; are
proportional to gg; and gg,, respectively. ® Of note, this
intriguing situation has been experimentally identified for
Co(II) and U(IV) complexes,”” which feature very strong
SOC similar to the present case. In the present case, Agc and
Agc, are also lower than the expected 21.5 T because gy and
gs,1. are both lower than 2.0. Finally, the unpaired electrons of 1
are primarily located in the Fe d,,, d,,, and d. orbitals, and
they all have positive spin-dipole contributions (Agp) along the
z direction, which leads to a positive longitudinal component
(ASD’”) and a negative transverse component (ASD’ 1)

As shown in Table 5, at the base temperature in the presence
of an external field of 7 T along the x direction, the *'Fe
nucleus of complex 1 experiences a positive transverse field of
+10.6 T because of the dominating orbital component
originating from l¢y). Because this internal field adds to the
applied external field, the actual nuclear Zeeman interaction
easily surpasses the moderate quadrupole splitting (+1.31 mm/
s). As a consequence, the applied-field *"Fe Mossbauer
spectrum exhibits a well-resolved six-line pattern (Figure 6).
At elevated temperatures, the population of the upper doublet
slightly reduces the transverse internal field because of the
lower y, value of l¢p,) (Figure 7). Furthermore, the internal
field in the xy plane is always much higher than that along the z
direction. Such a behavior is not unusual for a system featuring
strong easy-plane magnetization, but it should be emphasized
that, in the present case, the situation gets accentuated because
of g > gjand A, > A,

Limitations of the SH Formalism. In the SH formalism, the
field-induced second-order Zeeman coupling between the
ground triplet and excited states is completely neglected. In
fact, such interactions stabilize all magnetic sublevels of the

Table 3. Expectation Values for the Spin and Orbital Angular Momenta (%) and Total Magnetic Moments (ug) ({u;) = —({L;)
+ g.(S;))) for the Three Low-Lying Magnetic Sublevels of 1 Obtained by Diagonalization the 9 X 9 Matrix of Hgy (Eq 4) with
Parameters A, = 950 cm™', @ = —0.137, and B = 7 T Applied along the x and z Directions, Respectively

state (S1) (L) (o)

ho) -0.20 -0.25 0.65
p_) 0 -0.03 0.03
7 0.20 0.22 —0.62

state S Ly )
lgho) 0 0 0
lp_) —0.885 —0.08 1.85
Ip,) 0.885 0.08 ~1.85
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Table 5. Decomposition of the Fermi Contact, Spin-Dipole, and Orbital Contributions of the x and z Components of the
Internal Field at Temperatures of 1.7 and 60 K under an External Field of 7 T along the x and z Directions, Respectively

temperature (K) internal field  total internal field (T)

1.7 By 0
By 106
60 Biwy 0.1
By 83

Fermi contact contribution (T)

spin-dipole contribution (T) orbital contribution (T)

low-lying triplet and thus raise their magnetic moments. As a
consequence, the trace of the y; matrix on the basis of this
triplet differs from zero. However, in the SH formalism, the
trace of the Zeeman matrix is dictated by definition to be zero;
hence, these effects cannot be properly described. More
importantly, as shown in Figure 7, in the present case, the
coupling is state-specific, i.e., the ground singlet (Ig,)) and
upper doublet (l¢p.)) interact with distinct excited states
through the transverse orbital Zeeman interaction. Therefore,
for the different magnetic sublevels of the low-lying triplet, the
change of the magnetic moment is not identical (more detailed
analyses are available in the Supporting Information). The
increment for the upper doublet is larger than that for the
ground singlet because of the energetic proximity (Table 6).

Table 6. Comparison of the Transverse Magnetic Moments
in Units of pg and the Internal Mossbauer Fields in Tesla in
the xy Plane of the Low-Lying Triplet Sublevels with an
External Field of 7 T Applied in the x Direction and
Computed by the SH with D =94 cm™', g, = 1.85, g, = 3.05,
Ay/gPn = 4.6 T, and A, /g By = 47.5 T and by the EH with
Ay =950 cm™, @ = —0.137, and (r;3) = 5.4 a,>

average observable magnetic sublevel SH EH
(uy) lho) 0.64 0.65
(uy) Ip_) 0.0 0.03
(uy) Ih,) —0.64 -0.62
Bing1 ho) 9.8 10.6
Bt Ip_) 0 14
Bi1 Ip,) -9.38 —-8.6

