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The [Fe{(SePPh,),N},] Complex Revisited: X-ray Crystallography,
Magnetometry, High-Frequency EPR, and Mossbauer Studies
Reveal Its Tetrahedral Fe''Se, Coordination Sphere
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Michael Pissas,’® Guinevere Mathies, [+ peter Gast,!! Edgar J. J. Groenen,*!

Yiannis Sanakis,*®! and Panayotis Kyritsis*[!

Abstract: The synthesis and characterization of complex
[Fe{(SePPh;),;N},] (1) is described. X-ray crystallography shows
that this system contains a tetrahedral FeSe, coordination
sphere. The structural features of 1 are compared with those of
similar first row transition element complexes, including a re-
cently reported preparation of [Fe{(SePPh,),N},] (1sp) exhibiting
\a highly unusual square planar FeSe, coordination sphere. The

electronic structure of 1 was elucidated by magnetometry,
high-frequency EPR, and Mossbauer spectroscopic studies,
which reveal zero-field splitting (ZFS) parameters typical of high
spin S = 2 tetrahedral Fe' sites. Accurate ZFS parameters (D =
+8.22 cm™', E/D = 0.104) were obtained by analysis of the EPR
spectra and compared with those of the analogous
[Fe{(SPPh,),N},] complex. )

Introduction

Selenium exhibits a rich and intensively investigated biological
chemistry. In that respect, the bioinorganic chemistry of sel-
enium, mainly expressed via coordination of either seleno-
cystein (Se-Cys) or selenide (Se?) to transition metals in metal-
loproteins or synthetic analogues, has been extensively ex-
plored. More specifically, X-ray crystallography has revealed the
coordination of Se-Cys to nickel in the Ni-Fe-Se hydrogenase,?
as well as to molybdenum in the active site of formate dehydro-
genase'® and nicotinate dehydrogenase.”! The Ni-Fe-Se hydro-
genase has been employed for the photocatalytic production
of H, under increased O, levels,™! while chemical analogues of
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its active site have been investigated.[® The effects of replacing
Cys by Se-Cys have been investigated in various metallo-
proteins, such as metallothionein,”? Cyt P40, azurin,® and
sulfite oxidase.l"” Moreover, sulfide S?~ has been replaced by
selenide Se?~ in the iron-sulfur active site of numerous
proteins,!'! like the [4Fe-4S] cluster of [FeFe]-hydrogenasel'2?
(Se/S substitution has also been carried out in the [2Fe] cluster
of the latter'2P)), the iron protein of nitrogenase,'¥! the photo-
system | polypeptide PsaC,"* aconitase,'! high potential iron-
sulfur protein,[' as well as [2Fe-2S]""7! and 2[4Fe-4S] ferredox-
ins.18!

As far as the synthetic bioinorganic chemistry of selenium
is concerned, a range of multinuclear clusters containing iron
coordinated to Se?~ and various thiols,!'” as well as tungsten-
iron-sulfur/selenium clusters,?? have been investigated by
Holm and co-workers. The coordination of selenium to transi-
tion metals has also been explored by employing the so called
dichalcogenidoimidodiphosphinato ligands, R,P(E)NHP(E)R’,
(E,E'=0,S, Se, Te; R, R = alkyl or aryl groups).?"! Among this
family of chelating ligands, L = [Ph,P(Se)NP(Se)Ph,]",12?! contain-
ing E = E' = Se as donor atoms, and R = R” = Ph as peripheral
groups bonded to the P atoms of the P-N-P backbone, has
afforded the following structurally characterized homoleptic
complexes with first series transition metal ions (structures de-
posited in the Cambridge Structural Database, CSD'?3)): octahe-
dral M"L;, M = V,24 Cr,124 tetrahedral M"L,, M = Mn,2>! Co,?%
Zn,?”! square planar Ni"L,!?8 and tetranuclear [Cu',L;]BF,.2*

With respect to the coordination of [Ph,P(Se)NP(Se)Ph,]™ to
Fe', it should first be noted that the following literature com-
plexes have been shown, by X-ray crystallography, to unequivo-
cally contain a tetrahedral FeSe, coordination sphere:
[N(CH3CH,)4],[Fe(SePh),],B% [Fe(1,10-phen);][Fe(SePh),],12"

Konstanze©nline-Publikations-Syste(KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-e7hbulhonj



[PPh4]2[Fe(Se4)2],[32] [N(CH3)4]2[Fe{SeC(CH3)3}4],[33] [bis(1,3-di-
tert-butyl-1H-imidazol-3-ium)],[Fe(SePh),],13¥ [Fe{(SePiPr,),-
N},13%! and [Fe(dmise),l[BF,l,, dmise = N,N’-dimethylimidazole-
selone.*®! In addition, on the basis of spectroscopic and room
temperature magnetometry studies, the [Fe{(SePPh,),CH},]
complex, bearing a ligand which is similar to L, has been pro-
posed to also contain a tetrahedral FeSe, core.®”! Based on the
above, the recently reported crystal structure of a preparation
of Fel, containing a square planar FeSe, coordination sphere
(1sp CSD code FOMWIP)B8 was rather unexpected and
prompted us to revisit the Fel, system.

