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ABSTRACT: In this work, we assessed the electronic structures of two
pseudotetrahedral complexes of Fe', [Fe{(SP'Pr,),N},] (1) and [Fe-
{(SeP'Pr,),N},] (2), using high-frequency and -field EPR (HFEPR) and field-
dependent *"Fe Mossbauer spectroscopies. This investigation revealed S = 2
ground states characterized by moderate, negative zero-field splitting (zfs)
parameters D. The crystal-field (CF) theory analysis of the spin Hamiltonian
(sH) and hyperfine structure parameters revealed that the orbital ground states of
1 and 2 have a predominant d,>_,> character, which is admixed with d (~10%).
Although replacing the S-containing ligands of 1 by their Se-containing analogues
in 2 leads to a smaller DI value, our theoretical analysis, which relied on extensive ~__
ab initio CASSCEF calculations, suggests that the ligand spin—orbit coupling X
(SOC) plays a marginal role in determining the magnetic anisotropy of these s
compounds. Instead, the dfz_ 2 > dfy excitations yield a large negative
contribution, which dominates ‘the zfs of both 1 and 2, while the different
energies of the d’,_, — df, transitions are the predominant factor responsible for the difference in zfs between 1 and 2. The
electronic structures of these compounds are contrasted with those of other [FeS,] sites, including reduced rubredoxin by
considering a D,-type distortion of the [Fe(E—X),] cores, where E = S, Se; X = C, P. Our combined CASSCF/DFT calculations
indicate that while the character of the orbital ground state and the quintet excited states’ contribution to the zfs of 1 and 2 are
modulated by the magnitude of the D, distortion, this structural change does not impact the contribution of the excited triplet states.

Potential Energy

1. INTRODUCTION been structurally and spectroscopically characterized and are
listed in Table 1. A detailed overview of the electronic
properties of these compounds is presented in the Supporting
Information (SI), section S1.

Another ligand platform with four S— or Se— (and even
Te—) donors that has been employed to generate pseudo-
tetrahedral complexes is the bidentate dichalcogenidoimidodi-
phosphinato ligand, {(EPR,),N}~ (E =S, Se, Te; R = alkyl or
aryl group bonded to the P atoms of the ligand). The overview
included in the SI, section S1, also discusses the effect of
selenium versus sulfur coordination in Fe"" and other 3d metal
ion complexes. Of direct relevance here are compounds
containing the Fe''Se, core that have been structurally

A common feature in biological inorganic chemistry is the
presence of sulfur-containing ligands in the active site of
metalloproteins, most usually in the form of cysteine thiolate
(SCys) or inorganic sulfide, $?~."” The most prominent
manifestation of biological metal—sulfur bonding is the active
site of iron—sulfur proteins, which exhibit an impressive variety
of structural and functional features.” The simplest iron—sulfur
protein is the electron transfer protein rubredoxin, (Rd), which
contains a tetrahedral [Fe'™(SCys),]*™/!~ active site.*
Equivalent sites are also found in the non-heme iron protein
desulforedoxin®® and, as a secondary site, in Class I superoxide
reductases (SORs).” To elucidate their electronic structure and
the factors that impact their biological function, significant
research efforts have been made to synthesize analogues of
reduced rubredoxins (Rd,.4). The majority of these species are
Fe'' complexes containing aryl- or phenyl-thiolates as
ligands,”~"* but compounds containing monodentate alkyl-
thiols'> and bidentate dithiosquarate® or S,-o-xyl'*'"> (where
S,-0-xyl = o-xylyl-a,a’-methyl dithiolate) ligands have also
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characterized,'™ but have not been studied as yet by either
EPR or Mossbauer spectroscopy, with the exception of
[Fe{(SePPh,),N},].”> Two Fe'' complexes, [Fe-
{(SPMe,),N},] and [Fe{(SPPh,),N},],**"*° were reported
in 1971.°7*® X-ray crystallography showed that [Fe-
{(SPMe,),N1},] exhibits a tetrahedral Fe"'S, first coordination
sphere and, therefore, may be regarded as a structural analogue
of Rd,q>” The spectroscopic investigation of [Fe-
{(SPPh,),N},] by UV—vis,”® resonance Raman,””*° and,
more recently, multi-frequency EPR spectroscopies (275.7,
94.1, and 9.5 GHz)*' revealed EPR signals attributed to more
than one distinct S = 2 Fe!l site evidencing the occurrence, in
the same crystal, of similar but distinct structural conforma-
tions. The spin-Hamiltonian (sH) parameters, g values and
axial D, and rhombic E zero-field splitting (zfs) parameters of
[Fe{(SPPh,),N},] were accurately determined by the EPR
studies, which revealed that this compound exhibits a
moderate zfs, described by a positive D value.’’

Recently, the [Fe{(EP'Pr,),N},], E = S (1) and Se (2)
complexes, incorporating Pr as peripheral R groups, as
opposed to R = Me and Ph, were synthesized and structurally
characterized.”” This study revealed that 1 and 2 exhibit
tetrahedral Fe'E, coordination spheres and that they are
isomorphous, see Figure 1. The reported structures displayed

Figure 1. Top: crystal structure of the site a of 1. Bottom: overlay of
the structures of site a of 1 (blue) and 2 (red).

two distinct sites per unit cell, with conformations close to
those expected for enantiomers, see Figure S1. Inspection of
Figure SI reveals that for these molecules, chirality may be
traced to the second coordination sphere of the iron sites.

X- (~9 GHz) and Q-band (~35 GHz) EPR, usually
employing parallel-mode detection, are often used to study
high-spin (S = 2) Fe!l sites in proteins® >° and metal
complexes.”” However, because the use of a single (and low)
EPR frequency seldom provides more than one resonance out
of multiple possible transitions, this method is of limited value
for these and other integer spin systems. For this reason, over
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the last few years, high-frequency and -field EPR (HFEPR) has
been employed extensively to investigate the electronic
properties of a wide range of transition metal complexes*®~*’
and certain metalloproteins.*"** Nevertheless, only a small
number of tetrahedral Fe'S,-containing systems have been
studied by HFEPR, namely, [Ph,P],[Fe(SPh),],” Rd.q (see
footnote e of Table 1),** and three compounds containing the
[Fe(C;S5),]>” complex anion.*’ In addition, HFEPR studies
have been performed on a trigonal pyramidal complex
exhibiting an Fe''N, first coordination sphere,*® as well as on
six-coordinated Fe'' complexes.”” Mossbauer spectroscopy has
also been employed to elucidate the electronic structure of the
Fe'S,-core in biomimetic inorganic complexes®*”** and
rubredoxin.**~>* Recently, the investigation by magnetometry,
HFEPR (at 275.7 GHz), and Mossbauer spectroscopy of the
[Fe{(SePPh,),N},] complex, exhibitin§ a tetrahedral Fe''Se,
first coordination sphere, was reported.”

Herein, the electronic structure of 1 and 2 was probed by
HFEPR and field-dependent Mossbauer spectroscopy. Based
on these studies, it was possible to accurately determine not
only the spin Hamiltonian (sH) parameters but also the
electric field gradient (efg) and the hyperfine coupling tensor A
of the *’Fe center. The electronic structures of these
compounds were also explored using computational studies
including ab initio quantum chemical calculations. Comparing
1 with 2 allowed us to elucidate the effect of the first (FeS, vs
FeSe,) coordination sphere on the electronic structure of these
complexes. We also compared the electronic structures of 1
and 2 to those of other tetrahedral Fe''E,-containing systems
(E =S, Se). In this respect, the experimentally determined sH
parameters of complex 2 are useful benchmarks, complement-
ing recent computational studies on the M"Se,-containing
tetrahedral [M{(SeP'Pr,),N},], M = Ni,”* Co,” complexes.
Our combined experimental and computation investigations
establish well-defined magnetostructural correlations for this
class of tetrahedral Fe'' complexes. The complexes studied in
this work are also of interest from the molecular magnetism
point of view, since tetrahedral S = 2 Fe' complexes have been
recently found to exhibit slow relaxation of magnetiza-
tion.**°7%% The results of a detailed investigation of
complexes 1 and 2 by alternate current magnetometry will
be reported elsewhere.

2. MATERIALS AND METHODS

2.1. Synthesis. Complexes 1 and 2 were synthesized according to
a literature procedure.”” These complexes are highly air-sensitive in
solution.

