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a b s t r a c t

In this work, the structural and spectroscopic characterization of trans-[Ni{(OPPh2)(EPPh2)N)}2(dmso)2],
E = S, Se, complexes is described. These Ni(II) complexes contain two chelating (O,E) = [(OPPh2)(EPPh2)
N)]� ligands, as well as two dimethyl sulfoxide (dmso) molecules coordinated via their O atoms. X-ray
crystallography studies revealed a highly anisotropic pseudo-octahedral trans-NiO4E2 coordination envi-
ronment, extending the literature dataset of their trans-[Ni(O,E)2(sol)2], sol = dmf, thf, counterparts.
Collectively considered, these six complexes contain similar coordination spheres, exhibiting, however,
subtle structural differences due to the nature of the donor atom (E) and solvent molecule (sol) coordi-
nated to Ni(II). The spin Hamiltonian parameters of S = 1 trans-[Ni(O,Se)2(dmso)2], E = S, Se, were accu-
rately determined by high-frequency and -field EPR spectroscopy, applying a methodology already
used for trans-[Ni(O,E)2(sol)2], sol = dmf, thf. Magnetostructural correlations are explored between all
members of this sub-family of Ni(II) complexes.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The so called dichalcogenidoimidodiphosphinato type of
ligands, R2P(E)NHP(E0)R0

2 (E,E0 = O, S, Se, Te; R,R0 = alkyl or aryl
peripheral groups), exhibit a rich coordination chemistry towards
both main group and transition metal elements, especially in their
anionic (E,E0) = [R2P(E)NP(E0)R0

2]� bis-chelating form [1–5]. Among
the large number of 3d-metal complexes bearing these ligands, Ni
(II) complexes have been shown to exhibit a remarkable structural
versatility with respect to both composition and geometry of their
first coordination sphere, depending on the nature of the E,E0 donor
atoms and the R, R0 peripheral groups of the ligand. More specifi-
cally, bis-chelated, [Ni(S,S)2], complexes containing the same
peripheral groups (R = R0 = Me [6] or iPr [7]) exhibit exclusively
tetrahedral NiS4 coordination spheres. On the other hand, the com-
plex with R = R0 = Ph exhibits both tetrahedral [8,9] and square-
planar geometries [10], and those with R = Ph and R0 = Me [9] or
iPr [11], only the square-planar one. Analogous observations have
been made in the case of [Ni(Se,Se)2], for which either exclusive
square-planar (R = R0 = Ph) [12], or both tetrahedral and square-
planar [13,14] NiSe4 (R = R0 = iPr) coordination spheres have been
observed. The (Te,Te) ligand with R = R0 = iPr affords square-planar
[Ni(Te,Te)2] [13]. On the other hand, the (O,O) ligand with R = R0 =
Ph affords the dinuclear [Ni2(O,O)4] complex, but in the presence of
dmf, the mononuclear [Ni(O,O)2(dmf)2] complex has been also iso-
lated [15]. Mixed-donor-atom ligands (O,E) have been shown to
form exclusively tetrahedral [M(O,E)2] complexes, E = S [16], Se
[17], which, in the presence of coordinating solvents, have been
converted to pseudo-octahedral trans-[M(O,E)2(sol)2], sol = dmf
[17], thf [18].

Among the above mononuclear Ni(II) complexes, the paramag-
netic (S = 1) ones have been studied with respect to their magnetic
properties. The aim was to determine their Spin Hamiltonian
parameters, namely the g tensor, as well as the axial, D, and rhom-
bic, E, zero-field splitting (zfs) parameters [19,20]. For that endea-
vor, various physical methods have been applied to literature Ni(II)
complexes, like magnetometry [19,21,22], as well as high-
frequency and -field EPR (HFEPR) [23–36], frequency domain
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magnetic resonance (FDMRS) [29,33,37,38], and magnetic circular
dichroism (MCD) spectroscopy [39].

With respect to the Ni(II) complexes containing (E,E0) ligands, as
expected, the geometry of their first coordination sphere proved to
be the determining factor in controlling the magnitude of their D
parameter: The tetrahedral [Ni(S,S)2] (R = R0 = Ph or iPr) [11] and
[Ni(Se,Se)2] (R = R0 = iPr) [40] complexes have been amenable to
magnetometry but not to HFEPR studies, due to their large D val-
ues, owing to first order spin–orbit coupling (SOC). This was con-
clusively proved by FDMRS studies on the latter, by which D =
45.40 and E = 1.91 cm�1 values have been determined [40]. This
observation justified the compound’s HFEPR silence, since integer
spin systems are amenable to this method only if D < ca. 25 cm�1