X-ray crystallography revealed that our preparation of Fel,
(1), presented herein, exhibits clearly a tetrahedral FeSe, coordi-
nation sphere. The magnetic and spectroscopic properties of
1 were investigated by magnetometry, as well as by IR, high-
frequency EPR and Mdssbauer spectroscopy. Comparisons are
being made with the properties of 1¢p3®! [Fe{(SePiPr,),N},]3!
and [Fe{(SPPh,),N},]13%! complexes. Recent high-frequency EPR
studies of the latter have revealed distinct S = 2 Fe' sites, the
spin-Hamiltonian parameters of which have been accurately de-
termined.3®®! This complex is a synthetic analogue of the re-
duced form of the iron-sulfur protein rubredoxin, which con-
tains a [Fe(S-Cys),] active site.l*”) To our best knowledge, re-
placement of the iron-coordinating Cys residues of rubredoxin
by Se-Cys has not yet been reported.

In the following, the interplay between literature tetrahedral
and square planar Fe" complexes, including their spin states
and Mdssbauer spectroscopic signatures, is analyzed. Moreover,
the effects on the D (axial) and E (rhombic) zero-field splitting
(ZFS) components of Fe'' coordination to [Ph,P(Se)NP(Se)Ph,]-,
as opposed to [Ph,P(S)NP(S)Ph,]~,B®! in a similar tetrahedral
S = 2 FeE, site, E =S, Se, are also discussed.

Results and Discussion

Chemical Synthesis

Complex 1 was synthesized by mixing FeCl, and the
[Ph,P(Se)NP(Se)Ph,]~ ligand, under anaerobic conditions, in or-
der to minimize the formation of byproduct Fe'' species. A dif-
ferent preparation of the same complex (1sp) has been recently
reported.3® The proposed crystal structure of 1gp containing a
square planar FeSe, coordination sphere, will be compared, in
the following, with that of the present complex 1.

X-ray Crystallography and IR Spectroscopy

The molecular structure of 1 is shown in Figure 1. The crystal
data, as well as the refinement statistics, of the structure of 1
are listed in Table S1 (Supporting Information). Selected bond
lengths and angles of 1, are listed in Tables S2 and S3, respec-
tively.

Figure 1. Molecular structure of complex 1. The H atoms are omitted for
clarity. Color coding: Iron (brown), selenium (magenta), phosphorus (light
brown), nitrogen (blue), carbon (gray).

The FeSe, core of complex 1 exhibits a distorted tetrahedral
geometry, as reflected by the magnitude of the Se-Fe-Se
angles which lie between 101.7(1)° and 115.7(1)° (Table S2). The
two endocyclic Se-Fe-Se bite angles amount to 115.7(1)° and
are similar to those of the [Fe{(SePiPr,),N},]®% and
[M{(SePPh,),N},], M = Mn,?°! Co,12%! Zn,12”! complexes listed in
Table 1. The dihedral angle between the planes defined by the
endocyclic Se-Fe-Se angles of complex 1 is 86.8°, comparable
to those of the [M{(SePPh,),N},], M = Mn, Co, Zn, complexes
(Table 1). The significantly smaller values, 81.3° and 82.4°, re-
spectively, for the sites 1 and 2 of the recently reported
[Fe{(SePiPr,),N},] complex reveal a more profound deviation
from the value (90.0°) of the ideal tetrahedral structure, appar-
ently imposed by the iPr peripheral groups of the ligand. In
addition, the latter structure exhibits a different space group
compared with the rest of those listed in Table 1. The
FeSePNPSe rings in the structure of 1 adopt a pseudo-boat con-
formation, with the P and Se atoms at the apices, in agreement
with the structure of the analogous Mn, Co, Zn complexes
(Table 1).