2.2. HFEPR Spectroscopy. Neat powder samples were shipped to
the National High Magnetic Field Laboratory (NHMFL) in sealed,
air-free, round-bottom flasks, which were opened under an inert
atmosphere. The HFEPR and Mossbauer samples were prepared in a
glove box by dispersing ~30 mg of each compound in Nujol and
holding the mixtures in Delrin and Teflon custom-made containers,
respectively. Once removed from the glove box, the samples were
stored and handled frozen under liquid nitrogen while being kept at
77 K. The purity and composition of samples used in HFEPR was
assessed based on the zero-field S’Fe Mossbauer spectra. These
complementary measurements allowed us to establish that essentially
all iron was found as high-spin Fe"" and that Fe™ species accounted for
less than 2% of the total iron present in the samples. HFEPR spectra
were obtained using the home-built spectrometer that was previously
described®® and differs from that description only by the use of a
12—14 GHz source (Virginia Diodes, Charlottesville, VA, USA)
complemented by a cascade of multipliers to produce higher
frequency harmonics. The experimental results were analyzed (both
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Table 1. sH Parameters of 1 and 2 and of Selected Fe"E,-Containing Systems

complex D (em™) |E/DI
1, [Fe{(SPPr,),N},]* -6.32(1)" 0.131(5)
2, [Fe{(SeP'Pr,),N},]* —4.53(1)" 0.194(2)
Cp-Rd, " 5.7(3) 0.25(2)
[Fe{(SPPh,),N},] 9.0" 0.02°
[Fe{(SePPh,),N},] 8.22 0.104
Rd, oy 4.3 0.25
Rd,.4 18-aa model 7.6 0.28
(Ph,P),[Fe(SPh),] 5.84 024
(Ph,P),[Fe(SPh),} 5.98 0.24
(Ph,P),[Fe(S,C,0,),] 6.93 0.27
(Et,N),[Fe(SR),]¢ -87

e g g ref
1.997(5)" 2.068(5)" 2.03(2)" this work
2.097(5)? 2.054(7)° 2.19(5)%¢ this work
2.07 2.11 2.00 53
2.10° 2.14% 2.12° 31
2.12 212 2.10 23
2.1 2.1 2.00 44
2.11 2.19 2.00 76
2.08 2.08 2.00 43

77
8
9

“Values determined from the analysis of the HFEPR spectra. bValues obtained from the average of the two distinct sites observed by HFEPR. “This
g. value is not dependable because of certain assumptions needed to identify the parallel turning points. 9Reduced Clostridium pasteurianum Rd.
“The specific Rd studied was that from Pyrococcus abyssi but expressed in Escherichia coli as a triple mutant (Trp4, ArgS, and Ala44 replaced by
Leud4, Ser4, and Ser44, respectively). These mutations enhance protein expression, but the Ala44Ser mutation also causes an additional OH bond
between Ser44 and the iron-coordinated sulfur of Cys42, which might affect the geometry of the Fe active site, see Barra et al.*/Values determined

using far-infrared magnetic spectroscopy (FIRMS). ¥R = 2-(Ph)C¢H,.

simulated and fitted) using the available features of the program SPIN
by A. Ozarowski. The analysis used a standard S = 2 sH as expressed
in eq L.

f, = 4, B-g8 + D[S — 2+ (8 - §)E/D] 1)

2.3. *’Fe Méssbauer Spectroscopy. Variable-field, variable-
temperature Mossbauer spectra were recorded at temperatures
ranging between 4.2 and 200 K and in magnetic fields of up to 8.0
T. The spectra were collected using a constant acceleration
spectrometer that was fitted with a Janis 8DT cryostat and an 8.0 T
superconducting magnet. The magnetic field was applied parallel to
the 14.4 keV y radiation used to detect the Mdssbauer effect. The
radiation source consisted of 100 mCi ’Co dispersed in a rhodium
metal foil. Isomer shifts are quoted relative to the centroid of the iron
metal spectrum recorded at room temperature.

The Mossbauer spectra were analyzed in the framework of a
standard sH that is described by eq 2a and which is obtained by
adding to the electronic sH, eq 1, terms that account for the effects of
the ’Fe hyperfine interaction, eq 2b.

H=H, + Hy (2a)

A A2 IS = s
Hy, = 6 + (eQVy,/12)[3L; — I(I + 1) + n(ly — I;)] — g B

L §Ad (2b)
The various parameters of eq 2b have their habitual meaning,

n = (Vix = Vi)/Vy, and AEy = (1/2)eQVy\1 + 1°/3. The
relative orientation of the electric field gradient (efg) tensor defined
by the (X, Y, Z) coordinates with respect to the (x, y, z) reference
frame of the zfs is described by a standard set of Euler angles (a, §, 7).
Initial spectral simulations were performed using the WMOSS
spectral analysis software developed by Dr. T. Kent (See Co.,
formerly Web Research Co., Edina, MN). Our simulations were
further refined using a modified version of the SPHMOSS
(SPinHamiltonianMOSSbauer) program to account for the orienta-
tion-dependent relaxation behavior of complexes 1 and 2.°° This latter
program was used to explore the zero-field and orientation-dependent
relaxational behavior of these compounds.

2.4. Computational Studies. Quantum chemical theory
investigations of 1 and 2 were performed using the ORCA 4.0°'
and Gaussian 09°” software packages. DFT studies employed the
B3LYP,*> BP86,°* and TPSSH® functionals in conjunction with
Pople’s triple-{, 6-311G,® and 6-311+G* basis sets.””*® These
calculations used both unabridged and simplified structural models
derived from the experimental X-ray structures and geometry
optimizations.32 The experimental structures contain two sites per
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unit cell, labeled site a and site b, corresponding to distinct isomers,
see Figure S1 and Tables S1—S3. Regardless of the level of theory, the
difference between the self-consistent field (SCF) energies, which are
predicted by single point calculations for the individual sites, is less
than 1 kcal/mol, see Table S7a. Moreover, calculations performed for
the two sites yielded essentially identical results, see Table S7a,b. The
simplified structural models were obtained by replacing the ligand’s
peripheral, P-bonded, ‘Pr groups of site a by Me groups and H atoms,
respectively. The influence of these P-bonded groups on the
electronic structure of the metal sites was evaluated by monitoring
the fine and hyperfine structure parameters predicted at the BP86/
6-311G level of theory, see Table S8ab. Geometry-optimized
structures were obtained for symmetrized (D, point group), Me-
substituted, models. These geometries were further optimized in the
absence of symmetry constraints (C, point group). The Cartesian
coordinates of the geometry-optimized structures and a summary of
selected metric parameters are included in the SI, section S9. The
ground state character of the predicted electronic configurations
under consideration was confirmed by time-dependent (TD) DFT
calculations, which yielded only positive excitations. DFT-predicted
zfs and the spin-orbit contribution to hyperfine-structure parameters
were obtained using the coupled-perturbed (CP) DFT approach
implemented in ORCA.*”’ The influence of a D, distortion on the
electronic structures of 1 and 2 was investigated by using simplified,
symmetrized structural models (the D, point group symmetry of the
models used was strictly enforced) to perform relaxed scans of the
®; = E—~Fe—E'—P/C (i = 1—4) dihedral angles at the B3LYP/6-311G
level of theory, see Figure 6 and Figure S14. The character of the
ground state electronic configurations was assessed by performing
Mulliken and Léwdin population analysis.”® All single point and
geometry optimizations were completed using default convergence
criteria.

Ab initio complete active space (CAS) SCF calculations were
performed on simplified structural models derived from site a of the
crystal structures in which the ‘Pr groups were replaced by Me. These
structural models were selected on the basis of CP-DFT calculations
performed at the BP86/6-311G level of theory, which showed that
replacing the ‘Pr by Me groups leaves the predicted zfs and g-tensors
essentially unchanged, see Table S8a. The applicability of this
methodology to CASSCF calculations was tested by performing a
CAS(5,6) calculation on a model derived from the unabridged
experimental structure of 1 (site a), see below. In this case, replacing
the 'Pr groups by Me leads to a minute change in D (0.1 cm™"), E/D
(0.05), and Ag = g — g, values (< 0.006), see Table S18. Dynamic
correlations were considered using the N-electron valence 2nd order
perturbation theory approach, NEVPT?2, implemented in ORCA.”"">
These calculations used Ahlrichs’ triple-(, def2-TZVPP basis sets’> in
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conjunction with the auxiliary def2/JK basis’* and the RIJK
approximation. Initial guesses generated to set up the active spaces
of CASSCF calculations were derived from open-shell DFT
calculations performed using the BP86/def2-TZVPP functional/
basis set combination. The minimal active space, CAS(S,6), of
CASSCF(5,6) and CASSCF/NEVPT2(S,6) calculations was spanned
by the canonical 3d orbitals of the Fe' ion. The active space of
CASSCF(9,14) and CASSCF/NEVPT(9,14) calculations was ex-
tended to include the lone pairs of the chalcogen donor atoms. Thus,
in addition to the five 3d orbitals of the metal ion (with six electrons),
the active space of these calculations included one molecular orbital
generated by the linear combination of doubly occupied atomic
orbitals enclosing the lone pairs localized on each of the four S/Se
atoms (eight electrons total). Computed zfs parameters were obtained
using the quasi-degenerate perturbation (QDPT) approach and the
effective Hamiltonian protocol implemented in ORCA. The influence
of a D, distortion on the zfs and efg tensors was assessed using
CASSCF(5,6) calculations performed on symmetrized models derived
from geometry optimizations performed using DFT at the B3LYP/6-
311G level of theory.

