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Abstract 

 Manganese tetraphenylporphyrin bromide and iodide Mn(TPP)X (X = Br, 2; I, 3; TPP2 

= meso-tetraphenylporphyrinate) are synthetic analogs of Mn(III) geoporphyrins. Crystal 

structures of 2 and 3 with chloroform in the lattices, Mn(TPP)Br·CHCl3 (2·CHCl3), 

Mn(TPP)I·CHCl3 (3·CHCl3), Mn(TPP)I·CDCl3 (3·CDCl3) in a different space group from 

3·CHCl3, Mn(TPP)I·1.5CHCl3 (3·1.5CHCl3), and 2 with dichloromethane in the lattice, 

Mn(TPP)Br·CH2Cl2 (2·CH2Cl2), have been determined by single-crystal X-ray diffraction at 100 
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K or 298 K. Hirshfeld surface analyses of the crystal structures of 2·CHCl3, 2·CH2Cl2, 

3·CHCl3, 3·CDCl3 and 3·1.5CHCl3 have been performed. Surprisingly the Mn(III)Br and 

Mn(III)I bonds in Mn(TPP)X (2-3) are about 0.2  (8%) longer than Fe(III)Br and Fe(III)I 

bonds in S = 5/2 Fe(TPP)X (X = Br, 4; I, 5), although both Mn(III) and Fe(III) ions have the 

same radii. Magnetic properties of 2 and 3 have been studied by direct current (DC) and 

alternating current (AC) susceptibility measurements, high-field electron paramagnetic 

resonance (HFEPR), and inelastic neutron scattering (INS). With four unpaired electrons in 

Mn(TPP)X (X = Br, 2; I, 3), the bromide complex 2 in 2·CDCl3 possesses easy-axis anisotropy, 

as the chloride analog Mn(TPP)Cl (1), with the axial (D) and rhombic (E) zero-field splitting 

parameters of D = 1.091(3) cm-1 and |E| = 0.087(2) cm-1. The iodide complex 3 in 3·CDCl3 

becomes easy-plane with D = +1.30(1) cm1 and |E| = 0.010(5) cm1. Axial ZFS parameters D 

change from 2.290(5) cm1 in 1, reported earlier, to 1.091(3) cm1 in 2 and +1.30(1) cm1 in 3. 

 

Keywords: Mn porphyrin complexes; zero-field splitting (ZFS); HFEPR; inelastic neutron 

scattering (INS); Hirshfeld surface analysis 

 

Highlights:  

 Mn porphyrin halides Mn(TPP)X (X = Br, I) crystallize with a variety of solvents 

 MnX bonds in Mn(TPP)X are surprisingly longer than FeX bonds in Fe(TPP)X 

 Hirshfeld surface analyses of crystal structures reveal intermolecular interactions 

 Axial anisotropy parameters D < 0 for Mn(TPP)Br and D > 0 for Mn(TPP)I 

 Magnitude of the axial anisotropy decreases from Mn(TPP)Cl to Mn(TPP)Br 
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1. Introduction 

Manganese porphyrin complexes have been of research interest since the early dates of 

metalloporphyrin studies [1-15]. Porphyrins containing Mn ions are members of geological 

porphyrins (geoporphyrins) that occur in nature [16, 17]. Since manganese porphyrin complexes 

have different spins than their iron analogs, porphyrin complexes of both metals have been 

studied in part to compare their properties [13, 18]. Mn(III) porphyrins, found in geoporphyrins 

[17], are typically stable in air [18], while Mn(II) porphyrins such as Mn(TPP) (TPP2- = meso-

tetraphenylporphyrinate) and its derivatives are readily oxidized by O2 to Mn(III) porphyrins [7, 

9, 10]. 

Natural porphyrins typically have low symmetry and contain polar substituents, 

complicating their studies [19]. Tetraphenylporphyrin and other tetraarylporphyrin complexes 

have been widely used as symmetrically substituted and hydrophobic analogs [20-36]. Five-

coordinate tetraphenylporphyrin complexes with single axial ligands, such as Mn(TPP)X (X = 

Cl, 1; Br, 2; I, 3; Scheme 1) [15, 22], have been synthesized from the exchanges of the acetate 

ligand in Mn(TPP)(OAc) with halides.  
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Scheme 1. Structures of M(TPP)X. 

For paramagnetic transition metal complexes with spin S ≥ 1 and quenched angular 

momenta, one intrinsic magnetic property is the zero-field splitting (ZFS), a second-order spin-

orbit coupling (SOC) effect [37]. ZFS is described by the spin-Hamiltonian in Eq. 1 [37, 38]. 

 

𝐻̂ = 𝐷[𝑆̂𝑧
2 − 𝑆(𝑆 + 1)/3] + 𝐸(𝑆̂𝑥

2 − 𝑆̂𝑦
2)    (Eq. 1) 

where D and E are the axial and rhombic ZFS parameters, respectively. 

 

 

Scheme 2. ZFS in S = 2 complexes: E = 0 when the crystallographic point group symmetry of 

the metal site (paramagnetic center) is axial and 3-fold or higher (x = y  z); E  0 when the 

crystallographic point group symmetry of the metal site is lower than 3-fold (x  y  z) [39]. 

Inside external magnetic field B, Zeeman effect leads to additional splittings [37]. 

 

For compounds with both molecular and crystallographic symmetries higher than 2-fold 

[40], the spin-Hamiltonian in Eq. 1 is simplified into Eq. 2.  
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𝐻̂𝑠 = 𝐷[𝑆̂𝑧
2 −  𝑆(𝑆 + 1)/3]     (Eq. 2) 

For d4 Mn(III), S = 2 complexes, the splitting diagram for five degenerate states is shown 

in Scheme 2 [37, 38]. When D > 0, the spin is mostly located around the xy plane (named easy-

plane anisotropy), placing the smallest MS = 0 state at ground state. When D < 0, the spin is 

mostly along the z-axis (named easy-axis anisotropy), placing the largest MS = ±2 states as the 

ground states. When there is no 4-fold symmetry in either the molecule or the crystal structure, x 

 y, the rhombic ZFS parameter E  0, leading to splittings shown in Scheme 2. Inside a 

magnetic field, Zeeman effect leads to the change in the relative energies of the five states 

(Scheme 2). For an easy-plane (D > 0) compound, transitions between the ground MS = 0 and 

either first excited MS = -1 or second excited MS = +1 state (MS = 1) are magnetically allowed. 