The averaged P-Se and P-N bond lengths of
Ph,P(Se)NHP(Se)Ph, and 1 are listed in Table 2. Close inspection
reveals that the average P-Se bond length of 1 is increased
compared with that of the ligand, whereas the opposite trend

Table 1. Selected structural parameters of [M{(SePPh,),N},], M = Mn, Fe, Co, Zn, and [Fe{(SeiPr,),N},] complexes.

ML, Av. M-Se Endocyclic bite angle Angle of endocyclic Space group CSD codel®?!
[A1 SeMSe [°] bite planes [°]

Fe (1) 248 115.7, 115.7 86.8 P1 This work
[Fe{(SeiPr,),N},] site 1 2.47 112.4,112.7 81.3 P2, CADQIKES!
[Fe{(SeiPr,),N},] site 2 2.47 1122, 1127 82.4

Mn 2.56 113.7, 1128 87.4 P1 DEJRUGES!
Co 242 113.4, 1141 89.2 P1 LIXSIyt2ee!
Co 243 1143, 115.0 87.7 P1 LIXSIUQ1!262)
Zn 248 114.7, 1159 88.0 P1 ARIDEK?”]
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Table 2. Average M-Se, P-Se, P-N bond lengths and P-N-P angles of the Ph,P(Se)NHP(Se)Ph, ligand and complexes discussed in the text.

Ligand/Complex Av. Fe-Se Av. P-Se Av. P-N Endocyclic Av. PNP CSD codel??!
[A] A1 [A] bite SeFeSe [°] ]

LH 2.05 1.69 132.0 YUSDULRZ

1 248 2.16 1.59 115.7 1339 This work

[Fe{(SePiPr,),N},]

Site 1 247 2.19 1.60 112.6 138.0 CADQIK3!

Site 2 247 2.19 1.60 1125 138.2

Tsp

Site 1 2.66 217 1.58 88.4 138.8 FOMWIP!38!

Site 2 2.65 217 1.59 88.6 1353

S.P. SnSe,

Site 1 2.66 217 1.58 88.0 138.6 ZOPGEQ!"!

Site 2 2.65 2.18 1.58 88.4 136.2

[Se{(SePPh,),N},]

Site 1 2.66 2.18 1.59 88.3 1385 GEFHUK"2

Site 2 2.65 2.18 1.59 88.7 136.3

is observed for the average P-N bond length. These observa-
tions are in agreement with the findings based on the IR spec-
tra of Ph,P(Se)NHP(Se)Ph, and complex 1. The IR spectrum of
the former contains characteristic bands, which are attributed
to the v(PSe) (595, 546) and v,4(PNP) (937, 926, 918) stretching
vibrations, respectively.?? On the other hand, in the IR spec-
trum of complex 1 the bands observed at 534 and 1203 cm™'
are assigned to the v(PSe) and v,(PNP) stretching vibrations,
respectively. The aforementioned IR data are compatible with
an increase of the P-N bond order and a decrease of the P-Se
bond order, upon coordination of the ligand to Fe'. This trend
has been observed before for similar metal complexes and is
thought to be caused by the delocalization of mt-electron den-
sity over the ligand framework upon its coordination to the
metal center.2'?>] The bond-order shifts suggested by the
above IR data, confirm the structural differences between
Ph,P(Se)NHP(Se)Ph, and complex 1 observed by X-ray crystal-
lography (vide supra). It should be noted that similar v(PSe) and
v,5(PNP) stretching vibrations, respectively, have been reported
for tetrahedral [M{(SePPh,),N},], M = Mn (536, 1205),12°! Co (545,
1 199)_[26b]