[41].
On the other hand, pseudo-octahedral trans-[Ni(O,E)2(sol)2],

E = S, Se; sol = dmf, thf, lacking first-order SOC, have been studied
by both magnetometry [17,18] and HFEPR [18], with the latter
affording accurate D and E values (vide infra). The sign and
magnitude of D, as well as the rhombicity E/D, is of paramount
importance for these integer spin systems, in the context of their
eventual dynamic magnetic properties. In that respect, it should
be noted that a large number of multinuclear Ni(II) complexes, of
various nuclearities, have been shown to exhibit slow relaxation
of magnetization [42], and thus they belong to the class of
multinuclear single molecule magnets (SMMs) [43–46]. On the
other hand, the recently emerged class of mononuclear SMMs
[47–51], contains only three Ni(II) complexes. These complexes
bear either octahedral [52,53] or trigonal bipyramidal [54]
coordination spheres, and they exhibit D < 0 (i.e. the Ms = ± 1 is
the lowest energy sub-level of the S = 1 state). This property,
along with a small rhombicity, E/D, of the system, are
desirable characteristics to ensure SMM-like behavior. Therefore,
additional studies on Ni(II) complexes of variable coordination
spheres are needed, in an effort to identify new mononuclear
Ni(II) SMMs.

In this work, the synthesis, as well as the X-ray crystallo-
graphic, thermogravimetric and IR spectroscopic characterization
of the octahedral trans-[Ni(O,E)2(dmso)2], E = S (1), Se (2),
complexes, is presented. HFEPR studies of these S = 1 systems
provided accurate Spin Hamiltonian parameters, which are
compared with those of their trans-[Ni(O,E)(sol)2], sol = dmf, thf,
counterparts [17,18], thus making possible to further explore
magnetostructural correlations in this sub-family of pseudo-
octahedral Ni(II) complexes.
Table 1
Crystallographic data for 1 and 2.

1 2

Formula C52H52N2NiO4P4S4 C52H52N2NiO4P4S2Se2
Formula weight 1079.78 1173.58
Space group P21/n P21/n
a (Å) 13.3803(2) 13.4582(3)
b (Å) 9.6629(1) 9.7444(2)
c (Å) 20.7617(3) 20.7360(4)
a (�) 90.0 90.0
b (�) 109.606(1) 108.902(1)
2. Experimental

2.1. Synthesis

All chemical reagents used were purchased from Aldrich. Sol-
vents were dried according to standard procedures. The LH ligands
(OPPh2)(EPPh2)ΝΗ, E = S or Se, their corresponding KL salts [55], as
well as complexes [Ni(O,E)2], E = S [16], Se [17], were synthesized
according to published methods.
c (�) 90.0 90.0
V (Å3) 2528.70(6) 2572.72(9)
Z 2 2
T (�C) -113 -113
Radiation Cu Ka Cu Ka
qcalcd (g cm�3) 1.418 1.515
l (mm�1) 3.672 4.469
Reflections with I > 2r(I) 3961 4234
R1

a 0.0452 0.0348
wR2

a 0.1160 0.0853

a R1 = R(|Fo| � |Fc|)/R(|Fo|) and wR2 = {R[w(Fo2 � Fc
2)2]/R[w(Fo2)2]}1/2 w = 1/[r2(Fo2)

+ (aP)2 + bP] and P = [max (Fo2,0) + 2Fc2]/3, a = 0.0566, b = 3.4795 for (1); a = 0.0330,
b = 5.9401 for (2).
2.1.1. Synthesis of trans-[Ni(O,E)2(dmso)2], E = S, Se
Blue-green and dark green crystals of tetrahedral [Ni(O,E)2],

E = S [16], Se [17], respectively, were dissolved in dmso at room
temperature, and the color of the solution was almost instantly
changed to yellow. After slow evaporation of the solvent, light
yellow crystals were grown in about 3–4 days, which were shown
by X-ray crystallography to correspond to complexes 1 and 2,
respectively. Main IR data (cm�1): Complex 1, mas(P2N) 1216,
m(PO) 1130, 1090, m(SO) 1001, m(PS) 589; Complex 2, mas(P2N)
1219, m(PO) 1134, 1090, m(SO) 1001, m(PSe) 560.
2.2. X-ray crystallography

A crystal of 1 (0.36 � 0.48 � 0.62 mm) and a crystal of 2 (0.22 �
0.25 � 0.75 mm) were taken from the mother liquor and immedi-
ately cooled to �113 �C. Diffraction measurements were made on a
Rigaku R-AXIS SPIDER Image Plate diffractometer using graphite
monochromated Cu Ka radiation. Data collection (x-scans) and
processing (cell refinement, data reduction and Empirical absorp-
tion correction) were performed using the CrystalClear program
package [56]. Important crystallographic data are listed in Table 1.
The structure was solved by direct methods using SHELXS-97 and
refined by full-matrix least-squares techniques on F2 with SHELXL
ver.2014/6 [57,58]. Further experimental crystallographic details
for 1: 2hmax = 130�; reflections collected/unique/used,
19027/4228 [Rint = 0.0548]/4228; 408 parameters refined;
(D/r)max = 0.001; (Dq)max/(Dq)min = 1.111/�0.438 e/Å3; R1/wR2