For an easy-axis (D < 0, E = 0) compound inside a magnetic field, the transition from the ground 

MS = -2 to the first excited MS = +2 state (MS = +4) is forbidden, as magnetic-allowed 

transitions have MS = 0 or 1 [41]. Complexes with spin quintet (S = 2) ground states and 4-

fold molecular and crystallographic symmetries have been historically considered 'EPR-silent' 

using the criterion of not giving an EPR signal on a spectrometer operating at conventional 

frequency (generally X-band, e.g., 9.5 GHz). However, when either molecular or 

crystallographic symmetry is 2-fold or lower, the rhombic ZFS parameter E  0, leading to the 

mixing of the states, as discussed below [37, 38]. In particular, it makes a nominally forbidden 

transition between the MS = +2  and 2 levels partly allowed, and given the generally small 

energy difference between these levels, this results in a frequent observation of that transition in 

X-band at low field [42-45]. Examples of Mn(III) coordination complexes exhibiting such X-

band low-field EPR signals are Mn(salen) complexes such as Mn(salen)Cl [42, 43] [salen = 

(R,R)-(−)-N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine], Mn(acac)3 (acac = 
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acetylacetonate) [44] and corrole Mn(tpfc) [tpfc = 5,10,15-tris(pentafluorophenyl)corrole 

trianion] [46]. These signals are usually enhanced by use of parallel mode EPR detection [47, 

48], which has also been fruitfully applied to many biological systems containing high-spin 

Fe(II) ions, also S = 2 [48, 49]. 

Hirshfeld surface analysis has been developed to examine intermolecular interactions in 

solid, i.e., the interactions of an individual molecule with its nearest neighbor molecules [50-53]. 

A Hirshfeld surface is an isosurface calculated from the weight function w(r) of the sum of 

spherical atom electron densities in Eq. 3: 

 

𝑤(𝒓) =
𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒(𝒓)

𝜌𝑝𝑟𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙(𝒓)
= ∑ 𝜌𝐴(𝒓)/ ∑ 𝜌𝐴(𝒓)

𝐴∈𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝐴∈𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

                  (Eq. 3) 

where promolecule(r) = sum of the molecular electron density over the atoms in the molecule of 

interest (the promolecule); procrystal(r) = similar sum over the crystal (the procrystal) [50-53]. 

 

The Hirshfeld surface gives a visual 3-D representation of the intermolecular close 

contacts in the crystal. Void volumes in the crystal are readily determined by looking at areas in 

the crystal where the electron density is the lowest [54]. In comparison, earlier methods are 

based on the approximation of a molecule as a set of fused spheres with van der Waals radii and 

are thus limited in scope [50-53]. Hirshfeld surface analysis is an excellent method to study 

molecular environment and interactions of compounds independent of the overall space group 

symmetry. We recently used the Hirshfeld surface analysis to study structures of Fe(TPP)Cl and 

M(TPP)(NO) (M = Fe, Co), revealing that intermolecular interactions are a significant factor in 

structural disorders of the complexes and phase changes observed in the nitrosyl complexes [34]. 
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Among Mn(TPP)X halide complexes, Mn(TPP)Cl (1), a d4 complex with S = 2, has been 

extensively studied [15, 21-29, 34, 55-64]. In addition to giving solvent-free 1 with 4-fold 

crystallographic symmetry [40], the porphyrin complex also crystallizes into solvent-containing 

crystals [57, 65]. Magnetic susceptibility studies of Mn(TPP)Cl·2benzene (1·2benzene), 

Mn(TPP)Cl·benzene (1·benzene) and Mn(TPP)Cl·H2O (1·H2O) showed that it undergoes ZFS 

with D = 1.9 to 2.3 cm-1 [23, 63], 2.2(0.1) cm-1 [66], and 2.2(0.1) cm-1 [66], respectively. 

Mn(TPP)Cl (1) is thus an “EPR silent” (axial) integer spin system, as shown in Scheme 2. 

Goldberg, Krzystek and coworkers have used high field-EPR (HFEPR) to probe the ZFS of 1, 

giving the D = 2.290(5) cm1 [25, 59, 60]. We reported recently an inelastic neutron scattering 

(INS) study of the transitions among the ZFS states in Mn(TPP)Cl (1), confirming (easy-axis) D 

= 2.24(3) cm-1 [28]. Pascual-Álvarez and coworkers have recently shown that 

Mn(TPP)Cl·benzene (1·benzene) undergoes field-induced slow magnetic relaxation [29]. 

Bromide and iodide analogs Mn(TPP)Br (2) and Mn(TPP)I (3) have been studied for some time 

[22], including their structures containing toluene in the lattices, Mn(TPP)Br·toluene (2·toluene) 

and Mn(TPP)I·toluene (3·toluene) [11, 12]. However, little is known about their magnetic 

properties. 