3. RESULTS

3.1. HFEPR Spectroscopy. The HFEPR response of
complex 1 was weak, and relatively few resonances were
observed. Figure 2 (top) shows a spectrum recorded at
406 GHz and 5 K, accompanied by powder-pattern
simulations.

The intensity of particular turning points did not correspond
to an ideal powder pattern, which could be attributed to some
torquing effects persisting despite applying Nujol. Aided by the
Mossbauer-obtained sH parameters (vide infra), however, it
was possible to simulate the spectra quite satisfactorily. Some
of the resonances, like the one at ~1.5 T in Figure 2 (top)
appeared doubled. Although it is possible that the doubling is
an artifact, it could be traced to the presence in 1 of two similar
but distinct molecules per unit cell, as demonstrated by X-ray
crystallography.”” Simulations show that these sites would have
the same D values but differ in E by about 0.045 cm™.

Despite the limited number of resonances, it was possible to
generate a 2D field/frequency map and thus determine
accurately the sH parameters using the tunable-frequency
approach.”” Whenever a given resonance was doubled, an
average value was used in the computer fits. The field/
frequency map of resonances is shown in Figure 3 (top), along
with the simulations using the best-fitted sH parameters, as
listed in Table 1. It should be stressed that the sH parameters
obtained this way are frequency-independent and thus superior
to those from single-frequency spectra.

The HFEPR response of complex 2 was stronger than that
of 1. Figure 2 (bottom) shows a spectrum of 2 recorded at 406
GHz and 10 K, along with simulations assuming a random
distribution of crystallites in space. The experimental spectrum
is accompanied by its simulations, which used sH parameters
obtained from Mo0ssbauer experiments. A comparison of
simulations with experiments shows that (a) the powder
pattern is fairly well reproduced, (b) the zfs parameter D is
negative, and (c) some of the turning points appear doubled,
analogously to complex 1. We assume that the doubling
originates from two similar but slightly different S = 2 species
exhibiting the same D but differing in E by of about 0.05 cm™,
as indicated by the crystal structure.

The sign of D in 2 was confirmed by a temperature
dependence of the 203 GHz spectrum as shown in Figure S3 in
the SI. The observed changes in the intensity of particular

D<0

—A

2 4 6 8 10 12 14
Magnetic Field [ T ]

o

Figure 2. (top) A 406.4 GHz EPR spectrum of 1 at 5 K (black trace)
accompanied by powder-pattern simulations using the following
absolute values of zfs parameters: IDI = 6.35 cm™, IE/DI = 0.121, and
g = [2.02, 2.07, 2.03]. Red trace: positive D; blue trace: negative D.
The doubling of the low-field (1.5 T) parallel turning point is not
reflected in the simulations; it could be simulated by two sets of
parameters differing by a small value of |[E/DI (~0.007). The intensity
ratio of the two dominant turning points at ~1.5 and 11 T does not
quite correspond to the powder pattern simulations, indicative of
torquing effects; however, the pattern is closer to the negative D case
than positive D; (bottom): 406.4 GHz EPR spectrum of 2 at 10 K
(black trace) accompanied by powder-pattern simulations using the
absolute values of sH parameters as in Table 1. Red trace: positive D;
blue trace: negative D. The structure on top of the two low-field (1.5
T) resonances is not fully reflected in the simulations; it could be
simulated by two sets of parameters differing by a small value of E/D
(~0.01). The increased amplitude of the 10.8 T perpendicular turning
point relative to the simulations is indicative of torquing effects.

turning points are interpreted in terms of the sign of D in
Figure S4 in the SI and its caption.

The observed resonances were collected in a two-dimen-
sional ﬁeld/freq7uency map, along the procedure of tunable-
frequency EPR,” shown in Figure 3 (bottom). Computer fits
of the sH parameters used values obtained from the Mdssbauer
experiment as seeds and resulted in the data shown in Table 1.
Note that only one averaged set of the two observed sets of
resonances was used in the fits, similarly to the procedure
employed to analyze the data recorded for complex 1.

3.2. "Fe Méssbauer Spectroscopy. To assess the
electronic structure of complexes 1 and 2, a series of field-
and temperature-dependent *’Fe Mdssbauer spectra of ground
polycrystalline samples were recorded at fields up to 8 T and
temperatures between 4.2 and 200 K. At zero field, the spectra
of 1 and 2 exhibit two well-defined resonances, i.e., quadrupole
doublets, and are characterized by an isomer shift
0 ~ 0.8 mm/s and a quadrupole splitting IAEq| > 3.0 mm/s,
see Table 2 and Table SS. These values are typical of
tetrahedral Fe! sites (Table 2).”® While the isomer shift values
exhibit a slight temperature dependence, which can be traced
to a second-order Doppler effect, the quadrupole splitting
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Figure 3. 2D field vs frequency (or energy) map of EPR resonances in
1 (top) and 2 (bottom) at 5 K. The squares represent either the
experimental resonances or the averaged position of those resonances
that were doubled (see Figure 2). Curves were simulated using best-
fitted sH parameters as in Table 1. Red traces: turning points with
magnetic field B, parallel to the x axis of the zfs tensor; blue, By Il y;
black, B, Il z. at 10 K. Squares represent either the observed
resonances or the averaged positions of those resonances that were
doubled). Curves were simulated using best-fitted sH parameters The
dashed vertical line represents the frequency at which the spectra
shown in Figure 2 were recorded.

values are nearly temperature-independent, see Table SS5.
Inspection of Figure 4 and Figures SS and S6 (SI) reveals at
4.2 K an abrupt increase in the magnetic hyperfine splitting
such that it has reached a saturation value at only 1 T. This
field-dependent behavior is due to a negative zfs parameter D
for 1 and 2, which leads to a ground quasi-doublet with a
relatively small zfs (5,5 ~ 0.3 — 0.5 cm™', see below) that is
easily overwhelmed by the Zeeman interaction when the field
is aligned with the molecular z-axis, see Figure S8, left. At
higher temperatures, a Curie-like behavior is anticipated such
that thermally averaged spin expectation value (S),, &~ 1/T, see
Figure S8, right. Under these conditions, the hyperfine splitting
pattern of the field-dependent spectra is essentially independ-

1, [Fe{(SPPPry),N},l 2, [Fe{(SeP'Pr,),N},]
42K, 0T
0 S el ()
67 U U -5
42K 1T
04 -0
1
42K 4T K
S °g
s M S
I 42K, 8T I
[=} o
2o 0 2
[ [
1 -1
30K, 8T
0 ; 0
{
-1
o
100K, 8T
0 0
7 -1
T T T T T T T T T T
4 2 0 2 4 4 2 0 2 4
velocity [mm/s] velocity [mm/s]

Figure 4. Selected field-dependent "Fe Mdssbauer spectra recorded
for complex 1 (left) and 2 (right). The solid red lines are simulations
obtained using the zfs parameters listed in Table 1 and hyperfine
splitting parameters listed in Table 2. The simulations of the field-
dependent 4.2 K spectra were obtained using an orientation-
dependent relaxation model, see text.

ent of zfs and is dominated by the nuclear Zeeman and
quadrupolar interactions. Consequently, analysis of the high-
field, high-temperature spectra allowed us to establish the
asymmetry parameter of the efg tensor, and that the AEq of 1
and 2 is positive.

