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ABSTRACT: Herein, we investigate the structural and electronic
properties of nine mononuclear MnII complexes with Schiff base
ligands synthesized from R-salicylaldehyde and 1,4-bis(3-
aminopropyl)piperazine which readily adopt a distorted trigonal
prismatic geometry, where the R groups are 3-NO2 (1), 3-NO2-5-
OMe (2), 3-NO2-5-Cl (3), 3-Br-5-NO2 (4), 3-OMe-5-NO2 (5), 5-
NO2 (6), 3,5-diCl (7), 3,5-diBr (8), and 3,5-diI (9). We utilize
Continuous Shape Measure to quantify the degree of geometric
distortion relative to other structures published in the Cambridge
Structural Database (CSD). X-band EPR spectroscopy indicated
atypical anisotropy and higher-field and frequency measurements
were used to quantify the zero-field splitting (ZFS) parameters.
Simulations of the spectra revealed axial and rhombic ZFS parameters, D = +0.200(2) cm−1 and |E| = 0.067(2) cm−1, for a frozen
solution of 1. Despite the trigonal geometry of the MnII coordination environment, EPR data indicate a rhombic electronic structure
with an E/D ratio at the rhombic limit of 0.33. This is ascribed to the different identity of the coordinating atoms (two nitrogens and
one oxygen) associated with the triangular faces of the trigonal prism, i.e., even though the coordination geometry is close to trigonal,
the ligand field symmetry is not.

■ INTRODUCTION
Electron paramagnetic resonance (EPR) spectroscopy can
offer valuable insight into the electronic structure of para-
magnetic complexes, where determination of zero-field
splitting (ZFS) parameters facilitates understanding of
magnetic anisotropy and its relation to structure.1,2 In general,
understanding the ZFS parameters in transition metal
complexes yields valuable insights into their electronic
structure and can be used to better understand their use as
single ion magnets (SIMs),3−5 as magnetic resonance imaging
(MRI) contrast agents,6,7 as magnetic refrigerants showing the
magnetocaloric effect (MCE),5,8 or in the development of
structure−property relationships to explore sites with unknown
structures, especially in biochemistry.1,9 For cases of six-
coordinate octahedral (or pseudo-octahedral) MnII an isotropic
signal at geff= 2 is typically observed, where the magnitude of
the ZFS parameters is small.10 The ZFS parameters, however,
are sensitive to the environment of the MnII ion and depend on
the coordination number, geometry, and nature of the
ligands.1,2,10 Values of D are typically less than 1 cm−1, with
the largest reported value of D = +1.460 cm−1 for a
polyoxometalate complex.11 Aside from this example, com-
plexes with coordinated halides typically show the largest D
values for MnII systems,10 and those with N/O based ligands
have values more in the region of D < 0.2 cm−1.2 Duboc notes

that the magnitude of D in MnII systems with N,O-based
ligands is sensitive to both the coordination number and the
ligand denticity,2,10 which has relevance in MnII based
metalloenzymes with N,O-based active sites.9,12−20 A clear
understanding of the ZFS parameters has informed the design
of MnII based MRI contrast agents,21,22 for which there has
been renewed interest due to the reduced toxicity compared to
GdIII analogues. In addition, the MCE has been observed in
MnII systems, taking advantage of the small magnetic
anisotropy.23−26

While the stereochemistry of six-coordinate coordination
compounds is typically dominated by the octahedron or
pseudo-octahedron, other geometries such as trigonal prismatic
are also possible. Although trigonal prismatic geometry is
somewhat of a rarity,27−29 it is relatively well-known in MnII,
where the isotropic half-filled d-subshell, means it is
coordinatively less demanding than other dn configurations
where trigonal prismatic geometry can be conferred by use of
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strained ligands.30−36 Siting MnII in a strained coordination
environment offers a good opportunity to probe how this will
affect the electronic structure which is often reported as highly
isotropic regardless of shape.2,10

Typically, in order to confer trigonal prismatic geometry a
relatively rigid ligand framework is required, such as that
offered by macrocyclic,30−32 tripodal,37−39 or encapsulating
ligands.33−36 We now report a new series of MnII complexes
with an acyclic hexadentate Schiff base ligand framework which
readily confers trigonal prismatic geometry as measured by
Continuous Shape Measures (CShM), but where EPR
spectroscopy over a range of field strengths and frequencies
reveals an almost perfectly rhombic electronic arrangement.
The employed (R-sal2pipz) ligand, derived from two
salicylaldehydes (R-sal) and 1,2-bis(3-aminopropyl)piperazine
(pipz), has been shown to be sufficiently rigid to support
distorted trigonal prismatic geometry in CoII (d7 high-
spin),40,41 MnIII (d4 high-spin),42 and FeIII (d5 high-spin).43

Nevertheless, the general ligand type also proves to be flexible
in some cases, Figure S1.1, stabilizing a distorted octahedron in
CoIII (d6 low-spin),42,44−46 for which trigonal prismatic
geometry would be significantly unfavorable due to a large
Ligand Field Stabilization Energy (LFSE) preference for the
octahedral geometry. We report here nine new examples of this
ligand framework with MnII, Table 1, where the CShM
suggests a trigonal prismatic geometry.