We have studied magnetic properties of Mn(TPP)Br (2) and Mn(TPP)I (3): (a) 

Mn(TPP)Br·CHCl3 (2·CHCl3) and Mn(TPP)I·CHCl3 (3·CHCl3) by direct-current (DC) 

susceptibility measurements; 2·CHCl3 and 3·1.5CHCl3 by alternating-current (AC) 

susceptibility measurements; (c) 2·CDCl3 and 3·CDCl3 by HFEPR and INS, as part of our 

investigations of molecular magnetism [28, 35, 67-71]. In the current work, several attempts to 

grow solvent-free crystals of 2 and 3 instead all gave solvent-containing crystals. We thus 

crystallized 2 and 3 in deuterated chloroform, yielding 2·CDCl3 and 3·CDCl3, in order to reduce 
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the number of protons in the unit cells of crystals and thus, background from incoherent neutron 

scattering by H atoms [72, 73]. In addition, crystallization of 2 in CH2Cl2 gave 2·CH2Cl2 and 3 

in layered pentane/CHCl3 and CHCl3 yielded two different crystals: 3·CHCl3 (in a space group 

different from that of 3·CDCl3) and 3·1.5CHCl3, respectively. Structures of 2·CHCl3, 

2·CH2Cl2, 3·CHCl3, 3·CDCl3 and 3·1.5CHCl3 have been determined by single-crystal X-ray 

diffraction. Hirshfeld surface analyses have been conducted for 2·CHCl3, 2·CH2Cl2, 3·CHCl3, 

3·CDCl3 and 3·1.5CHCl3. 

 

2. Material and methods 

2.1. Synthesis of Mn(TPP)Br (2) and Mn(TPP)I (3) 

Mn(TPP)Br (2) and Mn(TPP)I (3) were prepared by the literature procedure from the 

exchange reactions between Mn(TPP)(acetate), which was obtained from the reaction of 

Mn(CH3CO2)2 with H2TPP, and NaX (X = Br, I) in mixed CHCl3-water [15]. 

Mn(CH3CO2)2·(H2O)4 (99+%) from Acros Organics, H2TPP from Frontier Scientific, NaBr 

(Fisher Scientific, Certified ACS), NaI (Fisher Scientific), N,N-dimethylformamide (Fisher 

Scientific, Certified ACS) and CHCl3 (Fisher Scientific, Certified ACS) were used as received. 

Deionized water was obtained in house. 

We also prepared Mn(TPP)F by the reported method [15]. However, repeated attempts to 

purify the product by crystallization failed to yield crystals of Mn(TPP)F. Unlike Mn(TPP)X (X 

= Cl, 1; Br, 2; I, 3), Mn(TPP)F was found to have low solubility in solvents we tested, including 

CHCl3 and CH2Cl2. Mn(TPP)F may have a polymeric structure, as some other fluoride-bridged 

complexes [74]. It was not studied further in the current work. 
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2.2. Crystallization 

 CHCl3 (Fisher Scientific, Certified ACS), CH2Cl2 (Fisher Scientific, Certified ACS), 

pentane (Fisher Scientific, Certified ACS) and CDCl3 (Cambridge Isotope Laboratories, 99.8% 

deuterium) were used in the crystallization. 

 

2.2.1. Mn(TPP)Br·CHCl3 (2·CHCl3) and Mn(TPP)Br·CDCl3 (2·CDCl3) 

 Complex 2 was dissolved in either CHCl3 or CDCl3 and crystals of 2·CHCl3 or 2·CDCl3 

grew from concentrated solutions at 23 °C. 

 

2.2.2. Mn(TPP)Br·CH2Cl2 (2·CH2Cl2) 

Crystals of Mn(TPP)Br·CHCl3 (2·CHCl3) were dissolved in a minimal amount of 

CH2Cl2. The solution was left open to air at -33 °C, and crystals of 2·CH2Cl2 were harvested 

from the concentrated solution after several days. 

 

2.2.3. Mn(TPP)I·CHCl3 (3·CHCl3) 

 Crystals of Mn(TPP)I·1.5CHCl3 (3·1.5CHCl3) were dissolved in a minimal amount of 

CHCl3 and layered with pentane. Slow mixing of the solvents at room temperature over five days 

afforded dark green crystals of 3·CHCl3 suitable for single-crystal X-ray analysis.  

 

2.2.4. Mn(TPP)I·CDCl3 (3·CDCl3) 

 Newly prepared 3 was dissolved in CDCl3 and crystals of 3·CDCl3 were obtained from 

the concentrated solution at 23 °C. 
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2.2.5. Mn(TPP)I·1.5CHCl3 (3·1.5CHCl3) 

 Impure crystals of 3·1.5CHCl3 were dissolved in CHCl3 and stored at either -33 or 23 °C 

for recrystallization. Dark green, plate-like crystals of 3·1.5CHCl3 suitable for X-ray analysis 

were harvested from the concentrated solution. 

 

2.3. Single-crystal X-ray diffraction studies 

 Single-crystal X-ray diffraction studies of 2·CHCl3, 2·CH2Cl2, 3·CHCl3 and 

3·1.5CHCl3 were conducted on a Bruker D8 Venture diffractometer equipped with a Photon 100 

detector (Mo Kα radiation, λ = 0.71073 Å). For data collection, a suitable crystal was coated in 

Paratone oil, mounted on a Mitegen loop, and placed in a cold stream of nitrogen (100 K) 

generated by an Oxford Cryostream low-temperature apparatus. Frames were collected using the 

Apex 3 program. The diffraction data were reduced using Bruker SAINT and corrected for 

absorption with the SADABS multiscan program. The molecular structures were solved with 

SHELXT and refined with SHELXL-2015. 

Single-crystal X-ray diffraction data for Mn(TPP)I·CDCl3 (3·CDCl3) were collected on a 

Bruker ASX Smart 1000 diffractometer with a CCD area detector (Mo Kα radiation, λ = 0.71073 

Å). A suitable crystal was mounted on a goniometer and the data were collected at 293(2) K. 

Frames were collected using the Apex2 program. Data were reduced using Bruker SAINT and 

corrected for absorption with the SADABS multiscan program. The molecular structure was 

solved with SHELXS and refined with SHELXL-2014. 

Mn(TPP)Br·CH2Cl2 (2·CH2Cl2) crystallizes in the space group P21/n. There are two 

Mn(TPP)Br (2) molecules and two CH2Cl2 solvent molecules located in general positions of the 
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monoclinic cell. The molecules of 2 form pairs of closely packed of Mn(TPP)Br dimers. One of 

the two CH2Cl2 molecules in the cavities is disordered in two positions with a site-occupancy 

ratio of 0.751(4) : 0.249(4). 