The crystallographic characterization of 1 and 2 revealed
that the Fe"E, cores exhibit an almost ideal D, point group
symmetry.”” Because D,-symmetric metal sites have three
orthogonal C, axes, all tensors were expected to be collinear.
While this assumption was verified by the analysis of the field-
dependent Mdssbauer spectra of 1, our analysis for 2 suggested
the presence of a relatively small, # ~ 10°, rotation around the
y axis of the efg tensor with respect to the zfs reference frame.

The magnitude of the observed magnetic hyperfine splitting
pattern is determined by the effective magnetic field which acts
on the *’Fe nuclei. This field originates from the vector sum of
the internal and applied fields, Begrecive =Binternal +Bapplicas Where

Table 2. Hyperfine Parameters of 1 and 2 and Related Systems

complex 5% (mm/s) AEy" (mm/s) n
1, [Fe{(SP'Pr,),N},] 0.82(1) 3.62(1) 0.6(2)
2, [Fe{(SeP'Pr,),N},] 0.78(1) 3.61(1) 0.4(2)"
[Fe{(SePPh,),N},] 0.79 13.23(1)!
[PPh,],[Fe(SPh),] 0.66° 324 0.67
CpRd o 0.70 -325 0.75
Rd,.4 18-aa model 0.69 —-3.24 0.84
[Fe(S,-0xyl), ] 0.61 -3.32

A,/g.B, (T) A/g.p, (T) A./g.f, (T) ref.
-19(1) —22(1) —5.8(8) this work
~15.8(6) —21.0(8) -5.5(6) this work

23
—14.8 -8.1 —24.7 7
—14.5 —-8.2 —24.17 53
—18.8 -8.3 -33 76

14

“Values determined from the analysis of the 4.2 K, 0 T spectra. For the values observed at other temperatures, see Table S5. “The efg tensor was
found to be rotated from the reference frame of the zfs tensor. This rotation is quantified by the @ = y = 0° and # = 10(10)° set of Euler angles.
“Value quoted at 4.2 K. However, this value is listed as 0.73(2) mm/s in Table 1 of ref 53. “Values determined at 1.4 K for Na(Ph,As)[Fe(S,-o-

xyl)z].
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ﬁimemal = —;l(é)/ gl The spin expectation values, (g), are
dependent on the specifics of the fine structure of the S = 2
spin ground state, i.e. zfs and g tensors. Our initial
investigations of the Mossbauer spectra allowed us to assess
the magnitude of the zfs. These estimates were subsequently
refined by analyzing the field/frequency dependencies of the
observed HFEPR resonances, vide supra.

Together with the successful simulations of the individual
HFEPR spectra, this procedure allowed us not only to
determine the values of the zfs parameters D and E, with
exquisite precision, but also to establish that the parameter set
for each of these two complexes is indeed unique. Our
investigation revealed that for 1 and 2, the zfs tensors are
rhombic and D is negative, in contrast to the D of Rd,.q which
is positive, see Table 1. The negative D leads to a ground state
consisting of an isolated quasi-doublet 12+ ) ~ (12,2) +12,—2))

/<2, for which the two levels are separated by an energy gap:
8, ~ 3-D-(E/D)* ~ 0.31 cm™" for 1 and 0.49 cm™" for 2. The
applied field induces the mixing of these levels leading to states
that are essentially magnetically uniaxial, with the easy axis
found along z, that is, (S,) > (S,) = (S ) = 0, and for B > 0.5
T, (SZ) = By, = — 2A,/g ., Se Flgure S8. Consequently,
the 42 K spectra are sensitive to the A, component of the
hyperfine coupling tensor A. The remaining A tensor
components were determined from the analysis of the 8 T
temperature-dependent spectra.

Inspection of the low-field, B < 4.0 T, 4.2 K spectra reveals
the presence of two distinct spectral components, see Figure 4
and Figures S5—S7 (SI). This observation was rationalized by
considering the presence, for these experimental conditions, of
an orientation-dependent spin—lattice relaxation. Such a
behavior was first described by Zimmerman et al’”” and
more recently by one of us.*” Thus, the component with a
larger hyperfine splitting accounts for a fraction of molecules
for which the flip rate of the electronic spin is smaller than
10° s7', ie, those that are in a slow relaxation regime. In
contrast, the component with the smaller hyperfine splitting
originates from a fraction of molecules for which the electronic
spin is in a fast relaxation regime, that is, a spin flip rate larger
than 107 s7), see Figure S7. The simulations of the 42 K
spectra of 1 and 2 were obtained using an orientation-
dependent relaxation rate. The partition of the Fe' sites in
fractions that exhibit either a slow or fast relaxation regime was
accomplished considering the energy difference between the
two lowest spin sublevels. The negative D values of 1 and 2
lead to ground quasi-doublets that exhibit a considerably larger
Zeeman splitting when the field is applied along z than when it
is found in the xy plane. The effective g values of the ground
quasi-doublet are g.; ~ 8.1 > g, ~ 0.5. For each field
magnitude and field orientation, we define either a fast or a
slow relaxation regime if the combined zfs and Zeeman
splitting is respectively smaller or larger than a numerical value
A, Thus, for a powder average, molecules that have their
molecular z-axis roughly aligned with the applied field adopt a
slow relaxation regime. In contrast, molecules with orientations
for which the applied field lies roughly in the xy plane of their
zfs tensor adopt a fast relaxation regime. Increasing the field
leads to an increase in the fraction of fast-relaxing
“perpendicular” molecules at the expense of the slow relaxing
“parallel” fraction. Simulations of the 4.2 K spectra of 1 were
obtained using A, & 1.5(5) cm™". For 2, simulations of the
low temperature (4.2 K) spectra were obtained by modulating
the A . value such that a quarter of the total number of

molecules were slow relaxing. At temperatures of >4.2 K, the
simulations were obtained assuming entirely a fast relaxation
regime. Finally, the spectral simulations presented here are
compromises that fit best the entire data set using the zfs and g
tensors determined from HFEPR and a single set of hyperfine
splitting values, which are listed in Table 2.

4. DISCUSSION

4.1. Crystal-Field Analysis of the sH Parameters. The
signs of AEq and D of pseudo-tetrahedral S = 2, Fe''-thiolato
complexes have been correlated with the electronic config-
uration of their ground state.>’ Thus, a negative AE, and
positive D, as experimentally determined in Cp Rd,q (see
footnote d of Table 1), are indicative of a doubly occupied d,?
orbital, whereas a positive AE, and negative D suggest a
doubly occupied d,>_* orbital. For T,; complexes, the d?, d_
orbitals span the e manifold and for D,, they both have 4,
character, thus their mixing is symmetry-allowed. Therefore,
for 1 and 2, which have an approximate D, symmetry, the Fe'
3d orbital associated with the ground state, IGS), is best
described considering a linear combination, such that

IGS) = ad,» + pd_p 3)

where @ and f are linearly dependent mixing coefficients.
These coefficients are often correlated with specific structural
parameters such as the w; = E,—Fe—E’—P dihedral or torsion
angle of 1 and 2, vide infra. Although this is a simplification, to
avoid overparameterization, in this analysis, we assume
isotropic 7-bonding. While the spin—orbit coupling (SOC)
interaction mixes the ground-state with the excited *T, orbital
states for which the single spin-down f electron occupies one
of the t, [d,, d., d,.] orbitals, due to the Am; = 0, +1
selection rules, the ground orbital state does not interact with
the excited state of the SE manifold. These interactions
determine the g tensor, dominate D, and give rise to large
orbital contributions to the A tensor. Using the second order
perturbation theory, the contributions of the excited quintet
states to these parameters may be expressed as

& = 805 = AN (4)
D; = —A*A, ()
A, g = P/IA (6)

where i, j = x, y, z and

_ (VBa+p)

T edy) (72)
_ (Ba-py

” e(d,.) (7b)

T oe(dy) (7¢)

The D tensor predicted using eq 5 is not traceless, and it
accounts for only the contributions of the excited state with the
same spin as the ground state. The D and E/D values
incorporated into the second term of eq 1 are obtained after
converting the resulting zfs tensor to its traceless form.
Equation 6 lists only the orbital contributions to the A tensor.
The complete A tensor also includes contribution from the
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Fermi contact term (Agpc) and spin-dipolar term (Agp). The
expressions of the A tensor components are listed in the SI, see