Although the ligand framework is important, additional
consideration of the electronic configuration of the given metal
is required. Wentworth utilized LFSE to predict the relative
stability of both the octahedron (OC) and trigonal prism
(TPR) for all dn configurations.47 The LFSEs for the idealized
OC (Oh) and TPR (D3h) are equal for the d0, d1, d2 (low-spin
TPR), d5 (high-spin), d6 (high-spin) or d10 electronic
configurations, and, as such, there is no electronic preference
of geometry, Figure 1. On the contrary, d3 (high-spin), d6
(low-spin) or d8 (low-spin) are unlikely to support the TPR
geometry due to the greater LFSE of the octahedral geometry,
Figure 1. Alvarez et al. used density functional theory to
calculate the relative energy differences along the Bailar
pathway between the octahedron and trigonal prism for
[M(tacn)2] complexes, where tacn = 1,4,7-triazacyclono-
nane.27 The results reveal that the octahedron is generally
more energetically favorable (except for d0 and d1), but the
energy difference is smaller for those configurations with no
preference due to LFSE (high spin d5, d10), hence the relative

prevalence of high spin MnII complexes with trigonal prismatic
geometry. Here we show that the combination of a half-filled
d-subshell and the trigonal environment provided by the ligand
yields S = 5/2 systems exhibiting a maximally rhombic ZFS
(E/D = 0.33).

■ EXPERIMENTAL SECTION
Details of the syntheses of 1−13 are provided in section S1 of the
Supporting Information. Elemental analysis (C, H, N) was performed
on polycrystalline samples using an Exeter Analytical CE-440
Elemental Analyzer. Infrared spectra were recorded on polycrystalline
samples of 1−13 using a Bruker ALPHA Platinum ATR-FTIR
spectrometer fitted with a diamond anvil. UV−visible spectroscopy
was carried out both in solution and in the solid state, using an Agilent
Cary 60 UV−visible spectrometer. Magnetic measurements were
performed using a Quantum Design MPMS-XL SQUID magneto-
meter operating between 2 and 300 K.

Single crystal X-ray diffraction (SCXRD) was performed on crystals
of 1−13 using a Rigaku Oxford Diffraction SuperNova diffractometer
with an Atlas CCD detector. Data were collected at 100 K with the
temperature controlled using an Oxford Instruments Cryojet. Data
were collected using either Mo Kα radiation (0.71073 Å) or Cu Kα
radiation (1.54184 Å). CrysAlisPRO software was used for the data
collection, integration, reduction and finalization.48 An analytical
absorption correction based on the shape of the crystal along with an
empirical absorption correction was performed in CrysAlisPRO.49

Structures were solved using direct methods with ShelXS50 or
ShelXT51 and refined by full matrix least-squares on F2 with ShelXL.52

Hydrogen atoms were geometrically constrained and refined riding on
the parent atom. Complex 1 was refined as a two-component
inversion twin with a ratio of 0.508(13):0.492(13) of each
component. Further crystallographic details for 1−13 are included
in Table S2.1. The structures for 1−13 have been deposited in the
Cambridge Structural Database (CSD) with deposition numbers
CCDC-2410990−2411004. These can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/structures

The analysis of the relative abundance of the trigonal prismatic
geometry in structures published in the CSD53 was carried out using
the ConQuest program.54 At the time of searching (December 2024
Update) there was a total of 1,331,521 entries in the CSD. In order
to narrow the search, only entries containing hexacoordinate
manganese(II) sites with nonmetal atom donors were considered.
Of the ∼1.3 million entries in the CSD, 28,061 entries contained
manganese, of this 18,682 were six-coordinate with nonmetal donor
atoms, of these 7,409 had the oxidation state assigned as only MnII.
Not all structures in the CSD, however, have the oxidation state
assigned and there are also some entries which have more than one
manganese site each with different oxidation states. In order to assign
the oxidation state of the unassigned structures, and those of
individual sites in multinuclear structures with more than one
oxidation state assigned, we utilized bond valence sum (BVS).55 The
oxidation state of the atom of interest can be determined using the
equation
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where Vi is the oxidation state of atom i (in this case, Mn), sij is the
bond valence between atoms i and j, R0 is the “ideal” bond length for a
given atom pair, Rij is the experimental bond length between atoms i
and j, and B is an empirical constant (in most cases, as here, 0.37).
The empirical values for R0 have been reported for many Mn-ligand
combinations.56 Utilizing this method we identify a further 8,110 MnII
sites from the unassigned structures and from sites in structures with
more than one oxidation state described. This gives a total of 18,049
MnII sites which we then analyzed using Continuous Shape Measures
(CShM) using the SHAPE program.57 Further details are provided in
Section S2.4 in the Supporting Information.

Table 1. Summary of Continuous Shape Measures (CShM)
and Selected Structural Distortion Parameters for 1−9

complex
CShM
(TPR)

CShM
(OC)

τavg
(°) η (°)

1 [MnII(3-NO2-sal2pipz)] 0.826 15.822 2.5 2.12
2a [MnII(3-NO2-5-OMe-sal2pipz)] 0.779 15.417 3.5 1.08
2b [MnII(3-NO2-5-OMe-sal2pipz)] 0.796 14.743 4.6 1.40
3a [MnII(3-NO2-5-Cl-sal2pipz)] 1.176 12.528 9.6 1.88
3b [MnII(3-NO2-5-Cl-sal2pipz)] 1.049 13.960 6.4 2.54
4 [MnII(3-Br-5-NO2-sal2pipz)] 0.903 13.640 6.9 1.17
5 [MnII(3-OMe-5-NO2-sal2pipz)] 1.034 12.944 8.4 1.07
6 [MnII(5-NO2-sal2pipz)] 1.167 12.441 9.7 1.37
7 [MnII(3,5-diCl-sal2pipz)] 1.058 13.364 7.7 1.70
8 [MnII(3,5-diBr-sal2pipz)] 1.042 13.128 8.3 2.05
9 [MnII(3,5-diI-sal2pipz)] 1.036 13.118 8.3 1.22
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X-band EPR spectra were recorded on a frozen solution and
powder of 1 using a Magnettech MS200 spectrometer fitted with a
liquid nitrogen dewar. The samples were prepared in a solution of
dichloromethane and toluene (1:1) at a ∼20 mM concentration.
Continuous-wave high-field EPR (cw-HFEPR) measurements were
performed at the National High Magnetic Field Laboratory
(NHMFL, Tallahassee, Florida) using a homodyne transmission
spectrometer58 equipped with a superconducting magnet and a
helium flow cryostat (Oxford Instruments plc, UK), allowing for
variable temperature studies in magnetic fields up to 14.5 T.
Measurements were carried out on pressed powder samples of 1
and 6, and a frozen solution of 1 (dichloromethane and toluene, 1:1).
Spectra were recorded at multiple frequencies in the 50 to 600 GHz
range, generated using a phase-locked microwave source with a base
frequency of 13.1 ± 1 GHz followed by a solid-state harmonic
multiplier chain (Virginia Diodes Inc., Charlottesville, VA). Field-
modulated derivative-mode EPR signals were detected using a helium-
cooled InSb bolometer (QMC Ltd., Cardiff, UK) and recorded using
a lock-in amplifier (Stanford Research Systems, Sunnyvale, CA).