In usual practices to simulate magnetic data, second-order
Zeeman effects are typically accounted for by invoking a
unique, nonspecific TIP correction to y. However, here the
dominant second-order Zeeman coupling is realized only via
transverse orbital angular momentum operators, as shown in
Figure 8. Hence, y; remains unaltered, and the induced
magnetic moments for g, are 0.01, 0.03, and 0.02 yj for l¢h,),
lp_), and l¢p,), respectively (Table 6). The negligible changes
in y,, therefore, render the thermally averaged susceptibility
correction almost independent of temperature (Figure S7).

Different from p,, where the orbital contribution (ug{L,))
makes a mere 38% of the total magnetic moment, the orbital
contribution to the transverse internal field Bjj, | (first term of
the sum in eq 5f) accounts for 160% of the overall transverse
internal field By, (eq 5f and Table 5). Hence, unlike for the
magnetic moment, dominated by its spin contribution, the
neglect of transverse orbital Zeeman interactions translates into
a drastic underestimation of the transverse internal field
because the latter is dominated by its orbital contribution. As
shown in Table 6, inclusion of the second-order orbital
Zeeman coupling translates into increases of 0.8, 1.4, and 1.2 T
in By, | for lghy), l¢p_), and I¢h,), respectively. As a result, the
internal field estimated by the SH with the parameters

0 0 0
—43 -18 16.7
-0.5 0.5 0.1
-32 -13 12.8
Energy )
|o+)
——p
|3E9,A2>
[°E.B2)  [°Eg.By)
Hzee .y 957 cm-' | 1333 cm”!
|¢+)
|$0)
Spin
Hamiltonian
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Figure 8. Representation of the second-order Zeeman coupling of the
ground triplet with the excited magnetic sublevels after in-state and
out-of-state SOC. The color code is the same as that used for Figure
5. The black arrows on the left side represent the x and y components
of the orbital Zeeman coupling between the magnetic sublevels. The
states ¢, ) (green) interact with the states |3Eg,B1) and |3Eg,B7_); the
state l¢hy) (red) interacts with the state I, ’).

extracted from the EH is inevitably lower than that directly
calculated by the EH (Figure 9) because the former treatment

O T T T T T T
20 40 60 80 100
Temperature (K)

120

Figure 9. Fast relaxation regime internal field of 1 in the xy plane
under an external field of 7 T calculated by the SH (red) with D = 94
cm™} gy =185, g, =3.05,and A, /gxfy = 47.5 and by the EH (black)
with Ay g = 950 cm™, § = —0.137, and Iry %) = 5.4 a,™>.

neglects the second-order Zeeman interactions. Therefore, in
order for the SH to reach the same magnitude of the magnetic
splitting in applied-field "Fe Mossbauer spectra, a larger A
value should be required (Figure 3). This is why A; (50.0 T)
determined by the SH simulations of the 1, 4, and 7 T/1.7 K
’Fe Mossbauer spectra considerably exceeds that (47.5 T)
extracted from the EH. Despite this, the SH simulations with
the same A value of 50.0 T still underestimate the magnetic
splitting of the 7 T *"Fe Mossbauer spectra measured at 60 and
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120 K (Figure 3) because the corrections to the internal field
for the upper doublet are larger than those for the ground
singlet, and the internal field for the former remains
underestimated.

The above study underlines the shortcomings of the SH
formalism to describe near-degenerate systems like 1. The
neglect of field-induced coupling between the low-lying triplet
and higher-lying states renders the SH unphysical. Because in
the present case the second-order Zeeman couplings are small,
the SH may provide satisfying simulations at first glance. This
is due to the fact that some of the system’s features are hidden
from spectroscopic measurements; for instance, the poor
description of the upper doublet does not deteriorate the
quality of the fits of low-temperature applied-field Mdssbauer
spectra. As shown in Figure 7, if one neglects the minor
corrections arising from the second-order Zeeman effects, all
other Zeeman couplings within the low-lying triplet can be
reasonably parametrized by two factors (g, and g, ). Similarly,
because of the effective D, symmetry of 1, two of the three
low-lying magnetic sublevels of 1 are degenerate; hence, only
one SH parameter (D) is adequate to describe the ZFS of its
low-lying triplet. This explains why the SH can be fortuitously
applied to analyze most spectroscopic data of 1 except those
closely relevant to the second-order Zeeman coupling. The
present situation is no more than two points determining a
straight line. Even so, the phenomenological SH parameters do
not shed much light on the physical origin of the experimental
observables, which warrants further theoretical interpretations.