)
eq Sla—c. Finally, A represents the multi-electron, LS, SOC
constant and P = 2g,f3,(r™®) is a scaling constant.
For both 1 and 2, AEq > 0 and D < 0 which suggests that
a = 0and f = 1. Inspection of Tables 1 and 2 suggests that the
A values of 1 and 2 and the g values of 2 further corroborate
this conclusion. Thus, for @ << f & 1 eqs 7a—c predict that
when £(d,,) ~ e(d,,) ~ e(d,)), g~ g, < g and IA| = |A)| > |
A,|. By setting the coeﬂic1ents of eqs 7a—c as @ = cos 0 and p=
sin 6, see Figure S9, we recover the expressions for the spin-
quintet contributions to the hyperfine splitting parameters first
provided by Bertrand and Gayda, see eq Sla—c in the SL.*"**
Analogous expressions for the g values were derived by

Abragam and Bleaney, see eq S2a—d in the S

L% However, the
inspection of Figures S10 and S11 shows that even for

relatively moderate 6 or f values, such as those expected for a
mixed ground state with a dominant d

©—y character, the
perturbation theory expressions derived for the asymmetry

parameters of the efg and zfs tensors, eqs S3 and S4 in the SI,
lose their usefulness. To obtain an initial estimate of the mixing
coefficients, we have evaluated these parameters using eqs 8

and 9. These are periodic functions, v = 12, which not only
provide an estimate of # and E/D,84

but also confine their
values to 0 <7 < 1 and 0 < E/D < 1/3, as expected when the

pubs.acs.org/IC Article
pus ps Sm big Ix 2 3m
4 3 12 2 12 3 4
1 Y # 'f1
Y ;
Y Y ;
[} 4 i
i [ i
) ) §
N P Y ‘
| Y {
T o : . — 06
mla N / k { \ N
™ 4 i ‘,‘ ; ‘.| ;
1 i
-~ 0.393 : ; i - 4 + 0.393
= 1 i [ § Y i
[} i i i ! i
1 i [ § ' i
1 i 4 § , i
[} i I} § Y i
Vo v Y
(N v [
[ [ W
(W) Y] Y
Y] 1 (¥
0- ¥ K ¥ 0
x e 5x n ‘
4 3

Figure S. Theoretical E/D (dashed red, multiplied by 3) and
(dashed blue) values derived using eqs 8 and 9, used to estimate the
mixing parameter ¢ of 1. Shown in black is the contribution of d2_
to the ground state, that is, the square of the 8 coefficient included in
eq 1. The horizontal lines are the experimental values of 77 (blue) and
three times the E/D (red) value obtained for 1. The blue rectangles

highlight the ranges of € values, which minimize the discrepancy
between the experimental and theoretical values

efg and zfs tensors are expressed in their proper frame of

reference, see Figures S10 and S11.

1

—(lsin 681 — lcos 661 + 1

2(sm cos ) )
L, .

/D = g(lsm 601 — Icos 601 + 1)

9)
Because the efg is a ground state property, the periodicity of
the 7(0) function is not affected by the difference in the
energies of the individual excited orbital states with a °T,
parentage. In contrast, the E/D(6) function loses its 12-fold
character when the t, orbital energies are unequal, &(d,,) #
e(d,,) # e(d,)), with its behavior becoming more complex, see
Figure S12. These expressions suggest that for equal orbital
energies, 7 and E/D should exhibit a 3:1 ratio and an identical
dependence on the mixing parameter 6, see Figure 5 and
Figure S13.

Because the experimental values of E/D and 5 do not
conform to the theoretical 1/3 ratio, eqs 8 and 9 can be used,
at best, to limit the range of likely @ values. Figure S shows that
there are six intervals, which are highlighted in blue, that
minimize the difference between the experimental values and

theoretical # and E/D, see Table S6. However, for complex 1
the contribution of the d.2

2_, to the ground state, which is
determined by the square of the f§ linear coefficient, shown in

black, is maximized for only a non-contiguous range spanning
~35.6° for which 81° < 8 < 99°, see Table S6. The results of the
analogous analysis performed for 2 are presented in Figure S13

and Table S6.

For pseudotetrahedral tetrathiolato Fe' sites with a d,:
ground state, such as that of Cp-Rd,q, the null matrix element
(d2 1L, ES) = 0 (ES = d orbital, excited states), leads to A, =
0 and a quenched spin—orbit contribution along z, i.e., g, ~ g,
and A, ~ Apc, where Apc = —Pk. In contrast, for compounds

spin—orbit contribution is observed along z, even when d,, has
the highest orbital energy of the t, subset, vide infra. Inspection
of Table 2 shows that, consistent with the presence of a large
positive orbital contribution along z, the A tensors of 1 and 2
exhibit A, values that have a much lower magnitude than the
other two A tensor components. However, the g, value of 1 is

not consistent with the expected Ag, > Ag, ~ Ag, pattern,
suggesting that for this complex, either this model is not valid

or that the experimental g values are not reliable. To obtain

experimental estimates of not only 6 but also of P, k, 4, (d,,),

e(d,,), and &(d,,) for 1, we have minimized the differences

between the experlmental and theoretical A, #, and E/D values.

Considering a single energy value for the orbitals of the t,

subset and minimizing discrepancies in a stepwise fashion, we

find that the experimental A tensor and the E/D ratio of 1 are

well reproduced by using 6 = 83.5°, & = 4300 cm ™/, k = 0.42,

and A = —82 cm™!, and P = 45 T. While the theoretical 7 = 0.4

parameter obtained using these parameters is at the lower limit
of the experimental range, the use of dissimilar orbital energies
does not lead to better agreement. The predicted g values, g, =
2.056, g, = 2.026, and g, = 2.153, lead to g,, = 2.078, which is
higher than the g,, = 2.03(1) experimental value. However,
considering the modest quality of the experimental HFEPR
spectra, this mismatch is acceptable, as the data quality affects
much more the g values than the zfs.

Following the procedure described above, we find that the
experimental values of not only the A tensor components, 7,
and E/D but also of the g values of 2 are well reproduced using
0= 83.6° P =44 T, k = 042, 7 = —83 em™, £(d,,) = 1960
em™, £(d,,) = 2570 cm ™, and (d,,) = 3910 cm™". The P, k,
and 4 values obtained for 1 and 2 are consistent with those

derived in previous studies for the iron—sulfur site of Cp-Rd,q:
P=46T, k=040, and 1 = —87.5 + 5 cm ™.’ By taking the
average of the experimental A values, we obtain the isotropic
part of the hyperfine coupling tensor, which for 2, yields A;, =
—14.1 T. This value accounts for the combined contribution of

the Fermi-contact term, Agc, and the pseudo-contact, orbital
tribution, A4 The latt lue is estimated fi th
with 2 d;_* ground state, the (d,_ | LAz | d,) = —2i matrix contribution, predo e latter value is estimated from the g
lues, A = -P Tr(g — g )= 4.9 T, which yields Ag; =
element belng twice as large as (d;_ | L, 1d),) = (d2_ | L Values, Apseudo = 3 8§~ 8 ) y FC
I d,) =i leads to A, = 4A,, ~ 4Ayy such that the largest Ao = Apseudo = —19.0 T. By subtracting from the experimental
10996
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Figure 6. (top) Potential energies of [M'V{(SMe),]>~/1~ (left) and [M"™{(SPH,),N},]*"* (right) as function of the D, distortion angle . At @
=0, 60° these models have a D,; and for all other @ values, they have a D, symmetry. Shown in red/blue are the energies predicted for M = Fe',
those obtained for M = Zn" are shown in gray, and those shown using a dashed line are obtained for M = Fe'. (middle) Doubly occupied metal 3d
orbitals of the Fe' models obtained at @ values for which the DFT-predicted 7 = 0. The coordinate axes shown in black indicate the frame of the
efg tensor with the z-axis taken in the vertical direction. (bottom) DFT-predicted asymmetry parameter 7 vs the D, distortion angle . For both the

potential energy and # plots, shown in red are the @ values for which the contribution of the d,2

_,> orbital is dominant (AEq > 0) and in blue are

the regions for which the contribution of the d.? is dominant (AEq < 0). These results were obtained at the B3LYP/6-311G level of theory.

values, the combined contribution of the contact and orbital
terms, we determined the spin-dipolar (SD) contribution Agp,,,
=—097 T, Agp, = —4.27 T, Agp, = +5.24 T. The asymmetry
parameter of the spin-dipolar A tensor 17, = |Agp, — Agp,l/

Agp,, = 0.63 is, within experimental error, similar to that of the
experimental efg tensor = 0.4(2), suggesting that the efg
tensor of 2 is dominated by the valence contribution. One
interesting feature of the Agp tensor, also reflected by the
theoretical Agp tensor obtained using the parameters listed
above and the second terms of eq Sla—c in the SI, Agp, =
=185 T, Agp, = =427 T, Agp, = +6.13 T, is that its largest
component is parallel to the largest orbital contribution. This
alignment of the two largest positive contributions to the A
tensor nearly cancels the large negative Fermi contact along
the z direction.