■ RESULTS AND DISCUSSION

Continuous Shape Measure (CShM) Analysis

First, in order to quantify the prevalence of the TPR geometry
in six-coordinate MnII complexes, a survey of published crystal
structure data in the Cambridge Structural Database (CSD)
was performed. Of the 28,061 CSD entries containing
manganese, there are 18,682 with six-coordinate manganese
sites with nonmetal donor atoms. Many of these CSD entries
constitute polynuclear complexes, so of the 18,682 unique
entries there are 31,483 unique manganese sites. Of these
31,483, we identified 18,049 MnII sites where the oxidation
state is either explicitly assigned in the CSD or where we have
determined the oxidation state using Bond Valence Sum
(BVS). Continuous Shape Measure (CShM)59−61 was used to
quantitatively define the coordination geometry of all the six-
coordinate MnII centers. A plot of the CShM for the ideal
octahedral (OC) and trigonal prismatic (TPR) geometries is
presented in Figure 2. As most structures adopt an
intermediate geometry between octahedral and trigonal
prismatic, two additional parameters are considered, ΔOC,TPR
and ψOC,TPR, as defined previously by Alvarez et al.27,47,62,63

The minimum distortion pathway between the octahedral and
trigonal prismatic geometry, known as the Bailar pathway,29 is

used to define these parameters. The path deviation function,
ΔOC,TPR, quantifies the deviation of a geometry from the Bailar
pathway, and the generalized interconversion coordinate,
ψOC,TPR, gives the percentage conversion from the ideal
octahedral to trigonal prismatic geometry, whereby ψOC,TPR =
100% would indicate full conversion to the TPR geometry
along the Bailar pathway. Only 2.1% of all MnII sites with six-
coordinate nonmetal donor atoms exhibit mostly trigonal
prismatic geometry, whereas the vast majority, 76.4%, can be
considered to be mostly octahedral. We define structures as
mostly TPR (or OC) if the respective CShM is less than 3. In
order to better understand the typical ligands in the CSD

Figure 1. (a) Deviation in the value of ΔLFSE for dn electronic configurations from d0 to d10, where ΔLFSE = LFSE(OC) − LFSE(TPR). Those
points with zero value have no electronic preference between OC and TPR, whereas those with increasing values of ΔLFSE have a greater
preference for OC. The red and green points represent high spin and low spin configurations, respectively, where applicable. (b) Splitting diagram
of the d-orbitals for the idealized OC (Oh symmetry) and TPR geometry (D3h symmetry).

Figure 2. Density plot of the abundance of structures in the CSD
containing a six-coordinate MnII site with nonmetal donor atoms,
plotted as CShM for the trigonal prismatic (TPR − y-axis) geometry
versus the octahedral (OC − x-axis) geometry. Each point represents
a MnII site identified in the CSD, with the color scale representing the
relative degree of overlap of the points (i.e. red coloring indicates a
higher density of overlapping points compared to green and blue).
The vertical green line at CShM(OC) = 3 represents the cutoff point
for the geometry to be considered mostly octahedral, the horizontal
red line represents the equivalent for trigonal prismatic. The dashed
black line represents the Bailar pathway. Inset: Percentage abundance
of each type of geometry: octahedral (green), trigonal prismatic (red),
others (gray). A MnII site is considered mostly octahedral (OC) or
trigonal prismatic (TPR) if the respective CShM values are less than
3, as per the cutoff point in the main plot, i.e., those in the red shaded
area can be considered trigonal prismatic and those in the green
shaded area octahedral.
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which support the TPR geometry, the corresponding 378 sites
(representing the 2.1%) were surveyed, Table S2.10. Most of
the entries with TPR geometry were obtained using rigid
encapsulating ligands, macrocycles or were part of a larger
multimetal cluster. Only 72 sites (0.4% all MnII sites) had a
mononuclear MnII center with a mostly TPR geometry, Table
S2.10. In fact, only one entry was reported with a hexadentate
open chain ligand, 1,10-bis(2-pyridylmethyl)-1,4,7,10-tetraaza-
decane.64

Synthesis

We utilize a hexadentate Schiff base ligand to encapsulate the
MnII center in this work, and nine complexes, Table 1, were
synthesized through a facile one-pot Schiff base condensation
followed by complexation around a MnII center, Scheme 1.
The addition of an electron withdrawing group (EWG) as a
substituent on the salicylaldehyde ring was used to prevent
aerial oxidation to MnIII, as stabilization of MnII with EWG
substituted Schiff base ligands has been observed in the
literature.65 Weakly inductive EWGs, such as halo-substituents,
were sufficient for stabilization of the +2 oxidation state, along

with the stronger nitro group, all of which are air stable over a
number of years.
Single Crystal X-ray Diffraction