(for all data), 0.0478/0.1182. Further experimental crystallographic
details for 2: 2hmax = 130�; reflections collected/unique/used,
29178/4318 [Rint = 0.0404]/4318; 396 parameters refined;
(D/r)max = 0.002; (Dq)max/(Dq)min = 1.154/�0.583 e/Å3; R1/wR2

(for all data), 0.0357/0.0858. All hydrogen atoms were located
by difference maps and were refined isotropically or were
introduced at calculated positions as riding on bonded atoms. All
non-hydrogen atoms were refined anisotropically. Plots of the
structures were drawn using the Diamond 3 program package [59].

2.3. Thermogravimetric analysis

TGA diagrams were recorded on a Mettler-Toledo TGA/DSC1
instrument under a N2 flow of 50 mL/min, between room temper-
ature and 800 �C, with a 10 �C/min rate.

2.4. IR spectroscopy

IR spectra were run in the range 4000–200 cm�1 on a Perkin-
Elmer 883 IR spectrophotometer, as KBr discs.

2.5. HFEPR spectroscopy

HFEPR spectra were recorded using a spectrometer that has
been described previously [60], with a difference of using a Virginia
Diodes (Charlottesville, VA) source operating at 13 ± 1 GHz, ampli-
fied and multiplied by a cascade of frequency multipliers.



Fig. 2. ORTEP representation of complex 2 at 30% thermal probability ellipsoids.
Primed atoms are generated by symmetry (0) 2 � x, �y, 2 � z.

Table 2
Selected bond lengths (Å) and angles (�) for 1 and 2.

1 2

Distances (Å)
Ni–O1 2.027(2) Ni–O1 2.025(2)
Ni–O31(dmso) 2.049(2) Ni–O31 2.054(2)
Ni–S1 2.536(2) Ni–Se 2.629(1)

Angles (�)
O1–Ni–O10 180 O1–Ni–O10 180
O1–Ni–O310 90.19(8) O1–Ni–O310 90.08(8)
O1–Ni–O31 89.81(8) O1–Ni–O31 89.92(8)
O31–Ni–O310 180 O31–Ni–O310 180
O10–Ni–S1 95.13(6) O10–Ni–Se 95.38(5)
O1–Ni–S1 84.87(6) O1–Ni–Se 84.62(5)
O310–Ni–S1 92.07(6) O310–Ni–Se 92.18(6)
O31–Ni–S1 87.93(6) O31–Ni–Se 87.82(6)
S1–Ni–S10 180 Se–Ni–Se0 180
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A visibly crystalline sample of complex 1 (19 mg) was carefully
ground to obtain fine powder prior to the experiment. Because of a
strong field-induced torquing effect demonstrating itself in the
HFEPR spectra, the sample was subsequently immobilized in an
n-eicosane mull. The spectra of both constrained and uncon-
strained forms were, however, useful and were both subject to
analysis.

Complex 2 (12 mg) was powdery and did not necessitate grind-
ing. This sample did not torque in magnetic field, either, and was
therefore used ‘as is’ in the experiments.

2.5.1. Analysis of HFEPR data
The multifrequency HFEPR data obtained for complexes 1 and 2

were fitted using the Spin Hamiltonian of an S = 1 system (Eq. (1)):

H ¼ beB � g � Sþ D½S2z � SðSþ 1Þ=3Þ� þ EðS2x � S2yÞ ð1Þ
in which the g tensor represents the Zeeman interaction, D and E
are, respectively, the axial and rhombic zfs components, and be is
the electron Bohr magneton. A full analytical solution of the Spin
Hamiltonian eigenvalue problem for the S = 1 case can be found in
textbooks [20].

3. Results and discussion

3.1. Synthesis

Complexes 1 and 2were obtained by dissolving [Ni(O,E)2], E = S,
Se, in dmso, and by slow evaporation of the latter. This work
extends the previously established sub-family of trans-[Ni(O,
E)2(sol)2] complexes, sol = dmf, thf [17,18], which had been iso-
lated by similar procedures.