The average value of the four non-equivalent Fe-Se bond
lengths of complex 1 is 2.48 A (Table 2), which is within the
corresponding values observed for tetrahedral Fe''Se,-contain-
ing complexes identified in the CSD:231 [N(CH5;CH,),l>-
[Fe(SePh),] (2.46 A),3% [Fe(1,10-phen)s][Fe(SePh),] (2.46 A)B"
[PPhyls[Fe(Se,),] (2.45/2.43 A)IBZ] [N(CHs)4]5[Fe{SeC(CH3)3},4]
(2.47 A),B3 [bis(1,3-di-tert-butyl-1H-imidazol-3-ium)],[Fe(SePh),]
(2.45 A),13* [Fe{(SePiPr,),N},] (2.47 A)3! and [Fe(dmise),][BF .,
dmise = N,N’-dimethylimidazoleselone (2.46 A).13%! The recently
reported structure of 1sp surprisingly contains a square planar
FeSe, coordination sphere.?8 This structure exhibits signifi-
cantly larger average Fe-Se bond lengths (2.65 and 2.66 A for
its two sites, Table 2), compared with those of complex 1 and
the above tetrahedral FeSe4-containing complexes. These larger
bond lengths are very similar to those of the initially suggested
square planar [Sn{(SePPh,),N},] complex (S.P. SnSe,, CSD code
ZOPGEQ),*" as well as that of structurally characterized
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[Se{(SePPh,),N},] (CSD GEFHUK)¥? (Table 2). In addition, the
unit cell parameters of the FOMWIP, ZOPGEQ and GEFHUK
structures, listed in Table S4, are rather similar. It should be
stressed that an earlier report that the [Sn{(SePPh,),N},] com-
plex contains a square planar SnSe, coordination sphere'! has
been extensively discussed, with suggestions that the reported
crystal structure is due to crystals of [Se{(SePPh,),N},], presum-
ably formed as a side-product during the synthesis of the Sn'
complex.[*3] Attention should also be given to the fact that the
cif file of the 1sp FOMWIP structure,®® deposited in the CSD,?3
reports large calculated positive residual density on the Fe2
atom, which could be attributed to occupation of the metal site
by the heavier Se atom.

It is of interest that square planar Fe'O, sites have been
found in solid-state structures,™¥ including the rare mineral
gillespite (BaFe'Si,0,0)*”! and a catalytically active Fe" zeolite
site converting methane to methanol.*®! On the other hand,
only a handful of molecular Fe" systems contain square planar
FeQ,144P47] or FeO,NCI™8 coordination spheres, and these are
qualified as highly unusual.’<l The above systems have been
shown to contain high spin, S = 2, sites, exhibiting unique Moss-
bauer spectroscopic signatures (vide infra). Square planar com-
plexes of Fe'' containing intermediate spin, S = 1, sites, have also
been reported™! (and references cited therein). In addition, Fe'-
porphyrins contain square-planar Fe'N, coordination spheres
exhibiting various spin states.®® Complex 1sp has not been
studied by either magnetometry or by any spectroscopic
method.8 On the other hand, the spin state (S = 2) and tetra-
hedral geometry of 1 reported herein is strongly supported by
magnetometry and high-frequency EPR/MOssbauer spectro-
scopy (vide infra).

Based on the above observations, the FOMWIP square planar
Fe''Se, structure of 1sp needs to be re-examined, with respect
to the possibility that it is due to crystals of [Se{(SePPh,),N},]
formed as a by-product under the reaction conditions em-
ployed for its synthesis.38 Although it is not possible to assess
the validity of the deposited FOMWIP cif file, it is of interest that
issues concerning the reliable validation of a CSD-deposited cif



file have been recently raised.”" In addition, complex 1gp
should also be investigated by magnetometry and spectro-
scopic methods, in order for its magnetic properties to be as-
sessed in detail.

It is of interest that a case of stereoisomerism in a four-
coordinate 3d metal complex has been observed for
[Ni{(SePiPr,),N},], which has been shown to afford discrete crys-
tals containing tetrahedral and square planar NiSe,; coordina-
tion spheres.®? In this case, the square planar isomer exhibits
shorter Ni-Se bond lengths, compared with those of the tetra-
hedral one, in agreement with expectations from ligand field
theory for complexes containing a d® metal center like Ni".53!
Similar arguments have been put forward for tetrahedral and
square planar organometallic complexes of Fe".># The fact that
1sp exhibits significantly larger Fe-Se bond lengths than 1
needs to be further discussed, once the spin state of 1sp has
been unequivocally determined.

Magnetometry

The temperature dependence of the magnetic susceptibility ym
of 1, plotted as ymT vs. T recorded under a direct current (DC)
field of 1 T, is shown in Figure 2. At high temperatures, the
value of yuT is 3.59 cm? mol™' K, which is consistent with an
S = 2 species exhibiting g > 2.0. Upon cooling, the yuT product
exhibits a very progressive and linear decrease down to 100 K.
Upon further cooling, the decrease becomes more pronounced,
reaching 1.19 cm3mol™' K at 2 K. We attribute this behavior
to the combined effects of magnetization saturation under the
influence of the magnetic field due to Zeeman interactions and
to ZFS effects. To better study the ZFS contributions, we carried
out isothermal magnetization studies at 2, 3 and 5 K, which we
plot as M vs. HT! in the inset of Figure 2.
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Figure 2. Temperature dependence of yuT of a powder sample of 1 under a
magnetic field of 1 T. The inset shows isothermal magnetization data plotted
as M vs. HT! at the indicated temperatures. Solid lines correspond to the
best-fit solution described in the text.