Mn(TPP)I·CDCl3 (3·CDCl3) crystallizes in the space group P21/c. There are two 

Mn(TPP)I (3) and two solvent molecules located in the asymmetric unit of the monoclinic cell. 

One of the CDCl3 molecules is disordered in three positions with a site-occupancy ratio of 

0.328(3) : 0.368(3) : 0.304(3). 

Mn(TPP)I·1.5CHCl3 (3·1.5CHCl3) crystallizes in the space group P-1. There are two 

Mn(TPP)I molecules located in the asymmetric unit of the triclinic cell. All three chloroform 

molecules were found disordered in two positions. One displayed about 9.5 degree rotation of the 

chlorine atoms along the C-H bond with a refined occupancy ratio of 0.814(4) : 0.186(4). 

Another one showed a displacement less than 1 Å from the main component with 0.325(2) site 

occupancy. The third chloroform molecule was found disordered around the center of inversion 

with a site-occupancy ratio of 0.519(1) : 0.481(1). 

 

2.4. Hirshfeld surface calculations 

Hirshfeld surfaces were calculated using CrystalExplorer (version 17) software from the 

crystal-structure coordinates supplied in the format of crystallographic information file (CIF) 

[75]. The X-ray CIF files of 2·CHCl3 (CCDC 1977356), 2·CH2Cl2 (CCDC 1977357), 3·CHCl3 

(CCDC 1977355), 3·CDCl3 (CCDC 1977353) and 3·1.5CHCl3 (CCDC 1977354) from the 

current work and 2·toluene (CCDC 1168698) [11] and 3·toluene (CCDC 1168699) [11] in the 

literature were used. Hirshfeld surfaces were calculated at an isovalue of 0.5 e au-3. Void 

volumes were calculated using an isovalue of 0.002 e au-3 [54]. To perform calculations on 
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disordered structures of 2·CH2Cl2, 3·CDCl3, and 3·1.5CHCl3, atomic coordinates with minor 

partial site occupancies were removed, and the CIF files were regenerated with only atomic 

coordinates and Uij displacement parameter values. 

 

2.5. Susceptibility measurements 

Measurements of DC susceptibilities of 2·CHCl3, 3·CHCl3 and Mn(TPP)F were 

conducted at the University of Tennessee on a Quantum Design MPMS SQUID VSM (Magnetic 

Property Measurement System Superconducting Quantum Interference Device Vibrating Sample 

Magnetometer) at the temperature range of 2-300 K within an applied external DC magnetic 

field of 0.5 T. 

 Measurements of AC susceptibilities of 2·CHCl3 and 3·1.5CHCl3 were conducted at the 

Center for Nanophase Materials Sciences (CNMS), Oak Ridge National Laboratory (ORNL) on 

a Quantum Design Magnetic Property Measurement System XL (MPMS-XL) magnetometer 

with a 7-T magnet. AC susceptibility measurements were performed at 2.2-7.7 K for 2·CHCl3 

and 3·1.5CHCl3 under vacuum with a bias DC field of 0.14 T and 2.74 Oe driving amplitude. 

 

2.6. HFEPR studies of 2·CDCl3 and 3·CDCl3 

 HFEPR measurements were made using a spectrometer described elsewhere [76], with 

the exception of a solid-state source from Virginia Diodes (Charlottesville, VA). The samples 

were investigated as pellets mixed with n-eicosane. HFEPR spectra were simulated, and 

computer fits performed, with the program SPIN from A. Ozarowski, using a standard spin 

Hamiltonian for S = 2, with only second-order ZFS terms included. 
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2.7. INS studies of 2·CDCl3 and 3·CDCl3 

 INS measurements were carried out on Cold Neutron Chopper Spectrometer (CNCS), 

Spallation Neutron Source (SNS) at ORNL. CNCS is a direct geometry, time-of-flight 

spectrometer that receives a beam from a coupled cryogenic H2 moderator [77]. Four chopper 

assemblies were used to select energy of neutrons at CNCS. The speeds and slit widths of the 

choppers can be varied, allowing adjustments in the instrumental resolution and intensity of the 

incident beam.  

Approximately 500 mg of each sample of 2·CDCl3 and 3·CDCl3 was loaded into a 1.27-

cm-thick aluminum tube which was mounted on a sample holder mounted in a standard liquid 

helium cryostat with a base temperature of T = 1.7 K. An oscillating radial collimator was used 

to reduce background scattering form the tail of the cryostat. Vanadium was used as a standard 

for the detector efficiency correction. 

Measurements were performed at 1.7, 10, and 25 K with incident neutron beam energy Ei 

= 8.07 cm-1. Ei was chosen to cover the anticipated region of interest in both the energy E and 

scattering-vector Q space [72, 78]. The small incident energy is especially important to observe 

excitations near the elastic peak (at energy transfer close to 0 cm-1) as the full-width-at-half-

maximum (FWHM) of the elastic peak, which is typically 1.5-2% of the incident energy, would 

be narrow, giving better energy resolution. It took approximately 20 h to run the two samples at 

various temperatures. Data were then reduced and analyzed using the DAVE (Data Analysis and 

Visualization Environment) program package [79]. 
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3. Results and discussion 

3.1. Crystal structures of 2·CHCl3, 2·CH2Cl2, 3·CHCl3, 3·CDCl3 and 3·1.5CHCl3 

 Crystallographic data of the five structures are given in Table S1 along with their cif files 

in the supplementary material (SM). Crystal structures of 2·CHCl3 and 3·CHCl3 are discussed 

below. ORTEP drawings of three other structures, Mn(TPP)X in 2·CH2Cl2, 3·CDCl3 and 

3·1.5CHCl3, are given in Figs. S1, S2 and S3, respectively with their selected bond lengths and 

angles in Tables S2, S3 and S4, respectively. Continuous shape measure (CShM) calculations 

using the SHAPE program [80, 81] were performed on all five structures as well as 2·toluene 

and 3·toluene [11] to analyze the degree of deviation from ideal geometry, and results are 

provided in Tables S5 and S6. 