3.2. X-ray crystallography

The crystal data and refinement characteristics of the structure
of complexes 1 and 2 are shown in Table 1. The ORTEP representa-
tion of the crystal structures of 1 and 2 is shown in Figs. 1 and 2,
respectively, and selected bond lengths and angles are listed in
Table 2. Based on the unit cell parameters of the two structures
(Table 1), as well as on the almost complete matching of the two
structural models in the overlap mode representation of Fig. S1
(Supplementary Material, SM), compounds 1 and 2 are considered
to be isomorphous. Both structures posses a center of symmetry, as
Fig. 1. ORTEP representation of complex 1 at 30% thermal probability ellipsoids.
Primed atoms are generated by symmetry (0) 2 � x, �y, 2 � z.
is also the case for the analogous trans-[Ni(O,E)2(sol)2] complexes,
E = S, Se; sol = dmf [17], thf [18].

3.2.1. Complex 1
The crystals of complex 1 contain discrete monomeric mole-

cules, exhibiting distorted octahedral NiO4S2 cores, in which Ni
(II) is coordinated by two equatorial (O,S) chelates in trans arrange-
ment, whereas the two axial coordination sites are taken by the O
atom of two dmso molecules. The two symmetry-related and
therefore identical equatorial Ni–O1 and Ni–S1 bond lengths are
2.027(2) and 2.536(2) Å, respectively, with the large difference
between the two values reflecting a significant deviation from
the ideal octahedral geometry. On the other hand, the two axial
Ni–Oax(dmso) bond lengths are 2.049(2) Å, being larger by 0.022
Å from the equatorial Ni–O1 ones. The Ni–Oeq bond lengths are lar-
ger by 0.074 Å compared to the Ni–O bonds of tetrahedral [Ni(O,
S)2] (average 1.953 Å) [16]. However, the Ni–S bond lengths are lar-
ger by 0.24 Å and 0.30 Å, compared, respectively, to those of [Ni(O,
S)2] (average 2.296 Å) [16] and tetrahedral [Ni(S,S)2] (average
2.235 Å) [8,9], revealing a remarkable weakening of the Ni–S bonds
in pseudo-octahedral complex 1.

The equatorial Ni–O1 bonds of complex 1 [2.027(2) Å] are sim-
ilar to those of [Ni(O,O)2(dmf)2] (2.054 and 2.113 Å) [15], trans-[Ni
(O,S)2(dmf)2] (2.021 Å) [17] and trans-[Ni(O,S)2(thf)2] (2.014 Å)
[18] complexes. The Ni–S bond lengths of complex 1 2.536(2) Å
are also similar compared with those of the corresponding bond
lengths in trans-[Ni(O,S)2(dmf)2] (2.518 Å) [17] and trans-[Ni(O,
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S)2(thf)2] (2.534 Å) [18]. The axial Ni–O(solvent) bond lengths of
trans-[Ni(O,S)2(sol)2], sol = dmso [2.049(2) Å], dmf (2.068 Å) [17],
thf (2.151 Å) [18], reveal a weaker Ni(II) coordination of thf com-
pared to dmso and dmf, confirming an appraisal of the relative
coordination ability of these solvents [61].

The P–N–P angles of 1 130.7(2)� are decreased slightly com-
pared to the corresponding angle (132.9�) in the protonated ligand
(OPPh)2(SPPh2)NH [55]. The two equivalent P–O bond lengths
[1.506(2) Å] of 1 are rather similar to the corresponding values
(1.493 Å and 1.515 Å) of the two ligand molecules observed in
the asymmetric unit of the corresponding crystal [55]. On the other
hand, the two equivalent P–S bond lengths of 1 [1.993(1) Å] are
increased by 0.08 Å compared to the average of the values
(1.914 Å and 1.917 Å) in the two ligand molecules observed in
the asymmetric unit of the crystal [55]. Last, the P–N bond lengths
of 1 are averaged to 1.591 Å, which is smaller by 0.09 Å compared
to the averaged value (1.680 Å) in the ligand. The changes in the
bond lengths upon deprotonation and coordination of the ligand
to the metal centre of 1 are consistent with delocalization of pi-
electronic density over the Ni–O–P–N–P–S chelate rings, as has
been previously discussed [2,62].

The distortion from the ideal octahedral geometry of complex 1
is also reflected by the different endocyclic (95.13�) and exocyclic
(84.87�) equatorial O–Ni–S angles. The two equatorial six-mem-
bered chelating rings exhibit pseudo-chair conformations, with
the Ni and N atoms being at the apices, at 0.62 and 0.26 Å,
respectively.

A search in the Cambridge Structural Database (CSD) [63],
showed that, besides complexes trans-[Ni(O,S)2(sol)2], sol = dmf
[17] thf [18], a few mononuclear Ni(II) literature complexes bear
similarities with complex 1, since they contain a trans-NiO4S2 coor-
dination sphere [64–67].