3.5. What Is the Appropriate Electronic-Structure
Description of the Triplet Ground State of Complex 1?
As elaborated above, all peculiar magnetic properties observed
for complex 1 are, in fact, the manifestations of its low-lying
triplet featuring strong easy-plane anisotropy at low temper-
atures, which arises from the existence of substantial
unquenched orbital angular momentum in the xy plane for
the low-lying singlet sublevel lg,) (according to D > 0, E/D =
0, and g < g, ). This ultimately can be rooted back to mixing
of 3Eg into the closely spaced 3A2g state induced by SOC. In
other words, complex 1 is best viewed as having an almost
triple degeneracy of the lowest three electronic states that is
not dictated by symmetry. If the ground state were best
described as a proper triplet of 3A2g, complex 1 would not have
significant unquenched orbital angular momentum. If the
ground state were the doubly degenerate 3Eg state, complex 1
would exhibit uniaxial magnetic properties because the thus-
generated unquenched orbital angular momentum would be
oriented along only one rather than two directions.

In the language of theoretical chemistry, our detailed
analyses reveal that the electronic ground state of complex 1
is of bona fide multiconfigurational character. In the present
context, a configuration is interpreted as an occupation-
number vector, with individual orbital occupations being either
0, 1, or 2. The situation is distinctly different from
multideterminantal states, where a linear combination of
several Slater determinants is required to satisfy spin-symmetry
constraints. Note that in the latter cases all required Slater
determinants still belong to the same electron configuration
but differ in the spin label, viz., spin-up or spin-down, that is
assigned to each electron in a given Slater determinant. In
general, multiconfigurational character is frequently attributed
to transition-metal complexes; however, the vast majority of
them are dominated by a single electron configuration, unless
systems feature rather high symmetry where multiplets arise
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due to the distribution of electrons among symmetry-dictated
degenerate orbitals. In this regard, most antiferromagnetically
coupled transition-metal oligomers are multideterminantal,
instead of multiconfigurational. Although the multiconfigura-
tional nature is often deduced by computations, the extent of
configuration mixing is to some extent dependent on the
choice of orbitals. In fact, there are very few, if any, cases where
an authenticated multiconfigurational nature (with contribu-
tions of more than one configuration exceeding, say, 10%) is
strongly implied by analysis of the experimental data in
conjunction with high-level calculations. We emphasize that
the SOC between energetically closely spaced electronic states
is the only reason for the multiconfigurational ground state in
this system. Conventionally, multiconfigurational ground states
arise from mixing of several electronic configurations caused by
electron correlation. However, in order for two states to
effectively mix, they must be of the same symmetry, which is
not the case here. However, the SOC couples states of different
symmetry (and multiplicity). Under normal circumstances,
these mixings are very small. However, in 1, the SOC-induced
multiconfigurational character is exceptionally strong given the
close energetic proximity of the 3A2g and 3Eg components.