Crystal of 2·CHCl3 adopts the monoclinic space group P21/n. ORTEP diagram of the 

molecule is given in Fig. 1. Selected bond lengths and angles for 2·CHCl3 are included in Table 

1. The penta-coordinated MnIII center adopts a distorted square pyramidal geometry with the 

Mn—Br and four Mn—N bonds in axial and equatorial positions, respectively. In the equatorial 

plane, the linear N1—Mn1—N3 bonds are slightly elongated [with bond lengths of 2.018(2) and 

2.014(2) Å, respectively] than the other N2—Mn1—N4 bonds [bond lengths of 2.001(2) and 

2.008(2) Å, respectively]. CShM calculations were performed on the solvent-containing 

structures of Mn(TPP)Br (2) [2·CHCl3, 2·toluene and two independent Mn(TPP)Br (2) 

molecules in 2·CH2Cl2 (Table S5)] show that Mn(TPP)Br molecules in all three analogs exhibit 

only slight distortion from square pyramidal geometry. Comparison of the Mn—Br bond length 

here with that of Fe—Br in Fe(TPP)Br (4) is given below. 
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Fig. 1. ORTEP diagram of the structure of Mn(TPP)Br (2) in the crystal of 2·CHCl3. CHCl3 in 

the lattice and H atoms are omitted. 

 

Table 1. Selected bond lengths (Å) and angles (°) for 2·CHCl3 and 3·CHCl3 at 100(2) K  

2·CHCl3 3·CHCl3 

Mn1—Br1 2.5363(5) Mn1—I1 2.7494(4) 

Mn1—N1 2.018(2) Mn1—N1 2.0162(18) 

Mn1—N2 2.001(2) Mn1—N2 2.0148(18) 

Mn1—N3 2.014(2) Mn1—N3 2.0101(18) 

Mn1—N4 2.008(2) Mn1—N4 2.0126(18) 

    

N1—Mn1—Br1 94.60(6) N1—Mn1—I1 99.36(5) 

N2—Mn1—Br1 90.88(7) N2—Mn1—I1 93.99(5) 

N3—Mn1—Br1 100.72(6) N3—Mn1—I1 96.32(5) 

N4—Mn1—Br1 100.77(6) N4—Mn1—I1 97.16(5) 

N1—Mn1—N2 89.98(9) N1—Mn1—N2 89.42(7) 

N2—Mn1—N3 88.73(8) N2—Mn1—N3 89.27(7) 

N3—Mn1—N4 89.37(8) N3—Mn1—N4 89.06(7) 

N4—Mn1—N1 88.81(8) N4—Mn1—N1 89.21(7) 

N1—Mn1—N3 164.64(9) N1—Mn1—N3 164.32(8) 

N2—Mn1—N4 168.35(9) N2—Mn1—N4 168.83(8) 
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Mn(TPP)I (3) crystallized in layered pentane/CHCl3 solution at 23 C to give crystals of 

3·CHCl3 (monoclinic space group P21/n). ORTEP diagram of the molecule is given in Fig. 2 

with selected bond lengths and angles for 3·CHCl3 in Table 1. The structure shares features with 

its bromo analog 2·CHCl3 discussed earlier, as comparisons in Table 1 show. CShM calculations 

of all four structures of Mn(TPP)I (3) [3·CHCl3, 3·CDCl3, 3·1.5CHCl3 and 3·toluene] by the 

SHAPE program [80, 81] (Table S6) show slight deviations of the Mn(TPP)I molecules (3) in all 

structures from the square pyramid. 

 

 

Fig. 2. ORTEP diagram of Mn(TPP)I in 3∙CHCl3. CHCl3 and H atoms are omitted. 

 

Five-coordinate Mn(III) and Fe(III) ions have identical radii of 0.72  [82]. Yet, both 

Mn—Br and Mn—I bonds in Mn(TPP)X (2-3) in the crystals (bond lengths of 2.490-2.536  

and 2.730-2.784 , respectively) are about 0.2  (or 8%) longer than Fe—Br and Fe—I bonds 

(bond lengths of 2.348  and 2.554 , respectively) in Fe(TPP)X (X = 4 [83]; X = I, 5 [84]), as a 
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comparison in Table 2 below shows. This is surprising, as Fe(TPP)X (4-5) have higher spin (S = 

5/2) than Mn(TPP)X (2-3, S = 2), and the extra d electron in the former resides in an antibonding 

orbital, as a qualitative MO diagram for the square pyramid complex with C4v symmetry in 

Scheme S1 shows. The Fe—X bonds in Fe(TPP)X (4-5) are expected to be longer (not shorter) 

than the Mn—X bonds in M(TPP)X (2-3). Extensive studies of octahedral spin crossover 

complexes [85] and metalloporphyrins [86] have shown that high-spin complexes have more 

elongated M—L bonds than low-spin complexes as a result of adding electrons to antibonding 

dx2-y2 and/or dz2 orbitals, although the comparison here involves complexes of the same metal 

ions. Another difference between the structures of Mn(TPP)X (2-3) and its iron(III) analogs 

Fe(TPP)X (4-5) is that the former have smaller distances between the Mn(III) ions and the center 

of the TPP2 ligand [0.236-0.295  for Mn(TPP)Br (2) and 0.213-0.259  for Mn(TPP)I (3)] 

than those [0.489  for Fe(TPP)Br (4) and 0.459 for Fe(TPP)I (5)] in the latter. In fact, the 

XTPP2 (center) distances of 2.760-2.785  in Mn(TPP)Br (2) and 2.954-3.041  in Mn(TPP)I 