3.2.2. Complex 2
The crystals of 2 contain discrete monomeric molecules,

exhibiting distorted octahedral NiO4Se2 cores, in which the Ni(II)
ions are coordinated by two equatorial (O,Se) chelates in trans
arrangement, whereas the two axial coordination sites are taken
by the O atom of two dmso molecules. The equivalent equatorial
Ni–O1 and Ni–Se bond lengths are 2.025(2) and 2.629(1) Å, respec-
tively, with the even larger difference compared to 1, reflecting a
significant deviation from the ideal octahedral geometry. As in 1,
the two axial Ni–Oax(dmso) bond lengths [2.054(2) Å] are slightly
larger compared to the equatorial Ni–O ones.

The Ni–O bond lengths are larger by 0.06 Å compared to tetra-
hedral [Ni(O,Se)2] (average 1.961 Å) [17]. However, the Ni–Se bond
lengths are larger by 0.22 Å and 0.28 Å, compared, respectively, to
complex [Ni(O,Se)2] (average 2.414 Å) [17] and square-planar [Ni
(Se,Se)2] (average 2.350 Å) [12], showing, as in 1, weakening of
the Ni–Se bonds in pseudo-octahedral 2. The equatorial Ni–O and
Ni–Se bond lengths of the analogous octahedral trans-[Ni(O,Se)2
(dmf)2] complex are 2.024 and 2.633 Å, respectively [17], whereas
the axial Ni–O bond lengths (2.074 Å) are by 0.02 Å larger com-
pared to the corresponding bond lengths in 2. In the case of the
trans-[Ni(O,Se)2(thf)2] complex, the equatorial Ni–O and Ni–Se
bond lengths are 2.001 and 2.577 Å, respectively [18], whereas
the axial Ni–O bond lengths (2.140 Å) are significantly larger (by
0.086 Å), compared to those of 2 [2.054(2) Å]. Again, as it is also
observed in 1, the coordination of dmso to Ni(II) is stronger than
that of dmf or thf.

The distortion from the ideal octahedral geometry of 2 is also
reflected by the different endocyclic (95.4�) and exocyclic (84.6�)
equatorial O–Ni–Se angles. As in the case of 1, the two equatorial
six-membered Ni–O–P–N–P–Se chelating rings are not planar but
they exhibit pseudo-chair conformations, with the Ni and N atoms
at the apices, at 0.67 and 0.27 Å, respectively.
It should be noted that, besides complexes trans-[Ni(O,Se)2
(sol)2], sol = dmf [17], thf [18], a CSD search [63] did not show
any Ni(II) complex containing a trans-[NiO4Se2] coordination
sphere. On the other hand, a 1D inorganic polymer containing a
cis-[NiO4Se2] coordination sphere, was identified [68]. It is also of
interest that the CSD search did not identify any structures in
which Ni(II) is coordinated to dmso by the latter’s S donor atom.

A common feature in complexes 1 and 2 is the fact that the axial
N–O(dmso) bond lengths [2.049(2) and 2.054(2) Å, respectively]
are larger compared with the equatorial Ni–O(chelating ligand)
ones [2.027(2) and 2.025(2) Å, respectively). The same trend has
been observed in literature octahedral Ni(II) complexes bearing
Ni–O(dmso) axial and Ni–O(chelating ligand) equatorial bonds
[66,69–73].

3.3. Thermogravimetric analysis (TGA)

Thermogravimetric measurements were conducted for com-
plexes 1 and 2 (Figs. S2 and S3), as well as for the corresponding
tetrahedral, [Ni(O,E)2] E = S, Se (Figs. S4 and S5, respectively). Com-
pared to the latter, complexes 1 and 2 display a mass loss at tem-
peratures close to that of free dmso’s evaporation temperature
(189 �C), indicating dissociation of dmso from their coordination
sphere. Indeed, the steps observed in the TGA graphs for complexes
1 and 2 at 160 �C, correspond to a 13.4% mass loss (versus 14.5%
calculated mass loss of dmso) and 14.0% (versus 13.3% calculated
mass loss of dmso), respectively. The second and more obvious
change, for both complexes, at temperatures above 350 �C is exhib-
ited by both tetrahedral [Ni(O,E)2] and pseudo-octahedral com-
plexes 1 and 2, and is attributed to the decomposition of the
tetrahedral complexes.