The SOC constants, 6 values, and the orbital energies
derived above may be used to estimate the excited quintet
states” contribution to D. Substituting these values in eq S, we
obtain D = —4.57 cm™! for 1 and D = —3.94 cm ™" for 2, which
account for only 72 and 87% of the experimental value,
respectively. The mismatch might be traced to spin—spin

10997

coupling (SSC), to the contribution of triplet states to the zfs,
or to a combination of both.

Dgg = 3p cos 20 (10)

In comparison, for the Cp-Rd,q site, Vrajmasu et al. estimated
that 42% of the experimental value, D = +5.7 cm™} originates
from the contribution of triplet states and 7% is due to SSC.>*
For [Fe(SPhC¢H,),]*”, which like 1 and 2 has a negative D,
Gebhard et al. estimated that 25% of the experimental D =
—8.7 ecm™! value originates from SOC contribution of the
excited triplet states.” Using eq 10 and the SSC constant
derived by Watson and Blume from atomic Hatree—Fock
calculations, p = 0.18 cm™, we estimate that the SSC
contribution to the zfs of 1 and 2 is relatively modest, Dggc =
—0.53 cm™!. These arguments suggest that while for 1 the
interaction with the triplet states accounts for ~20% of the zfs,
D = —1.22 cm™’, for 2, this contribution is essentially null,
Dg_; = —0.06 cm™ .

4.2, DFT-Predicted Ground State Electronic Config-
urations and Electric Field Gradients. The geometric
distortions of four-coordinate iron—sulfur sites have been
analyzed by inscribing their first coordination sphere into a
cube or a rectangular parallelepiped, see Figure S2. For
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tetrahedral (T}) sites, the edges of the parallelepiped are equal,
a = b = ¢, and the S—Fe—S bond angles are 109.5°. However,
typical iron sulfur sites are distorted, most often exhibiting an
approximate D,; symmetry obtained by either compressing, a
< b = ¢ or elongating the cube, a > b = c¢. While for a
compressed structure we observe four smaller and two larger
S—Fe—S bond angles, for an elongated structure, we expect
four larger and two smaller angles. Because a compression
pushes the S-containing ligands away from the z-axis, defined
as parallel to the direction of the distortion, toward the xy
plane, the d,>_> orbital is destabilized and we anticipate a d -
type ground state. In contrast, for an elongated structure, the
ligands are brought closer to the z-axis destabilizing the d
orbital and yielding a d,_-type ground state. Inspection of
Table S3a,b shows that for 1 and 2, we observe structures
elongated along an axis perpendicular to that bisecting the
{(EP'Pr,),N}~ ligands. Thus, two E—E interligand distances
are ~0.16 A (0.27 A) shorter for 1(2) than the four other
inter- and intraligand E—E distances. Similarly, two E—Fe—E
interligand bond angles are ~7° (11°) smaller than the two
sets of inter- and intraligand bond angles, see Tables S1—54.

The d,>_,> ground state inferred from the signs of D and AEq
is further corroborated by the crystal-field analysis of the first
coordination spheres of 1 and 2. However, our DFT and
CASSCEF calculations, vide infra, predict that, regardless of the
method used, the large positive component of the efg tensor,
that is the z-axis, is not aligned with the S, improper rotation
axis of the D,; idealized FeE, core, denoting the direction
along which the core is tetragonally elongated from T,
symmetry, rather it is orthogonal to the S, axis and it bisects
the two large E—Fe—E intraligand bond angles, see Figure S2.
While this mismatch seems minor, it indicates that the crystal
field analysis of only the first coordination sphere is not
enough to rationalize the electronic structure of 1 and 2 and
that additional factors need to be considered. Our observations
are not unprecedented. Although the coordination spheres of
Cp-Rd,q and of [Fe(SPh),]*” are elongated, like those of 1
and 2, unlike our compounds, they have a negative AE, and a
d. ground state opposite from that expected based on the
distortion of their FeS, cores.

Several authors, starting with Bair and Goddard,® have
rationalized the electronic structure of iron—sulfur sites by
considering the influence of the w; = C—S,—Fe—S’ torsion
angles.86 These dihedral angles account for the rotation of the
C—S; bonds around the Fe—S’ axes and direct the orientation
of the S; (i = 1—4) sulfur lone pair(s). Therefore, these angles
control the anisotropic # interactions between the sulfur
ligands and the central metal ion and modulate the energies of
iron 3d orbitals. The [Fe(SCH;),]*” anion may be used to
model the structures of both Cp-Rd,.4 and complexes 1/2, see
Figure S14. This model may adopt two high-symmetry, D4
structures, one that for »; = 60, 180° (i = 1—4), approximates
the sites of Cp-Rd,.q and [Fe(SPh),]*”, and another that for w;
=0, 120°, approximates the structures of 1 and 2 as well as of
the Holm—Ibers complex, [Fe(S,-0-xyl),]*". The symmetry of
1 and 2 is lower than D,; and is consistent with a distortion
along a D, coordinate for which = @, = w, = @3 = @, > 0.
Although varying @ from 0 to 60° interconverts the two high-
symmetry D,; structures, see Figure 6 and Figure S14, this
distortion is different from that observed for Cp-Rd,.4. For the
latter case, the [Fe(SC),] core adopts a “double-bird”
configuration for which, at @ = 180°, the two “birds” are
interchanged by an S, symmetry operation. However, the

approximate C, symmetry of the rubredoxin’s site is lower than
D, and is rationalized by considering a torsion around the C,’
axis perpendicular to the S, axis of the D,; core such that o, =
@3~ ® and @, & w, = 0.

We have used DFT to analyze the influence of a distortion
along the D, coordinate on the electronic structure of
[Fe"(SMe),]*” and [Fe"{(SPH,),N},], which is a simplified
model for 1 and 2, see Figure 6. The effects on the electronic
structure of [Fe(SR),] models of distortion along a S,
coordinate, ® = w; = w, = —w; = —w, (see Figure S14),
have been analyzed in detail by Vrajmasu et al.*” Although the
lowest minima of the Fe(SCy), core are expected to have an S,
symmetry, the chelating character of the bidentate disulfido-
imidodiphosphinato ligands of 1 and 2 imposes a distortion
along the D, coordinate. Because they belong to different
representations of the D,, group, for @ = 0, 60°, the mixing of
d_ with d> is not allowed. For other values, @ mixes these
two orbitals, in a fashion analogous to that described above,
inducing a changeover from a d ground state, observed for
D, configurations, to a d,>_? ground state at intermediate w ~
26° values, see Figure 6 middle. Although varying @ from 0 to
60° leads to an interconversion of the two D,; forms, this
change is concomitant with a rotation of the z-axis with respect
to the FeE, core. Inspection of Figure S14 shows that the
original orientation of the z-axis is recovered only after a
complete @ = 0—180° rotation. Because for @ = 0 and 120°,
the C; groups are at their closest approach, these D,
conformations of [Fe(SMe),]>” are destabilized by ~12
kcal/mol with respect to the “double-bird” analogues observed
at @ = 60 and 180°. In contrast, the bidentate, chelating
{(SPH,)N}"~ ligand impedes a complete 180° rotation along
the same D, coordinate and leads to a minimum at @ = 22°.
Although the w,, = 17.1°(16.7°) experimental values
determined for 1(2) are smaller than those derived for the
simplified models, they are in the range of @ values for which a
d,_,> ground state is predicted. Interestingly, these calculations
also elucidate the origin of the seeming disparity between the
d_ ground state of the Holm—Ibers complex and those of 1
and 2. Although all three complexes are supported by
bidentate, chelating ligands that lock the geometries of their
Fel! sites into similar conformations, the deviation of the
[Fe(S,-0-xyl),]> from the w = 0° D,; conformation is
relatively minor, yielding a d.> ground state like that predicted
for [Fe"'{(EPH,),N},] for @ < 10°, see Figure 6, left.