3.6. Comparison with Related Systems. To the best of
our knowledge, complex 1 represents the first integer spin
system that has been irrefutably identified to feature such an
intriguing electronic structure. However, accidentally triply
degenerate ground states have long been identified exper-
imentally for half-integer spin systems. For instance, type III
low-spin ferric heme complexes, [Fe(TPP)(4-CNPy),]*,
[Fe(TPP)(+BuNC),]*, and [Fe(OEP)(+BuNC),]" represent
archetypical examples.” Their nondegenerate electronic
ground state with a (d,,,.)*(d,,)" configuration lies slightly
below a doubly degenerate state with a (d,,,.)*(d,,)*
configuration. Using the Taylor model,”® their energy
separation is estimated to be in the range of 100—800 cm ™',
which is comparable to the effective one-electron SOC
constant of Fe(IIl) (464 cm_l).48 As a consequence of their
bonding situations in analogy to complex 1, the complexes also
feature strong easy-plane anisotropy. Specifically, [Fe(TPP)(4-
CNPy),]* exhibits an axial EPR spectrum with g; < 0.92 and
gL = 2.62°7 [Fe(TPP)(t-BuNC),]* and [Fe(OEP)(t-
BuNC),]" possess g, = 1.83—1.94, g; = 2.20—2.28, and two
positive *’Fe A values in the xy plane.”” Furthermore, the EPR
spectra of S = '/, [Co"(TPP)] and [Co"(OEP)] measured in
a variety of solvents and solid matrixes showed g, = 1.6—1.8
and g, = 3.3—3.4.°' Earlier ligand-field analyses have attributed
this large magnetic anisotropy to the three electronic states,
with the electron configurations of (d,,)*(d,.,.)*(d;?)! and
(dyy)*(d,.,.)*(d2)* being close in energy. * Different from the
above-mentioned compounds with half-integer spins, the
difficulty in exploring the electronic structure of complex 1
lies in the fact that it is an integer spin system and has a huge
axial ZFS (~94 cm™). Therefore, complex 1 is EPR-silent for
all commercially available EPR spectrometers, and only
employing both SQUID and THz-EPR were we able to
determine its gy and g, values. Moreover, the large g, value is
also manifested by a large and positive internal field at the *'Fe
nucleus in the xy plane.

In the literature, far more systems featuring orbitally almost
doubly degenerate ground states have been reported, especially
in the burgeoning field of molecular magnetism. In contrast to
the systems whose electronic ground states having nearly triple
degeneracy like 1, they possess unquenched orbital angular
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momenta only along the longitudinal direction (z). Therefore,
their low-lying spin manifolds exhibit easy-axis anisotropy (g
> g,). Applied-field Mossbauer studies revealed that ferrous
octaethyltetraazaporphyrin® and phthalocyanine complexes,”
both being closely related to 1, have very large and positive
internal fields along one direction, which has been ascribed to
their 3Eg ground state having a hole in the quasi-degenerate Fe
d,, and d,, orbitals. Note that certain crystalline forms of
ferrous phthalocyanine exhibit distinct magnetic properties,
which may suggest different electron configurations.”* Further
representative examples of non-Kramers systems are a range of
two-coordinate linear high-spin ferrous complexes.”> Unlike
complex 1, such systems usually have large negative D values
and vanishing rhombicity (E/D ~ 0). Consequently, their low-
lying non-Kramers doublets can be probed by using X-band
EPR, in particular in a parallel detection mode. Typically, they
feature an effective g factor of >10, which by far exceeds the
spin-only value of 8, and a large and positive internal field
along the same direction. Both findings indicate a 2-fold
pseudodegenerate ground state with a
(dyyd—,?)*(d.)'(d,.)!(d?)" configuration. A series of planar
three-coordinate S = 2 Fe(I) complexes, [LFe"X]° (L = f-
diketiminate; X = Cl-, CH;~, NHTol", and NHBu"), also
belong to this category.”® Type I low-spin ferric heme
complexes, often referred to as highly anisotropic low-spin
species, serve as typical examples of Kramers systems.’”
Their EPR spectra are distinguished by a very high g value of
>3, whereas of the remaining two g factors, at least one is
substantially less than 2 and sometimes is even hard to identify.
The uniaxial magnetic properties exhibited by such complexes
are consistent with their 2-fold degenerate 2Eg ground states
with a (d,,)*(d,,.)* configuration. Similarly, a low-coordinate
S =3/, Fe(I) complex, [LFe'(HCCPh)]° (L = HC(C['Bu]N-
[2,6-diisopropylphenyl]),]”), was found to have a large
effective g factor of 8.9, with the other two g components
less than 0.3 in the X-band EPR spectra.®® Note that the
maximum effective spin-only g value of quartet spin systems is
only 6. Furthermore, applied-field *"Fe Mossbauer measure-
ments revealed that [LFe'(HCCPh)]° has a large and positive
internal field. On the basis of these findings, its ground state
was postulated to have nearly 2-fold degeneracy with a
(dzz,d},z)3(dxy)2(dxz)l(dxl_yz)1 configuration.