3.4. IR spectroscopy

The bands observed for complexes 1 and 2 in the regions 1216–
1219 and 1090–1134 cm�1 have been assigned to mas(P2N) and m
(PO) stretching vibrations, respectively. In addition, the intense
bands at 589 and 560 cm�1 of complexes 1 and 2, are attributed
to the m(PS) and m(PSe) vibrations, respectively. The (OPPh2)(SPPh2)
NH ligand exhibits a mas(PNP) band at 934 cm�1, m(P–O) bands at
1202 and 1187 cm�1 and a m(P–S) band at 626 and 613 cm�1

[55]. In the case of the (OPPh2)(SePPh2)NH ligand, strong bands
appear at 938, 1182–1200 and 541 cm�1, which have been
assigned to mas(P2N), m(PO) and m(PSe) vibrations, respectively
[55]. This behavior confirms the increase in the P–N bond order
and the decrease in the P–O and P–S bonds order upon coordina-
tion of the ligand to Ni(II), due to the delocalization of pi-electronic
density, as previously discussed [2,62]. On the other hand, the
m(P–Se) band of complex 2 (560 cm�1) increases by 19 cm�1 com-
pared to the band (541 cm�1) of the (OPPh2)(SePPh2)NH ligand.
This unexpected observation is in agreement with the reported
m(P–Se) bands of 566 and 554 cm�1 of square-planar cis-[Pd(O,Se)2]
[55]. In addition, complexes 1 and 2 exhibit also an intense band
at 1001 cm�1, which is assigned to the m(SO) vibration of Ni(II)-
coordinated dmso. It should be noted that in the IR spectrum of
free dmso, the corresponding band appears at 1060 cm�1. These
data provide evidence that dmso is coordinated to Ni(II) by its O
rather than its S atom [74], as was indeed confirmed by X-ray crys-
tallography studies of complexes 1 and 2 (vide supra).

3.5. HFEPR spectroscopy

3.5.1. Complex 1
HFEPR spectra of complex 1 studied in the loose (uncon-

strained) form had two important features. (a) Two very
broad zero-field transitions were observed at 105 ± 5 GHz and
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Fig. 4. Top: experimental spectrum of loose complex 1 at 5 K and 406.4 GHz (black
trace) with a simulation (red trace) of a single crystal oriented with the magnetic
field B0 in to the yz plane of the zfs tensor, using Spin Hamiltonian parameters as in
Table 3. Bottom: experimental spectrum of an n-eicosane mull of 1 in the same
conditions (blue trace) with a simulation of a powder pattern using the same Spin
Hamiltonian parameters (magenta trace). The asterisks in the black spectrum
denote dioxygen resonances; the plus signs in the black and blue spectra indicate a
minority spin species that has not been identified. (Colour online.)
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210 ± 10 GHz (Fig. 3). The situation in which one of the zero-field
transitions in a triplet state appears nearly exactly at twice the fre-
quency of the other corresponds to the condition D ffi 3E, i.e. near-
maximum rhombicity of the zfs tensor. Because of the large width
of the zero-field resonances, the zfs parameters could be at this
point only approximately determined as |D| ffi 5.25 cm�1 and
E ffi 1.75 cm�1. (b) The spectra (Fig. 4, top trace) did not correspond
to those of a powder pattern expected for a triplet state, which sug-
gested a very strong torquing effect, with the consequence of most
of the crystallites orienting themselves with the z-axis of the zfs
tensor parallel to the magnetic field. Indeed, the spectra could be
very well simulated as if they originated from a single crystal
(Fig. 4, red trace and Fig. S6, SM). Interestingly, although the zfs
tensor is almost fully rhombic, EPR sensitivity to even a small devi-
ation from rhombicity shows in the simulations of Fig. S6, which
indicate that the sign of D is in fact negative. Given the actual
E/D ratio (vide infra), this observation has little physical value.

Immersing the sample in an n-eicosane mull indeed dramati-
cally changed the spectra. Fig. 4, blue trace, shows such a spectrum.
Two more spectra are shown in Fig. S7 (SM). It is evident that the
torquing effect has been hindered, and the spectra correspond to
those of a powder pattern. Notably, a strong Bmin (or ‘‘half-field”)
turning point that is a signature of a triplet state and was missing
in the field-aligned sample is now prominent. However, the insuf-
ficient degree to which the sample was ground shows itself by the
‘‘quasi-noise effect” and effectively obscures the other turning
points of the S = 1 powder pattern.

Both the loose sample and the n-eicosane mull show a presence
of a ‘‘minority species” with zfs parameters larger than those of the
dominant triplet state. The nature of that species has not been
identified as yet, but it is a frequent phenomenon in many transi-
tion metal coordination complexes that were analytically proven
to be of a very high purity. For this reason, such species should
not be construed as an impurity, but rather as a different form of
the same complex, likely due to polymorphism.