(3) are similar to 2.837  in Fe(TPP)Br (4) and 3.013  in Fe(TPP)I (5), as shown in Table 2. In 

other words, the shorter Fe—X bond lengths are compensated by the longer Fe—TPP2 (center) 

distances. Temperatures, affecting crystal structures, are known to change Hirshfeld surfaces and 

volumes [34]. However, Hirshfeld surfaces and volumes of Mn(TPP)X (surfaces and volumes 

are 637.8-656.7 2 and 816.6-845.8 3 for 2; 648.7-662.3 2 and 826.6-858.0 3 for 3) with 

different solvents and temperatures [100(2) or 293-298 K] are similar to those of Fe(TPP)X (4-5) 

at 293-295 K with no solvent, as shown in Table 2 and discussed below. The average lengths of 

the Mn—N bonds in Mn(TPP)X (2-3) [between the Mn(III) ions and N atoms in the TPP2- 

ligands] are similar at 2.002-2.010 . The Mn—N bonds are slightly shorter than 2.066-2.069  

of the Fe—N bonds in Fe(TPP)X (4-5).  



18 
 

Table 2. Comparison of structure features, including Hirshfeld areas, Hirshfeld volumes and void volumes, and spin Hamiltonian parametersa 

Complexes 

Temp 

(K)  

(X-ray 

diffrac-

tion) 

Space 

group 

No. of 

M(TPP)X 

molecules 

per unit 

cell 

M ion 

Hirsh-

feld 

area 

(Å2) 

Hirsh-

feld 

volume 

(Å3) 

Void 

volume in 

the cell 

volume 

(%) 

M-X 

bond 

length 

(Å)b 

Distance 

from M to 

the TPP2 

plane (Å)c 

Distance 

from X to 

the TPP2 

plane 

(Å)d 

ZFS parameters  

(cm-1) 
g parameters 

Mn(TPP)Cl 

(1) 
293(2)  2 Mn 

The reported structure [40] is isomorphous to that of disordered 

Fe(TPP)Cl [28, 34]. For Hirshfeld analysis of the disorder in the structure 

of Fe(TPP)Cl, see Ref. [34] 

D = −2.290(5) 

(HFEPR) [60] 

D = −2.24(3) (INS) 

[28]e 

g =1.98(2)  

g = 2.005(3) 

[60] 

Mn(TPP)Br∙

CHCl3 

(2∙CHCl3) 

100(2) 

P21/n 4 Mn1 643.0 819.6 12.22 2.536 0.236 2.760   

2∙CDCl3  
         D = -1.091(3) 

E = 0.087(2) 

(HFEPR)  

gx  = 1.996(4) 

gy = 1.985(5)  

gz = 1.994(2) 

2∙CH2Cl2 100(2) P21/n 8 
Mn1 655.7 821.6 

11.66 
2.525 0.244 2.762   

Mn2 637.8 816.6 2.520 0.264 2.775   

 2∙toluene  298 [11] P21/m 2 Mn 656.7 845.8 15.79 2.490 0.295 2.785   

Mn(TPP)I∙ 

CHCl3 

(3∙CHCl3) 

100(2) P21/n 4 Mn1 662.3 849.2 14.12 2.749 0.235 2.983 
  

3∙CDCl3 293(2) P21/c 8 
Mn1 654.0 850.6 

14.63 
2.744 0.232 2.969 D = +1.30(1) 

E = 0.010(5) 

(HFEPR) 

gx  = 1.965(5) 

gy = 1.971(10)  

gz = 1.930(5) Mn2 648.7 846.0 2.748 0.225 2.972 

3∙1.5CHCl3 100(2) P1̅ 4 
Mn1 656.5 834.8 

12.61 
2.742 0.213 2.954   

Mn2 651.4 826.6 2.784 0.259 3.041   

3∙toluene  298 [11] P1̅ 4 
Mn1a 657.8 852.0 

14.56 
2.767 0.239 3.006   

Mn1b 659.4 858.0 2.730 0.252 2.979   

Fe(TPP)Br 

(4)  
295 [83] P21/c 4 Fe1    2.348 0.489 2.837 

D = +8.8(2) 

E = 0.1(2) (INS) [35] 
 

Fe(TPP)I (5) 
293  

[84] 
P21/n 4 Fe1    2.554 0.459 3.013 

D = +13.4(6) 

E = 0.3(6) (INS) [35] 
 

a Unless cited, the data are from the current work. 
b Four significant digits of the bond lengths are used here, and estimated standard deviations (esd) are not listed. For the precise bond lengths, see tables listing bond lengths of the 

structures or the original publications. 
c The distances here are from the metal ions to the centers of the least-square planes defined by the four N atoms of the TPP2- ligands. 
d The distances here are from the halide atoms to the centers of the least-square planes defined by the four N atoms of the TPP2- ligands. 
e  Magnetic susceptibility measurements of Mn(TPP)Cl∙benzene (1∙benzene) [66], Mn(TPP)Cl∙2benzene (1∙2benzene) [23] and Mn(TPP)Cl∙H2O (1∙H2O) [66] gave D = −2.2(2), 

−2.3(5) and −2.3(2) cm1, respectively. The g values for 1∙benzene and 1∙H2O are 2.01(1) and 2.00(1), respectively [66].
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3.2. Hirshfeld surface analyses 

 Hirshfeld surface analyses and fingerprint plots of Mn(TPP)Br∙CHCl3 (2∙CHCl3, Figs. 3-

4) and Mn(TPP)I∙CHCl3 (3∙CHCl3, Figs. 5-6) are discussed below, with the analyses of 

2∙CH2Cl2 (Figs. S4-S5), 3∙CDCl3 (Figs. S9-S10) and 3∙1.5CHCl3 (Figs. S11-S12) given in SM. 