Single crystal X-ray diffraction (SCXRD) was used to
characterize the structures of 1 − 9. Complex 1 crystallizes
in the noncentrosymmetric P212121 space group as an
inversion twin with around 50% of each component. The
asymmetric unit of 1 is shown in Figure 3(a). We identified the
presence of two polymorphs of 2 in separate batches, one in
the centrosymmetric I2/a space group (2a) and the other in
the noncentrosymmetric Fdd2 space group (2b), both with
internal C2 axes, Table S2.2. Complex 3 also crystallizes as two
polymorphs; however, in this case, they were easily
distinguished. Bright-orange needles crystallize almost imme-
diately, which we identified as a triclinic P1̅ phase (3a) and,
over time, if the solution is left standing, these redissolve and
deep red-orange blocks form, which we identified as a
monoclinic P21/n phase (3b). Complexes 4−8 crystallize in
the centrosymmetric C2/c (I2/a) space group, with half of the
molecule in the asymmetric unit (Z = 4, Z′ = 0.5), bisected by
a 2-fold rotational axis. Finally, 9 crystallizes in the triclinic P1̅

Scheme 1. Generic Route For Synthesis of Complexes 1−9a

aThe numbering on the phenolate rings is used to describe the functional group substitution of the ligand.

Figure 3. (a) Asymmetric unit of 1. (b) Illustration of the τ and i angles considered in this paper, where τavg is the average of the three torsional
angles between the two atoms at either end of a side of the trigonal prisms and the centroids of each triangular face (sometimes referred to as the
Bailar twist angle), and η is the average deviation from 60° of the six angles i of the top and bottom triangular faces. (c) Packing diagram of 1
showing the chain formation with 6.7 Å interatomic distance between the Mn centers. (d) Two views of the Hirshfeld surface of 1 mapped over
dnorm in the range of −0.1511 to 1.5840 au, where the atom labels indicate intermolecular contacts with atoms outside of the surface. (e) Two-
dimensional fingerprint plots for 1 sorted into the main atom combinations. The percentage of the surface coverage is indicated. The O···H/H···O
fingerprint plot reveals the presence of intermolecular C−H···O hydrogen bonding with the nitro groups on the phenolate ring.
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space group. Further crystallographic information can be found
in Tables S2.1 and S2.2.
In 1−9 the structures consist of a MnII center bound by the

hexadentate ligand with an N4O2
2− coordination sphere, which

adopts a trigonal prismatic geometry. Selected bond lengths
and angles are presented in Table S2.2. The average bond
lengths for the Mn−O, Mn−Nimine and Mn−Namine contacts
are 2.0984(14) Å, 2.2593(17) Å and 2.3327(17) Å,
respectively, which are all within the range of expected bond
lengths for MnII. The 1,4-piperazine ring in the backbone of
the ligand adopts a boat conformation, as opposed to the more
energetically favored chair conformation, which is normally
adopted in the absence of a metal.41,66 Complex 1 shows an
almost ideal boat conformation of the 1,4-piperazine ring, with
N−C−C−N torsion angles of 2.7(2)° and 4.4(2)°. Cremer-
Pople analysis67,68 confirms the almost ideal boat conformation
of the piperazine ring. For 1, the ring puckering amplitude is Q
= 0.832(2) Å, and the two angular variables are θ = 90.72(14)°
and ϕ = 3.34(17)°. A value of θ = 90° and ϕ = 0 or 180°
would be expected for an ideal boat confirmation. The
constrained nature of the piperazine ring in the backbone
results in the N3−Mn−N4 angle of 65.02(6)° being
significantly smaller than that of the N2−Mn−O1 and N5−
Mn−O6 angles of 81.97(6)° and 80.98(6)°, respectively,
though not dissimilar to other complexes of the (R-sal2pipz)
ligand.40−43 This smaller N3−Mn−N4 “bite” angle results in a
tilting of the triangular faces of the trigonal prism of δ = 7.2°.
As a result, the MnII atom sits off-center in the trigonal prism,
giving rise to the longer Mn−Namine distances. Structurally, all
the complexes 2−9 are very similar to 1, with slight distortions
to the coordination sphere upon varying the ligand
substitution. The only major difference is the angle, α,
between the planes of the phenolate rings, which varies widely
between 1−9. The respective maximum and minimum α
angles are 102.6° for 9 and 164.4° for 2b, with a value of
119.3° for 1. Despite these variations, the α angle does not
appear to dictate whether the site is more trigonal prismatic
which is more likely due to a combination of the relative
stability of a given ligand and the effect of packing in the
lattice. In order to describe the coordination geometry, we
define two other parameters (Figure 3(b) and Table 1): τ is
the torsion angle between the top and bottom triangular faces
of the trigonal prism (sometimes termed the Bailar twist angle)
where a value of 0° would represent a perfect trigonal prism; η
is the deviation from 60° of each angle in the triangular faces at
the top and bottom of the trigonal prism, defined by eq 1

= | |
=

i1
6

60
i 1

6

(1)

For 1, the values of τ = 2.5° and η = 2.12° are obtained, both
of which are close to ideal. The η values for 1−9 do not deviate
greatly, ranging from 1.07° (5) to 2.54° (3b). In general, the τ
value increases as the geometry becomes less trigonal
prismatic, with 1 having the lowest value and 6 the highest
value of τ = 9.7°. A further summary of the structural analysis
and parameters for 1−9 is given in Tables S2.2 and S2.3.
In complex 1, crystal packing results in chains of molecules

parallel to the b-axis, with a Mn−Mn interatomic distance of
6.67 Å, Figure 3(c), we do not expect intermetallic magnetic
interactions at this distance. Although there is no classical
hydrogen bonding in 1, some intermolecular C−H···A (A =
acceptor) bonding interactions are present, most notably C−