In order to accurately and precisely determine the Spin Hamil-
tonian parameters in 1, we combined the resonances observed in
the loose sample and those found in the constrained one into a
two-dimensional map (magnetic field versus frequency) [75]
which is shown in Fig. 5, together with a simulation using the best
fitted parameters as in Table 3.
0 1 2 3 4 5

102 GHz
214 GHz

Magnetic Field (T)

Fig. 3. Experimental spectra of loose complex 1 at 5 K and two indicated
frequencies. Note the broad near-zero-field resonance at each frequency. The sharp
signal at 3.66T in the red spectrum originates from a g = 2 impurity. (Colour online.)
3.5.2. Complex 2
The sample was introduced into the magnet ‘‘as is” and pro-

duced nearly perfect powder spectra without any torquing or
finite-grain effects. Therefore, it was possible to simulate the sin-
gle-frequency spectra without much effort. Fig. 6 shows such a
spectrum at 219 GHz and 5 K, together with simulations in two
cases: D < 0 and D > 0. It is apparent that the sign of D for complex
2 is positive. Spectra at two more frequencies are shown in Fig. S8
(SM).
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Fig. 5. Combined field versus frequency map of observed resonances in 1 at 5 K.
Squares are experimental points; lines were drawn using the best-fitted Spin
Hamiltonian parameters as in Table 3. Red lines: B0||x, blue lines: B0||y, black lines:
B0||z. The error bars were estimated from the peak-to-peak linewidths, which in
case of near-zero-field transitions are very large. (Colour online.)



Table 3
Spin Hamiltonian parameters and selected bond lengths (Å) of trans-[Ni(O,E)2(sol)2], E = S, Se; sol = dmso (this work), dmf [18], thf [18], as well as of literature octahedral Ni(II)
complexes, determined by HFEPR at 5 K, unless otherwise stated.

Complex Ni(II) core Ni–O(sol) Ni–O Ni–E |D|(cm�1) |E|(cm�1) E/D gx gy gz

[Ni(O,S)2(dmso)2] NiO4S2 2.049 2.027 2.536 5.29(5) 1.74(1) 0.32 2.29(2) 2.29(2) 2.33(a)

[Ni(O,Se)2(dmso)2] NiO4Se2 2.054 2.025 2.629 3.42(1) 0.406(5) 0.12 2.244(1) 2.248(4) 2.231(3)
[Ni(O,S)2(dmf)2]b NiO4S2 2.068 2.021 2.518 4.37(1) 1.23(1) 0.28 2.27(2) 2.27(c) 2.259(6)
[Ni(O,Se)2(dmf)2]b NiO4Se2 2.074 2.024 2.633 3.41(1) 1.11(1) 0.33 2.230(3) 2.235(3) 2.23(c)

[Ni(O,S)2(thf)2]b NiO4S2 2.151 2.014 2.534 7.11(1) 1.17(2) 0.16 2.300(6) 2.293(7) 2.306(3)
[Ni(O,Se)2(thf)2]b NiO4Se2 2.140 2.001 2.577 6.38(2) 1.59(2) 0.25 2.269(4) 2.289(13) 2.203(7)
[Ni(CMA)2(im)2(MeOH)2] NiO4N2 [30]d 5.77(1) 1.636(2) 0.28 2.29(1) 2.18(1) 2.13(1)
[Ni(L1)](PF6)2 NiO3N3 [32]e 4.40 0.75 0.17 2.17 2.17 2.20
[Ni(L2)](PF6)2 NiO3N3 [32]e 4.83 0.82 0.17 2.17 2.16 2.20
[Ni(im)2(L-tyr)2] NiN2N0

2O2 [35]f 2.997 0.4066 0.14 2.168 2.163 2.188
[Ni(HIM2-py)2NO3]NO3 NiO2N4 [29] 10.15 0.1015 0.01 giso = 2.17

a gz value was obtained from the field-aligned sample.
b 10 K.
c Set, not fitted [18].
d 30 K, CMA = 9,10-dihydro-9-oxo-10-acridineacetate ion, im = imidazole.
e 7 K and 17 K, L1 = {3,4,6-tri-O-(2-picolyl)-1,2-O-ethylidene-a-d-galactopyranose}, L2 = {3,4,6-tri-O-(2-picolyl)-D-galactal}.
f L-tyr = {2-amino-3-(4-hydroxyphenyl)propanoic acid}.
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Given that the single-frequency simulations were very
successful, it was not necessary to employ the tunable-frequency
methodology. Nevertheless, the usual 2D (field versus frequency)
map of resonances [75] was collected, and the final Spin Hamilto-
nian parameters least-square fitted to that map (Fig. 7). The result-
ing values are listed in Table 3.