Simultaneous fits were carried out on the yuT vs. T and the
M vs. HT™! data, using the spin Hamiltonian in Equation (1)

H=DIS2 - S(S + 1)/3] + E(S,2 - 5,2 + SgB )

in which D and E are, respectively, the axial and rhombic com-
ponents of ZFS, /5 is the Bohr magneton and B is the external
magnetic field. For the analysis of the magnetic data, the g-
tensor is assumed isotropic.

Models considering D > 0 and D < 0, as well as £ = 0 and
E # 0, were examined, corresponding to four different solutions.
Best-fit parameters were gi;o = 2.14 (+0.02), D = +7.9 (+0.2) cm™',
E = +1.1 (x0.5) cm™", TIP (Temperature Independent Paramagne-
tism) = 5.5 (20.5) x 10™* cm® mol~" K. It is noteworthy that mag-
netic susceptibility, as well as isothermal magnetization data,
was sensitive to the sign of D. As can be seen from the various
solutions presented in Figures S1 and S2, it is clear that accept-
able fits were only derived for D > 0. Moreover, liberating the
E parameter in the case of D > 0, further improved these fits,
yielding an E/D value of 0.14.

These results are in good agreement with high-frequency
EPR measurements (vide infra). From the magnetometry data,
it is already clear that complex 1 exhibits a rather large and
positive D value. Therefore, as the M, = 0 is the ground state of
this S = 2 system, no significant slow relaxation of magnetiza-
tion is expected. Indeed, Alternating Current (AC) magnetic sus-
ceptibility measurements (not shown), either in the absence or
in the presence of a DC magnetic field, do not show a non-zero
value of the imaginary part, x”, of the magnetic susceptibility
that would indicate slow relaxation of the magnetization.

High-Frequency EPR Spectroscopy

The cw EPR spectrum of a powder sample of 1 recorded at
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275.7 GHz and 10 K is shown in Figure 3. The spectrum com-
prises several resonances, with the most relevant for the S = 2
Fe' site of 1 being those at ca. 2.0, 4.7, 5.2 and 8.8 T. The signal
around 9.8 T (g = 2) may arise from a high spin, S = 5/2, Fe'"
species, whereas the signal at 9.6 T is due to an impurity in
the cavity. Finally, a rather weak signal is observed at ca. 0.7 T,
superimposed on a relatively broad background. The origin of
the above features is discussed below.

experimental
theoretical
Va
Blly
Bl[x 1-2
B”Z B”X 2.3 B||y
Vv
LI T T LI T T T T T LI
1 2 3 4 5 5] 7 8 9 10
B(T)

Figure 3. Experimental and theoretical 275.7 GHz cw-EPR spectra of a powder
sample of 1 at 10 K. The theoretical spectra are obtained as described in
the text. Experimental conditions: Modulation frequency: 1.8 kHz, modulation
amplitude: 3 mT, microwave power: 5 yW.



The magnetic measurements presented above were satisfac-
torily analyzed within the spin Hamiltonian (1), yielding the spin
Hamiltonian parameters presented above. A more reliable and
accurate determination of these parameters is obtained by the
analysis of the high-frequency EPR resonances. Figure S3 de-
picts the dependence of the energy levels on the external mag-
netic field, for three orientations with respect to the principal
axes of the ZFS tensor, assuming the ZFS values that reproduce
the spectra. On the basis of these plots, the resonance at about
2.0 T is attributed to the transition between the lowest lying
levels 1 and 2 for an orientation of the magnetic field parallel
to the y-axis, whereas the resonance at about 4.6 T is attributed
to the transition between the lowest-lying levels for an orienta-
tion parallel to the x-axis. Similarly, the resonances at 5.0 T and
8.5 T arise from the next two levels, 2-3, with the orientation
parallel to x- and y-axes, respectively. A weak shoulder at 4.0 T
can be attributed to the 2-3 transition for an orientation paral-
lel to the z-axis. A survey over the parameter space indicates
that all transitions can be simultaneously reproduced with a
unique set of parameters D, E/D, g,, and g, in a relatively nar-
row range (see Figure S4 and the corresponding analysis pre-
sented in the Supporting Information). In Figure 3 are included
simulations of the spectra obtained with the following set of
spin Hamiltonian parameters: D = +8.22 (+0.05) cm™', E/D =
0.104 (+0.010), g, = 2.12 (x¥0.01) and g, = 2.10 (x0.01). The
contribution from each transition between the levels 1-2 and
2-3 is shown separately. The fine structure between 2 and 4 T
(Tesla) is not noise from the acquisition. This structure changes
when the sample tube is rotated; this refers to the presence of
microcrystals in the EPR sample that are remnants of the proce-
dure of making a fine powder. These effects become visible due
to the small volume of only 20 nL of the sample in the EPR
cavity and the extreme width of the transition (>>2 T).