H···O interactions with the oxygen of the nitro group acting as
a hydrogen bond acceptor. The intermolecular interactions are
summarized in Table S2.5. In order to obtain more
information about intermolecular interactions, we performed
Hirshfeld surface analysis69,70 using the CrystalExplorer
software.71 The Hirshfeld surface of 1 is dominated by H···H
van der Waals interactions, which account for 41% of the
surface area, followed by O···H interactions (29.6%), which
include the C−H···O interaction discussed previously. The
Hirshfeld surface for 1 is shown in Figure 3(d) with major
contacts indicated, along with 2D fingerprint plots delineated
into the major atom combinations in Figure 3(e). Complexes
1−9 have varying degrees of other interactions which are
shown in Figures S2.4−S2.13, and in those complexes where
halogens are present in the ligand (3, 4, 7−9), C−X···H, C−
X···C and X···X (where X is the halogen) interactions replace
the C−H···O interactions. The relative percentage of Hirshfeld
surface for 1−9 is shown in Figure S2.14 and summarized in
Table S2.6.
Continuous shape measure (CShM) was used to further

probe the coordination geometry around the MnII centers, and
the results are summarized in Table 1 and Figure 4. The CShM

measure reveals that complex 2a has the most trigonal
prismatic geometry, with both polymorphs having CShM-
(TPR) < 0.8, with 3a being the least trigonal prismatic, with
CShM(TPR) = 1.176. All complexes do, however, fall well
below the cutoff stated earlier for defining the geometry as
trigonal prismatic. All of the complexes have a significant
deviation from the Bailar pathway (ΔOC,TPR > 10%) which is
not surprising given the tilt of the triangular faces of the prism.
As such, the generalized coordinates (ψOC,TPR) along the Bailar
pathway, Table S2.2, are not reliable due to the large deviation
from the pathway.
Magnetic Measurements
Magnetic measurements were performed on polycrystalline
samples of 1 and 6. A magnetic susceptibility−temperature
product, χMT = 4.30 cm3 K mol−1, is obtained for 1 at room
temperature, in agreement with the spin-only value for high-

Figure 4. CShM plot for 1−9 (colored spheres) with CShM(OC) on
the x-axis and CShM(TPR) on the y-axis, as in Figure 2. The vertical
green line at CShM(OC) = 3 represents the cutoff point for the
geometry to be considered mostly octahedral, the horizontal red line
represents the equivalent for trigonal prismatic. Those points in the
red shaded area can be considered trigonal prismatic. The dashed
black line represents the Bailar pathway. The gray points represent all
MnII sites from the CSD (as per Figure 2).
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spin (HS, S = 5/2) MnII of 4.38 cm3 K mol−1. The same is
found consistently across the measured temperature range
(300−3 K), Figure 5(a), apart from a sharp decrease at the
lowest temperatures, which is attributed to zero-field splitting.
The field-dependent magnetization (M vs μoH) was measured
at 2, 3, 4, and 5 K between 0 and 7 T, Figure 5(b). The
experimental data points lie close to the simulated curves,
which were generated using the EasySpin program,72 with the
spin Hamiltonian of eq 2 and the parameters obtained from
high-field and -frequency EPR (HF-EPR, vide inf ra).
Electron Paramagnetic Resonance Spectroscopy
To further understand the electronic structure and the nature
of any potential zero-field splitting (ZFS) interactions for these
complexes, electron paramagnetic resonance (EPR) spectros-
copy was performed. For HS MnII, with total spin S = 5/2, the
electronic properties can be described by the following
effective spin Hamiltonian

= · + · + + +Bg S AI S D S S S E S S1
3
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The first term denotes the Zeeman interaction assuming an
isotropic g-factor close to the free-electron value (2.0023), as is
typical for the HS d5 electronic configuration; the second term
parametrizes the hyperfine interaction involving the I = 5/2
55Mn nuclear magnetic moment, again assuming an isotropic
coupling constant, A; the last two terms represent the axial and
rhombic ZFS interactions, parametrized respectively by D and
E; Ŝ is the total spin operator with components Ŝi (i = x, y, z)
and μB is the Bohr magneton.2,10,73 The ZFS interaction is
typically weak (|D| < 1 cm−1, with |E| ≤ |D|/3) for the HS d5
electronic configuration (i.e., MnII).10,73 Nevertheless, when
utilizing X-band EPR (9.4 GHz, 0.3 cm−1), one often only
observes a sextet centered at geff = 2.00 (330 mT), representing
the central transition from ms = −1/2 to +1/2, which is then
split into six lines due to the hyperfine interaction with the I =
5/2 55Mn nucleus.
The X-band EPR spectrum of 1, recorded for a frozen glass

(77 K, dichloromethane/toluene, 1:1), is shown in Figure 6.
An intense multiline signal is observed between 120−200 mT
(centered around geff ≈ 4.3), attributable to several overlapping
resonances, along with a broad signal centered at 330 mT (geff
= 2) and a weak sextet centered at 70 mT (geff ≈ 9.8).

Hyperfine splitting (55Mn I = 5/2) is observed in both the geff =
4.3 and 9.8 signals, with simulations (vide inf ra, see Table 2)
indicating a value of Aiso = 250 MHz (≡ 89.3 G). The
spectrum is somewhat atypical for MnII, although exactly as
expected for a near maximally rhombic (E = D/3) system with
the high-spin d5 electronic configuration.74 For example, a
powder spectrum recorded on the TPR [MnII(acac)2(bpy)]
complex has previously been reported by van Gorkum et al.,
where a broad resonance centered at geff = 4.3 is observed,75

and a similar spectrum has been recorded on a powder sample
of K[Cd(MnII)(acac)3] by Goodgame and Birdy.76 Likewise,
we observe a broad resonance centered at geff = 4.3 and a
further broad resonance at geff = 2 when performing
measurements on a powder of 1, Figure S3.1. Powder spectra
are often broadened due to intermolecular dipole−dipole
interactions as well as D-strain, making it difficult to observe

Figure 5. (a) Magnetic susceptibility−temperature product (χMT) recorded between 3 and 300 K (left). The experimental data is represented by
the red points, with the line connecting the points a guide for the eye. (b) Magnetization versus magnetic field (M vs μoH) at 2, 3, 4, 5 K (right) for
1. The squares represent the experimental data points, and the lines represent simulations based on the spin Hamiltonian parameters deduced from
high-field and -frequency EPR measurements.