3.7. Characteristic Spectroscopic Properties for
Systems Featuring Orbitally Almost Doubly or Triply
Degenerate Ground States. For all complexes discussed
above, their pseudodegenerate orbitals are more than half-
filled. Therefore, the partially unquenched orbital angular
momentum induced by SOC aligns approximately along the
same direction as the spin angular momentum. This notion can
be rationalized as follows. In the extreme situation, orbital
angular momenta are completely unquenched, such as atoms
with spherical symmetry. The third Hund’s rule in atomic
physics states that, for more than half-filled degenerate shells,
the spin—orbit coupled state with maximum total angular
momentum value ] lies at the lowest energy, thereby indicating
that in the low-lying magnetic sublevels the spin and orbital
angular momenta orient roughly along the same direction. As a
consequence, the spin and orbital contributions to the total
magnetic moment should strengthen each other, and the total
g factor must be considerably higher than 2. In the other
extreme situation, where systems possess orbitally non-
degenerate ground states, the orbital angular momenta of
their ground states are almost completely quenched. Under
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such circumstances, SOC between the ground state and low-
lying excited states with the same spin as the ground state
partially restores the orbital angular momentum in the ground
state, thereby leading to significant g shifts, i.e., differences of
the measured g factor relative to the spin-only value (~2). As
elaborated on elsewhere,”” an excitation from a doubly to a
singly occupied MO introduces a positive g shift, whereas an
excitation from a singly to an unoccupied MO gives a negative
g shift. More importantly, the magnitude of the resulting g shift
is inversely proportional to the energy difference between the
thus-generated excited state and the ground state. In the case
of systems having orbitally almost doubly degenerate ground
states, excitations between the two quasi-degenerate orbitals
lead to one very large g shift. However, for complexes whose
electronic ground states possess pseudotriple degeneracy,
analogous excitations among three nearly degenerate orbitals
result in two g components that substantially exceed g, ~ 2.
Taken together, easy-plane anisotropy (g; < g) can be
viewed as the spectroscopic signature of orbitally almost triply
degenerate systems with more than half-filled degenerate sets.

How about systems whose quasi-degenerate orbitals are less
than half-filled? On the basis of the above discussion, one can
predict that complexes whose electronic ground states possess
2- and 3-fold quasi-degeneracy are likely distinguished by one
and two g factors that are significantly lower than 2,
respectively. Our recent work showed that tetragonal iron(V)
nitrido and oxo complexes feature an orbitally almost doubly
degenerate ground state with a (d,,)*(7*)" configuration (z*
denotes the two m-antibonding combinations formed by the Fe
d,./,. and N/O p,, atomic orbitals).”” Taking [Fe'(N)(TPP)]
as an example, this unusual electronic structure is manifested
by its highly anisotropic near-axial EPR spectrum with g = 1.0,
1.70, and 1.83. The in-depth ligand-field analysis revealed that
such systems can be distinguished by g < g, < 2, and the g
and g, values obey a simple relationship of g,> + (2 — g;)* = 4.
Earlier work showed that octahedral [Ti™(OH,)]>* com-
plexes in a titanium—cesium alum [TiCs(SO,), 12H,0]
feature a bonding situation analogous to that of complex 1;
weak trigonal distortions lift the triple degeneracy of the T,
ground state of [Ti™(OH,)s)*>" and yield an orbital singlet
slightly below a doublet. Its EPR spectrum exhibits a reversed
pattern with gy = 1.25 and g, = 1.14,”" compared to that of
[FeV(N)(TPP)]. Although the g values of [Ti™(OH,)¢]*"
determined in different host lattices and in solution are
slightly different because of the varying degree of Jahn—Teller
distortions,” all of them have the same pattern of g, < a <
2. This is a characteristic feature of complexes having
orbitally almost triply degenerate ground states with less than
half-filled pseudodegenerate orbitals.”* To the best of our
knowledge, no integer spin systems that possess similar
electronic ground states have been experimentally unambigu-
ously identified. Clearly, further experimental and theoretical
work is needed to verify whether the proposed spectroscopic
signature is applicable to other systems. Very recently, a
square-planar iron(II) corrole complex, [Fe"(TPC)]~ (TPC*~
= §,10,15-triphenylcorrole trianion), has been structurally and
spectroscopically characterized to have an § = 1 ground state.”
DFT calculations cannot determine its ground-state electron
configurations to be either (dxy)z(dzz)z(dxz,yz)2 or
(d,)*(d2)'(d,,,.)* a situation similar to that encountered
for complex 1.