In Figure S5, a simulation of the EPR spectrum is shown,
using the parameters determined by the analysis of the magne-
tometry data. Although the values derived by the two methods
are close to each other, the higher sensitivity of EPR spectro-
scopy for systems like the one under study in this work, allows
for a more accurate determination of the spin Hamiltonian pa-
rameters.

The spectra recorded at 10 and 25 K are compared in Figure
S6. We observe that upon increasing the temperature, the rela-
tive intensity of the 2-3 signals increases with respect to the
intensity of 1-2, in agreement with the above assignment, fur-
ther confirming the positive sign of D. The signals at 9.6 T arise
from an impurity species of the cavity, whereas the strong de-
rivative feature at about 10 T can be attributed to half integer
spin species, such as high spin, S = 5/2, Fe'" impurities. Less
obvious is the origin of the signals in the low field (<1.0 T)
part of the spectrum, which is enlarged in Figure S7. A closer
examination indicates that the relatively sharp peak at 0.7 T is
superimposed on a rather broad background. We tentatively
assign these signals to the existence of two additional S = 2,
high spin Fe'" minor species (see the caption of Figure S7). The
origin of these minor species is at present unknown. In any
case, quantification of these signals, with respect to the major
S = 2 Fe' signals, indicates that they represent a small fraction

of total iron (ca. 3.0 %). These S = 2, Fe" impurities with signifi-
cant ZFS values do not affect critically the analysis of the mag-
netometry data, because the major species are also S = 2 spe-
cies with large ZFS parameters. The magnetometry data, how-
ever, can be distorted by some high spin ferric impurities, as it
is indicated by the sharp signal at about 10 T in the EPR spec-
trum. In Figure S8, we compare the yuT vs. T and M vs. HT"'
simulations, assuming the ZFS and g-tensor parameters ob-
tained by the analysis of the magnetometry data (vide supra)
and those determined by EPR. The discrepancy can be ade-
quately justified assuming a high spin, S = 5/2, Fe" impurity of
about 3 %. Both types of minor species could be hardly discern-
ible in the Mdssbauer spectra (vide infra).

The size of D for complex 1 is typical for high spin S = 2 Fe"
systems, including the, most relevant, analogous
[Fe{(SPPh,),N},] complex (ref.>° and references cited therein).
This complex has been shown to adopt different structural con-
formations, the electronic structure of which exhibits subtle var-
iations. More specifically, the corresponding ZFS parameters of
two distinct conformations are D; = +9.17 cm™, E;/D; = 0.021
and D, = +8.87 cm™, E5/D, = 0.052. The D component of the
ZFS of 1 is comparable to those of each distinct site of
[Fe{(SPPh,),N}], while the value of E/D is slightly bigger, sug-
gesting that the nature of the ligand's donor atom (S vs. Se)
has a small effect on the ZFS for the corresponding S = 2 Fe'E,,
E = S, Se, tetrahedral sites. It should be stressed that recent
magnetometry studies have provided evidence that the high
spin S = 3/2 tetrahedral [Co{(EPiPr,),N},], E = S, Se, complexes
also exhibit rather similar (ca. -30 cm™) D values, i.e. the magni-
tude of D does not depend on the identity of the E donor
atoms (S or Se) in these systems as well.>>

Mossbauer Spectroscopy

Zero-field Méssbauer spectra of powder samples of 1 were re-
corded in the 4.2-200 K temperature range. The spectra at 4.2
and 80 K are shown in Figure 4. The spectra comprise one quad-
rupole doublet and the corresponding Mossbauer parameters
are listed in Table S5. Spectra recorded at various other temper-
atures are shown in Figure S9.