Figure 6. Experimental (Exp.) X-band (9.38 GHz) EPR spectrum of
1 recorded at 77 K in a frozen glass (dichloromethane/toluene, 1:1),
shown together with the best simulation (Sim.); the experimental
spectrum was recorded in derivative mode, yielding the field-
modulated intensity. The simulations are more-or-less insensitive to
the absolute values of the ZFS parameters D and E, although they are
sensitive to the ratio E/D. For this reason, initial values of D and E
were taken from the high-field and -frequency measurements, then
Aiso, giso, and E/D were varied to obtain the best simulation, with the
optimum parametrization given in Table 2; a peak-to-peak Lorentzian
line width of 0.5 mT together with 12.5% strains in both D and E
were employed in the simulations.
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finer details including hyperfine splitting. In frozen solution,
however, van Gorkum et al. observe the typical MnII resonance
centered at geff = 2 for the [MnII(acac)2(bpy)] complex,
suggesting the complex adopts a more octahedral geometry in
solution.75

The sharp hyperfine features observed in the X-band
spectrum arise from transitions within the three Kramers
doublets associated with the electronic sextet. These
transitions are allowed in complex 1 due to a highly rhombic
ZFS tensor, and this is also the reason for the atypical effective
g-values of 4.3 and 9.8. However, even though the ZFS tends
to be weak for the S = 5/2 d5 configuration, it is appreciable
enough in complex 1 (and 6, vide inf ra) that one cannot clearly
observe the inter-Kramers transitions that would constrain D
and E (the zero-field gaps between Kramers doublets are of the
order of 20 GHz). Therefore, it becomes necessary to utilize
higher field and frequency measurements in order to gain
insight into the ZFS parameters. In particular, the condition hυ
≫ |D| ensures easy interpretation of the EPR spectra, as the ms
sublevels become pure and separate linearly with magnetic
field. To this end, both 1 and 6 were investigated using HF-
EPR. Although 2a is the most trigonal prismatic and 3a the
least, we chose not to study these samples due to the evidence
of polymorphism in the batches, instead selecting 1 as the most
trigonal prismatic with no polymorphs and 6 as the least
trigonal prismatic with no polymorphs. Spectra were recorded
at multiple frequencies between 50 and 500 GHz within the
0−14.5 T magnetic field range. The multifrequency powder
and solution EPR spectra were then simulated to parametrize
the effective spin Hamiltonian in eq 2, as shown in Figure 7.
Figure 7(a) shows selected low-temperature (∼7 K) HF-

EPR spectra for 1 in a frozen glass (dichloromethane/toluene,
1:1). Each spectrum is plotted relative to the central gc = 2.00
position, Bc = hf/gcμB, to aid in viewing and for the purposes of
comparing the fine structures observed at each frequency.
Simulations are also shown below each experimental spectrum;
the complete data set, plotted with respect to applied field, can
be seen in Figure S3.2. A strong central feature is observed at
all frequencies, corresponding to transitions within the
mS = ±1/2 Kramers doublet. These transitions do not
experience any first-order ZFS, which is why they occur
close to the gc = 2 position with narrower line widths due to
insensitivity to D-strain. Moreover, second-order ZFS effects
increase with applied magnetic field, leading to a further
narrowing of the central transitions and excellent resolution of
the hyperfine coupling, as illustrated for the highest frequency
spectrum in the upper-right inset, Figure 7.

Weaker features (peaks/dips) are seen either side of the
central transitions in Figure 7(a), at positions that do not vary
with field/frequency (when plotted versus B−Bc), confirming
that the observed splitting pattern is due to the field-
independent ZFS interactions, D and E [eq 2], and not due
to g-anisotropy. These features are attributed to inter-Kramers
transitions (e.g., =mS

5
2

3
2
) which are first-order

sensitive to D-strain (disorder). This leads to increased line
widths and weaker intensities in derivative mode, such that the
hyperfine splitting is unresolved in all but the central transition.
For this reason, D and E strains are included in the simulations
in order to capture the broadening of the outer peaks, while
the intrinsic peak-to-peak line width reflected in the central
transition is rather narrow [2 mT, see inset to Figure 7(a)]. In

Table 2. Summary of Spin Hamiltonian Parameters [see Eq. 2] Obtained through Simulation of the Multi-High-Frequency
EPR Spectra for 1 and 6

gx gy gz Aiso (MHz) D (cm−1)a E/D B4
3

1 [MnII(3-NO2-sal2pipz)]
X-band EPR Frozen Glass 2.000 2.000 2.000 250 +0.200b 0.305c

HF-EPR Frozen Glass 2.000 2.000 2.000 242 ±0.200 0.333
HF-EPR Powder 1.990 1.985 1.990 ±0.200 0.333 ±0.032d

6 [MnII(5-NO2-sal2pipz)]
HF-EPR Powder 1.990 2.000 2.000 ±0.230 0.333 ±0.020d

aIn the rhombic limit (E = D/3), the sign of D is undetermined and has no meaning, i.e., both positive and negative parametrizations give identical
simulations and identical Zeeman level diagrams. bThe positive parametrization was used in simulating the spectra, but it is virtually
indistinguishable from the negative one due to the fact that this is still close to the rhombic limit. cThe D parameter was set to the value obtained at
high frequencies and only the E/D ratio was varied during the simulations. dSimulations are insensitive to the sign of B4

3.