An interesting feature of the potential energies presented in
Figure 6, top, is that the predicted energies of the Fe' and Zn"
analogues are very similar. This observation suggests that the
geometries of the iron sites are determined not by electronic
factors but rather by steric effects such as interligand
electrostatic repulsions. This is unexpected when considering
that unlike Zn" sites which are Jahn—Teller (JT) inactive,
high-spin Fe'' sites with a pseudo-tetrahedral symmetry have
quasi-degenerate ground states (°E) which are potentially JT
active. However, a theoretical study of the JT effect in
tetrathiolato complexes concluded that the experimentally
observed distortions of reg)orted FeS, cores are not the result
of a (pseudo) JT effect.*® This conclusion is consistent with
our DFT calculations and suggests that for 1 and 2, the relative
orientation of the chalcogen-based lone pairs controls not only
the electronic structure of the Fe sites but also their
stereochemistry.

While the magnitude of the predicted quadrupole splitting is
nearly w-independent, for both [Fe(SMe),]*” and [Fe-
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Table 3. DFT-Predicted efg Tensor Components, Expressing eQV;;/2 in mm/s, and Isomer Shift Values Obtained for the
Geometry-Optimized [Fe{(EPMe,),N},] Models of 1 and 2 at the B3LYP/6-311G Level of Theory”

efg tensor components

complex contribution Ve %
1 valence —2.475 —1.280
ligand —0.018 —0.086
total —2.493 —1.366

experimental -2.73 —0.68
2 valence —2.342 —-1.392
ligand 0.015 -0.209
total —2.327 —1.602

experimental —2.46 —1.08

v, n AE, (mm/s) S (mm/s)

3.755 0.318 3.818

0.104 0.656 0.111

3.859 0.292 3913 0.677
3.42 0.6 3.62 0.82
3.735 0.254 3.775

0.194 0.856 —0.233

3.929 0.185 3.951 0.613
3.52 0.4 3.61 0.78

“The ligand contribution was estimated for models obtained by substituting Fe™ by Zn" ions and using the same —1.6 mm/s/au conversion factor

(Q=0.17b).

{(EPH,),N},], see Figure S15, the rhombicity parameter 7 of
the efg tensor is essentially linearly dependent on w, see Figure
6, bottom.®” Reflections such as those observed for [Fe-
(SMe),]>” at @ ~ 11, 26, and 48° are due to the Iyl < 1
convention and indicate a change in the relative magnitude of
the IV I > V| > |Vy| efg tensor components. The overlay of the
DFT-predicted 7 values on those derived from eq 8, for the
valence-only contribution, see Figure S16, suggests that to a

first approximation, 8 & w + n%. We note that despite this

seemingly simple correspondence, the magnitude of the A =
90° interval for which the CF model described in the previous
section predicts a dominant d,>_» ground state is nearly three
times larger than the interval derived from DFT (Aw = 36°).
This observation demonstrates that while our CF and DFT
theoretical models are complementary, they are not equivalent.
Despite being supported by different S/Se ligands, the
quadrupole splitting of 1 is nearly identical to that of 2.
Although striking, this similarity is not unprecedented.
Specifically, even though they have different symmetries, the
AEy of Cp-Rd,y is —3.24 mm/s, that of [Fe(SPH,)]*" is
—3.25 mm/s, and that for the Holm—Ibers complex, [Fe(S,-o-
xyl),]*” is —3.34 mm/s. For the latter compounds, their nearly
identical AEq, values arise from the efg tensor being
independent of both & and @ when only the valence
contribution is considered in an S, distortion. This argument
may be extended also to the D, distortion discussed above.
The validity of the valence-only expressions is supported by
inspection of Table 3 which shows that for both 1 and 2, the
DFT-predicted ligand contribution to the efg tensor (second
row, ligand contribution) is an order of magnitude smaller than
the valence contribution (first row, valence contribution).
Therefore, the B3LYP/6-311G-predicted values of the efg
parameters and of the isomer shift obtained for the geometry-
optimized structures of the [Fe{(EPMe,),N},] models are in
good agreement with the experiment. Table S9 shows that the
prediction of a vanishing efg ligand contribution is a common
teature of all DFT methods considered in this study, which is
reproduced even when larger basis sets are employed.
Increasing the basis set, changing the peripheral ligand groups
and the symmetry of the model used, or using the experimental
structures as the results summarized in Tables S7b, S8b, and
S10b show lead to only a marginal improvement of the
agreement between the theoretical and experimental values.
The Lowdin and Mulliken atomic and orbital charges and
spin populations presented in Tables S10—S12 demonstrate
that, as expected, regardless of the DFT method considered,

the predicted ground states of 1 and 2 have a d,>_,> character,
and their electronic configuration are best described using the
I(xy)*(yz)*(x2)*(2%)“(x*—y*)*| Slater determinant. The small
(p < 0.18), spin-up density delocalized over the (EP),N ligand
backbone is of the same sign as that localized on the central
metal ion. This distribution of unpaired spin density is
consistent with covalent bonding and redox-inactive (“in-
nocent”) ligands. Just as implied by the similarity of their zero-
field Mossbauer parameters, despite the different S/Se
coordination environment, the DFT-predicted ground state
electronic configurations of 1 and 2 are very similar.

4.3. Investigation of zfs in 1 and 2 Using Quantum
Chemical Calculations. Perhaps the most surprising
observation derived from the spectroscopic investigation of 1
and 2 is that replacing the lighter S-containing ligands by their
heavier Se-analogues leads to a smaller IDI value, see Table 1.
We anticipated that due to the greater relativistic effects
induced by the heavier Se nuclei, the ligand SOC effect would
be enhanced for the Se compound” and its magnetic
anisotropy will be increased. This trend is sometimes referred
to as the “heavy-atom effect”.”’™® However, many other
factors may contribute to the overall zfs of metal complexes,
including ligand-induced changes in the splitting of d orbitals,
covalency, excitation energies, and the stabilization of metal-to-
ligand charge transfer states.”” Moreover, the influence of the
ligand SOC is expected to be stronger for cases where the
ligands are non-innocent, that is, when the ligands accom-
modate a large fraction of the total unpaired spin-density.
However, the analysis of the DFT-predicted ground states
coupled with the strong similarity of efg tensors suggests that
the ligand contributions to the total zfs of both 1 and 2 are
relatively modest and of similar magnitudes.

To delineate the factors responsible for the observed zfs
values of 1 and 2, we performed a series of CP DFT
calculations on experimental, see Tables S7a and S8a, and
geometry-optimized structures, see Table S10a. Unfortunately,
these results are very poor. In contrast to the predicted AEq
values, none of the methods considered (B3LYP, BPS6,
TPSSH /6-311G, 6-311+G*) yielded a satisfactory agreement
between the experimental and theoretical D values, regardless
of whether the experimental or optimized structures were used.
For example, inspection of Table S7a shows that for the
experimental unabridged structural models, B3LYP/6-311G
predicted a positive and B3LYP/6-311+G* a negative D value
for 1, even though the corresponding computed E/D values are
much lower than 1/3 (E/D < 0.127). Although these methods
yield a negative D value for 2, in this case, its magnitude is

https://doi.org/10.1021/acs.inorgchem.1c00670
Inorg. Chem. 2021, 60, 10990—11005


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00670/suppl_file/ic1c00670_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 4. Computed zfs Parameters and g Tensors Derived from CASSCF/NEVPT2(5,6) and CASSCF/NEVPT2(9,14)
Calculations Performed on Truncated Models Derived from the Experimental Structures of Site a Considering Five Quintet

and 10 Triplet States, S = 2 (5) S = 1 (10)

# CAS method D
5,6 CASSCE —6.318
NEVPT2 —-5.491
9,14 CASSCF —6.241
NEVPT2 -5.970
experimental —6.32
2 5,6 CASSCF —5.833
NEVPT2 —4.964
9,14 CASSCF —-5.730
NEVPT2 —5.386
experimental —4.53

E/D

&min &mid 8max

0.083 2.041 2.068 2.156
0.085 2.034 2.0583 2.125
0.092 2.039 2.067 2.154
0.059 2.036 2.058 2.137
0.131 1.997 2.03 2.068
0.194 2.038 2.086 2.160
0.159 2.030 2.065 2.124
0.201 2.037 2.085 2.157
0.167 2.033 2.072 2.136
0.194 2.054 2.097 2.19
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Figure 7. Crystal-field splitting diagram and ground state electronic configuration derived from the CASSCE(S,6) calculations performed for 1
(left) and 2 (right). The respective orbital populations of the active space orbitals comprising this figure are listed below each orbital. The
coordinate system indicates the predicted orientation of the zfs tensor. The dashed red line highlights the ligand-dependent change of the d,,

orbital energy.