The spectrum at 4.2 K comprises one symmetric doublet,
exhibiting the following parameters: 6 = 0.79(1) mm s~ and
|AEq| = 3.23(1) mm s™'. These parameters are fully consistent
with a high spin S = 2 Fe'" site.’® In particular, the magnitude
of the quadrupole splitting provides conclusive evidence that 1
contains a tetrahedral coordination sphere. High spin, S = 2,
square-planar Fe' sites are rather rare (vide supra). Among this
family of Fe" systems, those that have been studied by Méss-
bauer spectroscopy!4P483502571 exhibit quadrupole doublets
with remarkably low |AEq| values (<< 1.0 mm s™'). This trend,
which has also been observed for S = 2, trigonal planar Fe" sites
with thiolate ligands,>® may be qualitatively understood on the
basis of the symmetry of the square planar ligand environment.
Under these conditions, the contribution of the ligand environ-
ment to the electric field gradient (EFG) tensor cancels out the
contribution of the valence, thus leading to unusually small, for
S =2 Fe sites, |AEq| values.? On the other hand, in tetrahedral
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Figure 4. Zero-field Mossbauer spectra of a powder sample of 1 at 4.2 and
80 K. Solid lines are theoretical simulations, as described in the text.

ligand environments, the ligand asymmetry contribution to the
EFG tensor is much smaller and, therefore, the valence contribu-
tion prevails, leading to the usual large |AEq| values for such
S = 2 Fe' sites. Most relevant to the case of complex 1 are the
recently studied tetrahedral [Fe{(SePiPr,),N}L], E = S, Se, com-
plexes.[®! These complexes exhibit, within experimental error,
0 and |AEq| values of the same order of magnitude with those
of complex 1. The |AEq| parameter of complex 1 exhibits a non-
profound temperature dependence (Figure S9), implying a well
isolated orbital ground state.

At 4.2 K, the observed doublet of 1 is symmetric with Lo-
rentzian lines. The linewidth (FWHM, I = 0.25 mm s7') is close
to the lowest limit of our experimental setup. This indicates a
well-defined and fairly homogeneous ligand environment of
the Fe' center in complex 1. The minor S = 2, Fe' species,
suggested by EPR, could not induce recognizable distortion of
this doublet. Within the available signal to noise ratio, some
anomalies in the background in the 0-1 mm s7' region can be
attributed to S = 5/2, Fe'"" impurities. The inherent narrowness
of the lines makes it possible to detect small, albeit reliable,
changes as a function of temperature. As the temperature in-
creases, the quadrupole doublet is getting asymmetric, with the
lowest energy line becoming broader than the highest energy
line. The largest asymmetry is observed at 80 K (Figure 4). A
similar behavior has been observed in other S = 2 Fe'' sys-
tems[®¥ and it may be understood on the basis of relaxation
effects.[®" High-frequency EPR and magnetometry studies show
that the D value of complex 1 is rather large and positive,
of the order of +8.0 cm™" (vide supra). This corresponds to an
M; = 0 ground state, designated as |0>, which is separated by
D = 8 cm™! from the first excited |+1> and 4D = 32 cm™' from
the second excited |£2> non-Kramers doublet, respectively. At
4.2 K, the thermal population of the ground |0> state is about

88.5 %. Therefore, no magnetic field is induced on the °*’Fe
nucleus and the spectrum gives rise to a doublet. The non-
zero rhombic E component of the ZFS revealed by the high-
frequency EPR studies splits further the |£1> first excited dou-
blet (about 11.5 % population at 4.2 K) into two singlets, which
do not induce effective magnetic fields at the nucleus either.
The splitting of the |+2> excited non-Kramers doublet is much
smaller and, under favorable spin relaxation conditions, this
state can give rise to magnetically split spectra. However, its
thermal occupation at 4.2 K is negligible and does not affect
the spectra. As the temperature increases, the occupation of
the |£2> doublet increases. If the spin-lattice-relaxation time is
appropriate (of the order of 1077 s), this doublet will affect the
spectra, resulting in asymmetric broadening. At 80 K, the occu-
pation of the |+2> doublet is sufficiently large (ca. 29 %) and
the relaxation effects are observable through the asymmetric
broadening of the doublet. At higher temperatures, the occupa-
tion of the |+2> doublet reaches a saturation value and then
the spin-relaxation time decreases. Under these conditions, the
quadrupole doublet is becoming more symmetric again.

The zero-field Mossbauer spectra of complex 1 recorded at
various temperatures (Table S5, Figure S9) are consistent with
the findings of the magnetometry and high-frequency EPR
studies, which indicate a large and positive ZFS axial compo-
nent, D (vide supra).