3.8. Implications of the Electronic Structure of
Complex 1 for CO, Reduction. The near-triple degeneracy

https://doi.org/10.1021/acs.inorgchem.1c00031
Inorg. Chem. 2021, 60, 4966—4985


pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00031?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

of the Fe d,,, d,,, and d.” orbitals also plays an important role in
its catalyzed CO, electrochemical reduction. As elaborated on
elsewhere,” upon reduction two additional electrons succes-
sively enter into the TPP lowest unpoccupied MOs (LUMOs)
of 1, which transform as the same irreducible representation,
ey as the Fe d,; and d,, orbitals in the D, point group.
Consequently, the singlet ground state of dianion 1>~ is
attained by antiferromagnetic coupling between an intermedi-
ate Fe(II) ion with an electron configuration of
(dxy)z(dzz)z(dxz'yz)2 and a triplet TPP***" ligand, which is
realized by favorable symmetry-allowed interaction of the Fe
d,.y. and TPP e, magnetic orbitals.”® Furthermore, the Fe d,,,
d,, and d orbitals of 1>~ should retain a similar triple
degeneracy identified for 1 because both complexes feature the
same coordination geometry. [Ni'(cyclam)]* (cyclam
1,4,8,11-tetraazacyclotetradecane) featuring an analogous
coordination geometry represents another well-known CO,-
to-CO electrocatalyst.”® Our earlier work revealed that
formation of a #'-CO, adduct, which is the first step of the
catalytic cycle of CO, reduction, is primarily driven by electron
donation from the Ni d, orbital to the CO, 7* LUMO.”” A
similar situation is expected for CO, association at 1>~. During
this process, because of the their triple degeneracy, electron
donation from the Fe d,? orbital likely triggers electron transfer
from the TPP e, orbital to the Fe d,, orbitals; consequently,
the electron density of the Fe center is largely intact. Without
such an electron-replenishing process to the Fe center, a facile
CO, binding process would not occur because it would suffer
from a large reorganization energy arising from changes in the
first coordination sphere of the Fe center. A detailed
mechanistic study following this reasoning is in progress in
our laboratory.

4. CONCLUSION

The present work describes a detailed study of the electronic
structure of the triplet ground state of complex 1 using a
combined spectroscopic and computational approach. Neither
theory nor experiment alone can unequivocally assign its
ground state because of the near-degeneracy of the 3A2g and
3Eg electronic states. To this end, an EH was proposed, which
explicitly takes the SOC and Zeeman interactions of 3AZg and
3Eg into account. This model enabled us to successfully
simulate all VT'VH magnetometry, SFe Méssbauer, and THz-
EPR data by optimizing only three adjustable parameters. Our
results show that the *A,, electronic state lies energetically
below °E, [with dominant *E,(A) parentage] but only by 950
cm™'. Therefore, the low-lying triplet is a SOC-induced
admixture of *A,, (<88%) and °E, (>12%), and the lowest-
energy singlet possesses substantial unquenched orbital angular
momentum in the xy plane. In comparison with uniaxial
systems featuring orbitally nearly doubly degenerate ground
states with unquenched orbital angular momenta in one
direction, the electronic ground state of complex 1 is best
interpreted as having an electronic ground state with accidental
almost triple degeneracy, a truly multiconfigurational state
indeed. Experimentally, this unusual electronic structure is
manifested by its peculiar magnetic properties, viz., a large axial
ZFS of +94 cm™', two large g components along the wxy
directions of ~3, an effective magnetic moment of 4.2 yg, and,
most importantly, a large and positive internal field at the *'Fe
nucleus in the xy plane.
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Through a comparison with related systems, we found the
following spectroscopic signature to differentiate systems
whose electronic ground states have 2- or 3-fold near-
degeneracy with more than half-filled quasi-degenerate orbitals.
For nearly triply degenerate systems, their low-lying spin
manifolds likely feature easy-plane anisotropy (g < gu),
whereas for almost doubly degenerate complexes, their low-
lying spin manifolds are probably distinguished by easy-axis
anisotropy (g > g ). Finally, implications of the electronic
structure of 1 to CO, reduction are discussed.
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