We have conducted Hirshfeld surface analyses of the reported structures of 2∙toluene (Figs. S6-

S7) and 3∙toluene (Figs. S13-S14). The results are provided in SM. Views of the Hirshfeld 

surfaces for these structures (e.g., Figs. 3 and 5) show that they all have sites of close contacts 

(red spots). In addition to a comparison of structure features, Hirshfeld areas, Hirshfeld volumes 

and void volumes in Table 2, Figs. S8 and S15 give percentage contributions to the Hirshfeld 

surface areas for various intermolecular close contacts for Mn(TPP)Br (2) and Mn(TPP)I (3) 

molecules, respectively, in various crystal structures. 

Hirshfeld analyses of the single molecule in the unit cell of Mn(TPP)Br∙CHCl3 

(2∙CHCl3) in the P21/n space group (100 K) give areas and volumes 643.0 2 and 819.6 3 (Fig. 

3, Table 2), respectively, that are similar to those (637.8-655.7 2 and 816.6-821.6 3, Fig. S4, 

Table 2) of the two independent molecules in the unit cell of 2∙CH2Cl2 which is also in the P21/n 

space group (100 K). The two structures also have similar percent void volumes (12.22% and 

11.66% for 2∙CHCl3 and 2∙CH2Cl2, respectively). Hirshfeld fingerprint plots in Figs. 4 and S5 

for 2∙CHCl3 and 2∙CH2Cl2, respectively, emphasize close intermolecular interactions. For both 

structures with different solvent molecules, the H∙∙∙H and H∙∙∙Br close contacts involving 2 in 

2∙CHCl3 (Fig. 4) and the Mn1 molecule in 2∙CH2Cl2 (Fig. S5-Top) are fairly similar to each 

other and to those in 2∙toluene at 298 K (Fig. S7) containing non-halogen solvent toluene. The 

molecules of Mn1 and Mn2 in 2∙CH2Cl2 form pairs of Mn1...Mn1 and Mn2...Mn2 dimers in 

which the Mn-Br bonds point inwards with each other in each of the dimer units. Br1 in the  



20 
 

            

               

Fig. 3. Two views of the Hirshfeld surface of 2∙CHCl3 showing normalized close distances of 

the pro-molecule and neighboring molecules at 100(2) K [51]. The red-white-blue coloring 

scheme demonstrates decreasing contacts. Sites of close contacts are shown in red dots. Semi-

transparent view reveals the enclosed molecule. Hereafter the same below for the coloring 

scheme, sites of close contacts and semi-transparent view. 

  H∙∙∙H close contact (blue) below               Br∙∙∙H close contact (blue) below 

                            

Fig. 4. Hirshfeld fingerprint plots for 2∙CHCl3. The closest contacts correspond to the minimum 

di + de values in each plot, hereafter the same below. di and de are distances from the Hirshfeld 

surface to the nearest atom interior and exterior to the surface, respectively [52]. 
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molecule of Mn1 has close contact to the terminal H atoms on a phenyl ring of the adjacent Mn1 

molecule. In the molecule of Mn2, one of the phenyl groups is facing Br2 with much longer 

Br2…H(phenyl) distances. The difference in the Hirshfeld fingerprint plots for the Br∙∙∙H close 

contacts in Fig. S5 reflects the packing difference of Mn1 and Mn2 molecules in 2∙CH2Cl2. 

Although both Hirshfeld surfaces and fingerprint plots for the structures of 3∙CHCl3 

(P21/n) and 3∙1.5CHCl3 (P1̅) determined at 100(2) K reveal sites of close contacts (Figs. 5 and 

S11) and similar H∙∙∙H and I∙∙∙H close contacts (Figs. 6 and S12), the Hirshfeld surface area 

(662.3 2) and volume (849.2 3) in 3∙CHCl3 are slightly larger than those (651.4-656.5 2 and 

826.6-834.8 3) of both independent Mn(TPP)I (3) molecules in 3∙1.5CHCl3 (Table 2). 

Structures of both Mn(TPP)I∙CDCl3 (3∙CDCl3 in P21/c) and 3∙toluene (P1̅) [11] were 

determined at room temperatures. Since the D atom in CDCl3 has the same electron density as an 

H atom, the D atom was refined as an H atom. The two independent molecules in the unit cells 

of both crystals show sites of close contacts (Figs. S9 and S13). Although the patterns of 

fingerprint plots for the two are similar, the minimum di + de I∙∙∙H/D values of about 2.6-2.7  in 

3∙CDCl3 (Fig. S10), indicating the closest I∙∙∙H/D contacts, are smaller than about 3.0-3.1  in 

3∙toluene (Fig. S14).  

                           
Fig. 5. Two views of the Hirshfeld surface of 3∙CHCl3 showing normalized close distances of 

the pro-molecule and neighboring molecules at 100(2) K [51].  
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     H∙∙∙H close contact (blue) below                 I∙∙∙H close contact (blue) below 

             
Fig. 6. Hirshfeld fingerprint plots for 3∙CHCl3. 

 

3.3. Magnetic susceptibility 

 DC magnetic susceptibility χ versus temperature T for Mn(TPP)Br∙CHCl3 (2∙CHCl3) 

measured between 2 and 300 K in an applied magnetic field of 0.5 T is given as a plot of χMT 

versus T in Fig. 7-Left, yielding effective magnetic moment eff ≈ 5.2 BM. Volatile CHCl3 

molecules in the lattice are expected to be partially (or completely) removed before and/or in the 

measurements, as the experiments were conducted under vacuum (~5 torr). If the same data were 

processed for solvent-free Mn(TPP)Br (2) as shown in Fig. S16-Left, they gave effective 

magnetic moment eff ≈ 4.6 BM. For a spin-only, S = 2 complex, eff = 4.9 BM is expected. 