Conclusions

In this work, the synthesis and characterization of a preparation
of [Fe{(SePPh,),N},]1 (1) is described. X-ray crystallography
shows that this system contains a tetrahedral FeSe, coordina-
tion sphere. The electronic structure of 1 is elucidated by mag-
netometry, high-frequency EPR and Mdossbauer spectroscopy
studies, which provide spin Hamiltonian parameters typical
of high spin, S = 2, tetrahedral Fe" sites. The magnitude of
the D parameter is similar to that of the corresponding
[Fe{(SPPh,),N},] complex. The recently reported preparation of
[Fe{(SePPh;),N},] (1sp) exhibiting a square-planar coordination
sphere should be investigated in a similar manner, in order to
establish magnetostructural correlations for this system.

Experimental Section

Reagents and Synthetic Procedures: All manipulations were car-
ried out under a pure Ar atmosphere, by employing Schlenk tech-
niques. The Ph,P(Se)NHP(Se)Ph, ligand was prepared according to
published procedures.??

Complex 1: In a Schlenk-type flask, 0.032 g (0.25 mmol) FeCl, were
added to a solution of 0.29 g (0.50 mmol) K[(SePPh,),N] in dry
CH3;0H (30 mlL) affording a pale yellow solid. The mixture was
stirred for 2 h at room temperature and after that the solvent was
removed to dryness under vacuum. CH,Cl, (10 mL) was then added,
followed by filtration through Celite pad in order to remove KCl
that is formed. Suitable dark yellow crystals for X-ray crystallography
were obtained by slow mixing of n-hexane layer to the above
CH,Cl, filtrate. Elemental analysis: calcd. C 50.55, H 3.54, N 2.46;
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found C 50.25, H 3.50, N 2.46. Selected IR bands: v(PSe) 534,
v,s(PNP) 1203 cm™.

X-ray Crystallography

Diffraction data were collected at room temperature, by the 6-26
scanning method on a Syntex diffractometer equipped with Rigaku
rotating anode and graphite monochromator [Cu-K,, radiation (1=
1.5418 A)]. The cell dimensions were obtained by least-squares anal-
ysis of reflections in the range 20° < 26 < 40°. Three standard reflec-
tions were monitored every 97 reflections, showing no decay in
intensity during data collection. The data were corrected for Lorentz
and polarization effects and a semiempirical absorption correction,
based on the psi scans, was applied.®?! The structure was solved
by direct methods and refined by full-matrix least-squares based
on F?, using the program SHELXL97.163! Anisotropic refinement was
applied to all non-hydrogen atoms. Hydrogen atoms have been
placed in idealized positions and refined by the riding model (UH =
1.20 UQ).

CCDC 1574747 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.

The structure of 1 shown in Figure 1 was visualized by employing
the CSD Mercury software (https://www.ccdc.cam.ac.uk/solutions/
csd-system/components/mercury/).

IR Spectroscopy: IR spectra were run in the range 4000-200 cm™’
on a PERKIN-ELMER 883 IR spectrophotometer, as KBR discs.

Magnetometry: Magnetic susceptibility measurements were per-
formed using an MPMS-5500 Quantum Design (for dc measure-
ments) or a Quantum Design PPMS (for ac or dc measurements)
magnetometers. Experimental data were corrected for the sample
holder and for the diamagnetic contribution of the sample using
Pascal's constants. The PHI program (v 3.1) was used for fitting the
magnetic data./*¥

High-Frequency EPR Spectroscopy

Continuous-wave (cw) EPR spectra were recorded at 275.7 GHz us-
ing a home-built spectrometer at Leiden University,'®>! using a
probe specially developed to record the extremely broad spectra of
high spin Fe-systems in cw mode./®! A TEy,, resonator was used
for detection of the EPR signal allowing a sample volume of 20 nL.
Spectra of 1 were recorded with a field-modulation amplitude of
3 mT, a modulation frequency of 1.8 kHz, and a microwave power
of 5 uW.

Simulations of the EPR powder spectra were performed by numeri-
cal diagonalization of the spin Hamiltonian with the help of the
EasySpin toolbox for Matlab,®”! or with the program SpinCount,
kindly provided to us by Prof. M. P. Hendrich, Carnegie Mellon Uni-
versity, Pittsburgh, PA, U.S.A.

Mossbauer Spectroscopy: Mossbauer spectra were recorded by a
constant-acceleration conventional spectrometer with a source of
57Co (Rh matrix). Spectra were obtained using a Janis or an Oxford
cryostat. The spectra were analyzed by using home written routines.
Isomer shift values (0) are reported relative to iron foil at 293 K.

Supporting Information (see footnote on the first page of this
article): Crystal data and crystallographic information files, selected
bond lengths and angles, structural comparisons, magnetometry/
EPR/M&ssbauer data for complex 1.
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