Figure 7. Selected derivative-mode HFEPR spectra (dark traces) and
simulations (light traces) for: (a) a frozen solution of 1 (dichloro-
methane/toluene, 1:1), and (b) a polycrystalline powder of 6,
recorded at ∼ 8 K and plotted as a function of B−Bc, where Bc is the g
= 2.0 position; see legend for frequencies and associated Bc values.
The simulations for 1 employed 12% strains in both D and E and a 2
mT Lorentzian peak-to-peak line width, while those for 6 employed a
mixture of D and E strain (2% and 1%, respectively), with more
substantial Lorentzian (25 mT) and Gaussian (40 mT) peak-to-peak
line widths.
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fact, there is a 4-fold increase in the peak-to-peak line width
used in the simulations at 237.3 GHz relative to those at X-
band, likely reflecting effects of g-strain observed at the higher
fields/frequencies. In general, five electronic transitions are
expected within the HS d5 sextet for each component of the D-
tensor and in the absence of rhombicity, the fine structure
peaks would be weighted more toward one or other side of the
central position, depending on the sign of D. However, in the
case of 1 (and 6, vide inf ra) a central transition is observed
with two broad peaks/dips equally spaced on either side. This
splitting pattern is characteristic of a maximally rhombic
spectrum (E = D/3), with overlapping equally spaced peaks/
dips for each component of the D-tensor, thus confirming the
initial conclusions of the X-band measurements.2

Interestingly, the best simulations of the X-band and high-
field and -frequency solution EPR spectra for 1 result in slightly
different spin Hamiltonian parameters (Table 2), even though
the same solvent mixture was employed for both measure-
ments. We speculate that this is due to the different
temperatures employed (77 K versus ∼7 K). In particular,
Aiso decreases slightly from 250 to 242 MHz upon cooling,
while E/D increases from 0.305 at 77 K to the maximum of
0.33 at 8 K. Meanwhile, simulations of HF-EPR measurements
on a powder sample of 1 (Figures S3.3 and S3.4) give very
similar ZFS parameters to the solution samples, with the
additional inclusion of fourth-order interaction (see below and
Table 2). The outermost peaks/dips seen in the powder
spectra of 1 are again equidistant from the central transition,
consistent with a highly rhombic MnII species (E = D/3),
suggesting that 1 adopts a similar structure in solution and the
solid state. These findings support the idea that it is the ligand
that enforces the coordination geometry, which does not
change significantly between solution and solid-state forms. No
hyperfine splitting is resolved due to the high spin
concentration of the solid-state samples, which leads to
appreciable spin−spin dipolar line broadening.
Compound 6 was insufficiently soluble to perform measure-

ments on a frozen solution. Therefore, EPR studies were
limited to a powder sample [Figures 7(b) and S3.5]. Similar to
the powder of 1, hyperfine splitting patterns are not resolved
due to the high spin concentration. Nevertheless, field-
independent fine structures are observed spanning a similar
magnetic field range to compound 1, indicating similar ZFS
parameters; a subset of these spectra are plotted with respect
to B−Bc in Figure 7(b). In fact, the axial D parameter is about
15% larger than for 1, as can be seen from the wider overall
span of the spectra. Interestingly, it proved impossible to
simultaneously reproduce the positions of the outer peaks/dips
(relative to Bc) and the significant splitting observed within the
central transitions using only second-order ZFS interactions:
reproducing the splitting requires a significant reduction in E/
D, but this creates a significant asymmetry in the outer peaks,
i.e., one shifts toward Bc and the other away. However,
inclusion of a small fourth-order trigonal term (B4

3Ô4
3, where Ô4

3

is an extended Stevens operator77 and B4
3 the associated

coefficient, see Table 2) in the spin Hamiltonian reproduces
the splitting without affecting the relative positions of the outer
peaks/dips, leading to an excellent overall simulation. Likewise,
simulations of the powder HFEPR spectra of 1 also improved
upon inclusion of a small B4

3 parameter (Table 2). Inclusion of
such an interaction is not unreasonable given the intrinsic
trigonal symmetry of the molecule. Indeed, similar interaction
terms have been found for d5 FeIII paramagnetic species doped

into trigonal lattices.78 Why such an interaction is needed for
the powder simulations and not the solutions is unclear.
Overall, the HF-EPR studies of 1 and 6 paint a relatively

consistent picture of the electronic structure of these TPR MnII
complexes. Perhaps the main surprise is the highly rhombic
nature of the ZFS interaction parameters (E/D ≈ 0.33),
despite the molecules having such a high symmetry (trigonal)
coordination geometry. However, it is important to recognize
that the coordinating atoms are not equivalent, with two
nitrogens and one oxygen making up the triangular faces of the
trigonal prism. Therefore, in terms of metal−ligand inter-
actions, the coordination geometry is far from being trigonal.
Indeed, there is no apparent symmetry if one assumes
significantly different metal−ligand interaction strengths for
the coordinating oxygen and nitrogen atoms. For this reason,
the rhombic electronic structure is not so surprising. ZFS
parameters have been previously determined for a handful of
the MnII complexes which adopt a TPR geometry, Table S3.1.
These complexes have values ranging from D = 0.01−0.74
cm−1 and E/D = 0−0.33. For MnII, D is typically sensitive to
the coordination number of the Mn center, with five-
coordinate MnII having large D parameters.2,10 Duboc notes
that for complexes containing halides the D parameter is
controlled by the nature of the halide, |DCl| < |DBr| < |DI|, and
for six-coordinate complexes with N,O-ligands the magni-
tude of the D parameter is dependent on the N/O ratio, |DO d6