3.5.3. Magnetostructural correlations
The Spin Hamiltonian parameters of S = 1 trans-[Ni(O,E)2(sol)2],

E = dmso, dmf [18], thf [18], as well as of literature octahedral Ni(II)
complexes, that have been determined by HFEPR spectroscopy, are
listed in Table 3, along with selected structural features of the for-
mer. Application of a multifrequency EPR approach [75] was neces-
sary, because such integer spin systems are usually not amenable
to EPR spectroscopy at conventional magnetic fields and frequen-
cies [76]. By comparing the data for trans-[Ni(O,E)2(sol)2] com-
plexes (Table 3), it seems that the total set of structural
parameters of each system has a bearing on its Spin Hamiltonian
parameters. However, the following initial observations can be
made:
0 2 4 6 8 10 12

D > 0

D < 0

ExpDQ

Magnetic Field (T)

Fig. 6. A 219.2 GHz spectrum of 2 at 5 K. Black trace: experiment; colored traces:
powder-pattern simulations using spin Hamiltonian parameters as in Table 3 for
two cases: D < 0 and D > 0. Blue trace: negative D; red trace: positive D. DQ stands
for a so-called ‘‘double-quantum transition”, in this case at g = 2.33, characteristic
for high-spin Ni(II) and it is not simulated. (Colour online.)

Fig. 7. Field versus frequency map of observed resonances in 2 at 5 K. Squares are
experimental points; lines were drawn using the best-fitted spin Hamiltonian
parameters as in Table 3. Red lines: B0||x, blue lines: B0||y, black lines: B0||z. We did
not put error bars in this figure, since the linewidths in 2 are comparable with the
size of the square symbols. (Colour online.)
(i) Most of the complexes exhibit large rhombicities, which can
be attributed to their highly anisotropic Ni(II) coordination
sphere. For the extremely rhombic systems, namely trans-
[Ni(O,S)2(dmso)2] and trans-[Ni(O,Se)2(dmf)2], the sign of D
has no physical meaning. The rest of the trans-[Ni(O,
E)2(sol)2] complexes listed in Table 3 were shown to exhibit
D > 0. For the above reasons, it is predicted that all trans-[Ni
(O,E)2(sol)2] complexes of Table 3 are not promising as
potential mononuclear SMMs.

(ii) For the trans-[Ni(O,E)2(sol)2] complexes containing sol = dmf
or thf, the Se-containing one is more rhombic than its S-con-
taining counterpart. However, this does not hold when sol =
dmso, an observation that would merit additional investiga-
tion in the future, for instance by appropriate computational
studies.

(iii) For the complexes bearing the same sol, the Se-containing
one exhibits slightly smaller D values compared to that of
its S-containing counterpart. This behavior may be
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considered as counterintuitive, if we take into account the
fact that Se is heavier than S. Indeed, this observation is in
contrast to the significant effects, on the magnitude of D,
reported upon coordination of heavier halides to either Ni
(II) [27,37,75,77] or Cr(II)/(III) [78], owing to larger SOC
effects exerted by the heavier halides. With respect to effects
of Se-coordination to 3d metal ions, it should be noted that
similar D values have been estimated by magnetometry for
S = 3/2 tetrahedral [Co(E,E)2] (R = R0 = iPr), E = S, Se [79],
or accurately determined by HFEPR for S = 2 tetrahedral
[Fe(E,E)2] (R = R0 = Ph), E = S [80] Se [81] complexes.

4. Conclusions

In this work, the pseudo-octahedral trans-[Ni(O,E)2(dmso)2],
E = S, Se, complexes were synthesized and spectroscopically/
structurally characterized, extending the previous dataset of the
analogous trans-[Ni(O,E)2(sol)2] complexes, E = S, Se; sol = dmf,
thf [18]. The six complexes of this sub-family contain trans-NiO4E2
coordination spheres, which, however, exhibit subtle
structural differences. The Ni(II) coordination of dmso takes place
via its O and not S atom, as is also the case of all structurally
characterized Ni(II)-dmso complexes reported to date. The
dmso molecules, as shown by TGA studies, are readily removed
by the [Ni(O,E)2(dmso)2] coordination sphere upon heating, prior
to the decomposition of the remaining tetrahedral [Ni(O,E)2]
complex.

The Spin Hamiltonian parameters of the S = 1 trans-[Ni(O,E)2-
(dmso)2] complexes were accurately determined by HFEPR, mak-
ing it possible to draw initial magnetostructural correlations
among the sub-family of trans-[Ni(O,E)2(sol)2], sol = dmso, dmf,
thf, complexes. The increased rhombicity in most of these com-
plexes is attributed to their highly anisotropic coordination
spheres. Furthermore, this work can trigger additional investiga-
tions by appropriate computational methods [18], which will shed
more light on the structural and/or electronic factors controlling
the magnetic behavior of these Ni(II) complexes.

In view of the small number of already established mononu-
clear Ni(II) SMMs, it is worth exploring magnetostructural correla-
tions in additional Ni(II) complexes of variable geometries and
coordination spheres.
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Appendix A. Supplementary data

CCDC 1831384 and 1831385 contains the supplementary crys-
tallographic data for 1 and 2. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
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article can be found, in the online version, at https://doi.org/10.
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