Table 5. CASSCF-Derived Transition Energies of d—d Excitations (cm™)
# method &y dh
CASSCE(5,6)" 1524
CASSCF/NEVPT2(5,6)“ 2073
AILFT CASSCE(5,6) 1377
experimental® >600"
2 CASSCE(5,6)" 1524
CASSCF/NEVPT2(5,6)" 2119
AILFT CASSCE(5,6)”" 1393
experimental® >600"

&y d, &y d, &y - d,
2809 3973 4612
3418 5056 5803
2813 3856 4390

4300°
2758 3316 4447
3499 4372 5788
2794 3228 4252
2570 1960 3910

“Values obtained considering S quintet and 10 triplet states. "Values obtamed considering S quintet and 3$ triplet states. “Transition energies

derived from the ligand field splitting of one-electron eigenfunctions.

“The ground state coefficients of the d 2 and d,>_

,> contributions are a =

0.119548 f = 0.991553. While this /3 value suggests that 6y, = 82.5°, the experlmental value of this mixing parameter is 6, = 83 5°. *Values derived
from the CF analysis of the sH parameters presented in section 41 HValues determined from the temperature dependence of the AEq values,
AEo(T) = AEG(4.2K) tanh(2£kT). value obtained imposing e(d,,) = 8( .) = &(d, ) = ¢(t,) " The ground state coefficients of the d,> and d,>_
contributions are @ = 0.148346 and f = 0.988767. Coincidentally, these values lead to a mixing parameter 0y, = 83.6°, which compares very well

with the 0,, = 83.6° experimental value.

nearly 10 times larger than the experimental value. Inspection
of the individual contributions to D, listed in Table S14a,b,
shows that for both 1 and 2, D is dominated by the SOC
interaction and that the contribution of the SSC interactions is
< 045 cm™. We note that the latter
value compares quite well with that derived from the CF
analysis of the sH parameters, Dggc = —0.53 cm ™. In general,

relatively small, [Dggcl

the contribution of spin-conserving excitations, @ — «a and

11000

B — P, are dominant with the quintet states, f# — f providing
the largest component. The dominant triplet excited state
contribution to D originates from a — f spin-flip excitations. A
poor performance of CP DFT has been also noted by Maganas
et al. in calculating the zfs of Co'S,-containing complexes.”
Therefore, our work reinforces their conclusion that this
methodology has a limited applicability for this class of [M"E,]
compounds (where M = Fe, Co).
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Inspection of Table 4 and Table S18 shows that unlike CP
DFT, our CASSCF and CASSCF/NEVPT2 calculations
perform very well in reproducing both the sign and the
magnitude of D in 1 and 2. To quantify the influence of the
ligand SOC, we have considered two distinct active spaces,
namely, CAS(5,6), which spans the canonical 3d orbitals of the
Fe" ions and includes six electrons, see Figure 7, and the
CAS(9,14) active space obtained by expanding the CAS(S,6)
to incorporate one lone-pair of electrons localized on each of
the four S/Se atoms, see Figure S17. The expansion of the
active space had a marginal effect on the predicted zfs values,
again suggesting that the SOC of the S/Se ligands does not
play a direct role in determining the magnetic anisotropy of
these compounds. This observation is consistent with the
expected ionic character of the CASSCF wavefunctions and
suggests that a different factor must be responsible for the
difference between the zfs values of 1 and 2.

The difference between the experimental D values of 1 and 2
is 1.82 cm™ corresponding to a 28% decrease in the
magnitude of D(1). Although the theoretical CASSCF and
CASSCF/NEVPT?2 values reproduce this trend, the computa-
tional reduction is smaller than that observed experimentally,
ranging from S to 11% of the predicted D(1), that is, a
difference of 0.29—0.63 cm™. The theoretical values listed in
Table S18 allow us to distinguish two trends: (i) the quintets’
contribution to the zfs is ~0.3—0.4 cm™" smaller for 2 than that
for 1 and (ii) the triplets’ contribution is also ~0.2 cm™
smaller for 2 than that for 1.

Comparing the excitation energies of the d—d excitations,
which are listed in Table S and Table Sl4ab, reveals that
regardless of the theoretical method used, the energy of the
d’._, — d’, transition of 1 is nearly always ~600 cm™" larger
than that of 2. Inspection of eq 11, which lists the perturbation
theory expression of the quintets’ contribution to D for a d,2_
ground state, shows that this transition energy may indeed be
responsible for the lower magnitude of Dy, of 2.
Unfortunately, no analogous factor could be identified to
account for the systematic difference in the excited triplet
states’ contribution to D, Dg_;.

D 4 N s N s
T edy) ey e(d)) (11)

The composition of the orbitals spanning the active spaces
of the CASSCF(5,6) and CASSCF(9,14) is listed in Table S15.
The metal-based orbitals of the CAS(5,6) active space are
presented in Figure 7 and the ligand-based orbitals of the
CAS(9,14) are shown in Figure S17. As with the DFT-
predicted ground state, the CASSCF/NEVPT2-derived ground
states have a d,_ character, see Tables S15 and S16. The
decomposition of the predicted zfs tensors, see Table S17a,b,
shows that, just as expected, the large (d,>_ I L, | d,,) = —2i
matrix element gives the dgz_ : = dffy excitation the largest
contribution to the zfs values of 1 and 2 even though d,, has
the highest orbital energy. Although the contributions of the
dfz_yz — {d/,, d7} transitions have an opposite sign (positive,
as opposed to negative for the dfz_ . = dfy excitation),
consistent with eq 11, they are consi(ierably smaller, which
leads to an overall negative zfs. The predicted contribution of
the excited triplet states to the zfs values of 1 range, depending
on the composition of the active space and the number of
states considered, from —0.14 to —1.38 cm™!, which is

comparable with the Dg_; = —1.22 cm™" value derived from the
analysis of the sH parameters.

To evaluate the effect of a D, distortion on the predicted efg
and zfs of 1 and 2, we performed a series of CASSCE(S,6)
calculations on geometry-optimized D,/D,,; structural models
obtained using DFT at the B3LYP/6-311G level of theory, see
Figure 8. These calculations indicate that the character of the
ground state and the rhombicity of the efg and D tensors are
exquisitely dependent on the magnitude of the D, distortion.

[Fe(SMe)],* [Fe{(SPH,),N},]
—_ — 3.4 —
@ 347 @
£ £
£ 3.3 E 3.3 -
o el
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Figure 8. CASSCF(S,6)-predicted effects of a D, distortion on the efg
(top) and zfs (bottom) parameters of [Fe(SMe),]*~ (left) and
[Fe{(SPH,),N},] (right). The positive AEq and D values are shown
in red, and the corresponding negative values are shown in blue. The
D and E/D traces obtained when all 5 quintet and 35 triplet states
were included in the CASSCF calculations are shown using a solid
line; those obtained when only the five quintets were considered are
shown using a dashed line; and the contribution of the triplet states,
obtained by taking the difference between the previous two, is shown
using a dotted line.

Overall, the CASSCE(S,6)-predicted efg tensors reproduced
the 7(w) derived from the DFT calculations. Therefore, the
distortion along @ induces a switch in the sign of both AEq
and D values, consistent with a change in the nature of the
ground state. However, the range of @ values for which these
values are positive are not congruent. This pattern is
reminiscent of the crystal-field predicted behavior for the
case where the energies of the t, orbitals are unequal, see
Figure S12. Finally, while the CASSCF-predicted # shows a
linear dependence on , the correlation of the E/D values with
this structural parameter is more complicated, given that a
quasi-quadratic dependence is observed at low @ values.

5. CONCLUSIONS

We describe the electronic structure of two high-spin § = 2
complexes, 1 and 2, which enclose tetrahedral Fe''E, cores (E
=S, Se). These compounds were investigated using advanced
spectroscopic methods including HFEPR and field-dependent
Mossbauer spectroscopy, which afforded accurate sH param-
eters including D, E/D, g values, as well as S7Fe electric field
gradients and hyperfine coupling tensors. These parameters
were rationalized by computational studies, which employed
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both DFT and ab initio CASSCF methods. These studies
revealed that the ligand-based SOC plays an insignificant role
in setting the zfs of these complexes and that instead, the
difference between the magnetic anisotropy of 1 and 2 may be
traced to different d—d excitation energies. Finally, the
electronic structure of these compounds could be corroborated
very well with that of other Fe''S, analogues, including Rd,,
by considering a structural distortion along a D,-symmetric
coordinate.
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