| <
|DNd6

| ≈ |DNd5O|. We find that this observation is true when
considering those with TPR geometry, Table S3.1, and does
not seem to depend on the ratio of N/O in the structures with
mixed coordination spheres, |DOd6

| < |DN d6
| ≈ |DO dxN d6−x

|. The E/D
ratio, which is typically a good probe of geometric distortion,
was not found to be related to the nature of the ligands or the
N/O ratio in previous studies.2,10,79 In comparing the values in
Table S3.1, we note that the E/D ratio is not dependent on the
N/O ratio nor on the value of CShM, but is however
dependent on the asymmetry of the heterolepticity of the
ligand framework around the MnII center. For example,
complexes previously reported with the 1,1,1-tris[(3-methox-
ysalicylidene-amino)methyl]ethane ligand exhibit small values
of E/D ≈ 0. These ligands offer a more symmetric
environment around the MnII center, with a pseudo-3-fold
rotational axis, despite the heteroleptic coordination sphere. In
cases where there is a more asymmetric heterolepticity, such as
1 and 6, the E/D value approaches the rhombic limit of 0.333.
In fact, this relationship of E/D to heterolepticity can be
expanded to MnII complexes with a mostly octahedral
geometry. Previously reported related MnII compounds with
similar hexadentate Schiff base ligands to those used in 1−9,
and thus similar asymmetric heterolepticity, [MnII(5-NO2-
sal2222)], [MnII(5-NO2-sal2333)] and [MnII(5-NO2-
sal2323)],

80 have values of D < 0.3 cm−1 with E/D ≈ 1/3.
As such it is likely that the origin of the high rhombicity in 1
and 6 originates from the asymmetric heteroleptic nature of
the MnII center coordination sphere.
Comparison to Other Transition Metals

To determine the origin of the trigonal prismatic preference in
1−9 we compared these complexes to other transition metal
complexes with the same general ligand (R-sal2pipz) where
structures with this ligand type for CoII (d7 high-spin),40,41

MnIII (d4 high-spin),42 FeIII (d5 high-spin),43 and CoIII (d6 low-
spin)42,44 are known. In addition to these we report a further
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FeIII complex (d5 high-spin), 10, a NiII complex (d8 high-spin),
11, and two ZnII (d10) complexes, 12 and 13. The structures of
10−13 are shown in Figure S2.3, and further crystallographic
details are given in Tables S2.1 and S2.4. Plotting of all the
known complexes of this ligand type with CShM(OC) versus
CShM(TPR) (Figure S2.15, Table S2.11) reveals the highly
flexible nature of this ligand, as it can support an almost ideal
trigonal prism in the case of MnII and FeIII, and also support an
almost ideal octahedron for CoIII, and all those geometries in
between. The observed geometries follow the predicted
ΔLFSE stabilization (Figure 1) for their respective dn

configuration, with those transition metals with no electronic
preference showing the lowest CShM(TPR) values. This
suggests that the trigonal prismatic geometry is enforced by the
ligand, except in the cases where there is a strong electronic
preference for octahedral. However, the geometry can also vary
depending on the substitution of the ligand. This is especially
apparent in the ZnII complexes (12 and 13), where
functionalization with a nitro group in the ‘3’ position results
in a CShM(TPR) value of 3.408, and that in the ‘5’ position
results in a value of 1.248. As such, the effect of ligand
substitution and packing in crystalline samples needs to be
considered as an additional barrier to geometric preferences.

■ CONCLUSIONS
We have synthesized nine MnII trigonal prismatic complexes
using hexadentate Schiff base ligands of the R-sal2pipz family.
Continuous Shape Measures (CShM) were used to quantify
the distortion around the MnII centers, with CShM(TPR)
values between 0.779 and 1.167, confirming the trigonal
prismatic shape. We observed that those complexes with
ligands functionalized with a nitro group in the ‘3’ position
stabilized a more ideal trigonal prismatic geometry. Trigonal
prisms are typically rare for transition metals, even for MnII
which has no strong geometric preference. We have confirmed
this through a search of the CSD, which revealed only 2.1% of
published structures with MnII contain a trigonal prismatic site
(those with CShM(TPR) < 3). We have shown that the R-
sal2pipz ligand framework is highly flexible, it can adopt an
octahedral or trigonal prismatic geometry which is largely
dependent on the ΔLFSE stabilization (Figure 1) of the
different dn configurations (Figure S2.15). In the case of MnII
the ligand enforces a trigonal prismatic geometry, with
CShM(TPR) values ranging from 0.779 (2a) to 1.176 (3a).
EPR measurements on 1 and 6 revealed ZFS parameters of D
= ± 0.200 cm−1 (E/D = 0.333) for a solution sample of 1,
while D = ± 0.230 cm−1 (E/D = 0.333) for a powder sample of
6. In both cases, the high degree of rhombicity, with E/D
values at the rhombic limit of 0.33, is likely due to the
inequivalence of the coordinating atoms (oxygen and nitrogen)
that make up the triangular faces of the trigonal prism.
Electronic structure calculations will be needed to provide
further insights. These complexes could offer a suitable
reference for MnII sites present in metalloenzymes with
distorted geometries. The link between asymmetric hetero-
lepticity and the high degree of rhombicity could allow the
description of the coordination sphere of unknown biological
sites, and inform ligand design for MnII-based MRI contrast
agents and complexes which exhibit slow magnetic relaxa-
tion.81−88 These complexes could also offer suitable candidates
for MCE behavior, taking advantage of the small ZFS, lack of
magnetic interactions despite the relatively small intermolec-

ular Mn−Mn distance, and the maximal spin, S = 5/2, for a 3d
transition metal ion.
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