Thus, eff ≈ 5.2 and 4.6 BM calculated for 2∙CHCl3 and solvent-free 2, respectively, are about 

7% higher and lower than 4.9 BM. The discrepancies here suggest that a significant portion of 

the solvent CHCl3 molecules in the lattice was removed under vacuum (5 torr) during the 

measurements. Upon cooling below 20 K, χMT exhibits a sharp decrease from a constant 3.259 

cm3∙K∙mol-1 to 2.561 cm3∙K∙mol-1 at 2 K. This decrease is likely due to ZFS of the Mn(III) ion in 

the complex, as observed for 1 [29]. An M-H plot of 2∙CHCl3 is given in Fig. S17-Top. No 
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frequency-dependent out-of-phase signals (M) were observed with the AC frequency of 1-

1488.1 Hz at 1.8 K using 0 or 0.14 magnetic field (Figure S17-Bottom), suggesting that 2∙CHCl3 

does not exhibit SMM properties. 

 

 

Fig. 7. Variable-temperature DC susceptibility data under applied DC field of 0.5 T: (Left) 

2∙CHCl3. (Right) 3∙CHCl3. The lines are guides to the eye. 

 

DC susceptibility data of Mn(TPP)I∙CHCl3 (3∙CHCl3) give plots such as those in Fig. 7-

Right for data at 0.5 T, yielding eff ≈ 5.5 BM. However, if the same data were processed for 

solvent-free Mn(TPP)I (Fig. S16-Right), eff ≈ 4.9 BM. The results suggest that nearly all 

CHCl3 molecules in 3∙CHCl3 were removed before or during the measurements. Like 2∙CHCl3, 

3∙CHCl3 exhibits a decrease in χMT from 3.454 cm3∙K∙mol-1  to 2.432 cm3∙K∙mol-1  upon cooling 

below 50 K; this may also be attributed to the ZFS of the Mn(III) complex. An M-H plot of 

3∙1.5CHCl3 is given in Fig. S18-Top. AC susceptibility measurements of 3∙1.5CHCl3 show no 

slow magnetic relaxation (Fig. S18-Bottom).  
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3.4. HFEPR studies 

 HFEPR response of Mn(TPP)Br∙CDCl3 (2∙CDCl3) represents powder spectra of an S = 2 

spin species with moderate negative ZFS on the order of 1 cm–1. Fig. 8-Top shows a typical 

spectrum recorded at 10 K, and at the highest end of frequencies used, 322 GHz, along with its 

simulations. Two more spectra, recorded at lower frequencies, are shown in Fig. S19-Top and 

Fig. S20-Top in the supplementary material (SM). Although the spectra show a presence of more 

than one species, spin Hamiltonian parameters for the dominant species could be well established 

using tunable-frequency EPR methodology [87], as shown in Fig. 9-Top. Spin Hamiltonian 

parameters obtained from computer fits, and used in the simulations, are collected in Table 2. 

From a visual comparison of the single-frequency spectra and the two cases of simulations for 

each of them, one for D < 0, and the other D > 0, it is apparent that D is negative in 

Mn(TPP)Br∙CDCl3 (2∙CDCl3). 

HFEPR response of Mn(TPP)I∙CDCl3 (3∙CDCl3) is very different from that of 

Mn(TPP)Br∙CDCl3 (2∙CDCl3). Fig. 8-Bottom shows a typical spectrum recorded at 10 K, and at 

the same frequency as the bromide analog, 322 GHz, along with its simulations. Two more 

spectra, recorded at lower frequencies, are shown in Fig. S19-Bottom and Fig. S20-Bottom in 

SM. Although the quality of the spectra is somewhat lower than that of 2∙CDCl3, and there is 

noticeable presence of a minority spin species, it is beyond doubt that the sign of D in 

Mn(TPP)I∙CDCl3 (3∙CDCl3) is positive. In addition, both single-frequency spectra and the 2-D 

field vs. frequency (energy map) (Fig. 9-Bottom) show that the g-values in 3∙CDCl3 (1.93-1.97) 

are markedly lower than 1.99-2.01 which are the usual numbers found in Mn coordination 

complexes at any oxidation state. 

 



25 
 

 

Fig. 8. HFEPR spectra of Mn(TPP)Br∙CDCl3 (2∙CDCl3, Top) and Mn(TPP)I∙CDCl3 (3∙CDCl3, 

Bottom) at 10 K and 321.6 GHz (black traces) and their powder-pattern simulations (colored 

traces). The spin Hamiltonian parameters used in simulations were the same as in Table 2 for 

2∙CDCl3 and slightly adjusted for 3∙CDCl3: D = +1.34 cm–1, E = +0.013 cm–1 (E/D = 0.01); g = 

[1.965(5), 1.971(10), 1.930(5)]. Blue traces: D < 0; red traces: D > 0. Two near-zero field 

resonances in the spectrum of 3∙CDCl3 indicate a minority spin species with ZFS on the order of 

4 cm–1, typical for octahedrally-coordinated Mn(III) ions. 
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Fig. 9. 2-D field/frequency (energy) maps of turning points in HFEPR spectra of 

Mn(TPP)Br∙CDCl3 (2∙CDCl3) (Top) and Mn(TPP)I∙CDCl3 (3∙CDCl3) (Bottom, black squares in 

each case). The curves are simulations using spin Hamiltonian parameters as in Table 2. Red 

curves: turning points with magnetic field parallel to the x axis of the ZFS tensor; blue: B0 || y; 

black: B0 || z. Off-axis turning points, of which there are several depending on frequency, are not 

plotted as they were not used in the fits. The vertical dashed lines represent frequencies, at which 

spectra shown in Fig. 12-Top, Fig. S19-Top (in SM) and Fig. S20-Top for 2∙CDCl3 and Fig. 12-

Bottom, Fig. S19-Bottom and Fig. S20-Bottom for 3∙CDCl3. 

 

0

2

4

6

8

10

12

14

 

M
a
g

n
e

ti
c
 F

ie
ld

 (
T

)

0 50 100 150 200 250 300 350

0

2

4

6

8

10

12

14

[Mn(TPP)I]

 Frequency (GHz)

  

0 2 4 6 8 10 12

[Mn(TPP)Br]

 

 Energy (cm
-1
)



27 
 

Although molecules of Mn(TPP)Br (2) and Mn(TPP)I (3) have 4-fold symmetry, crystals 

of Mn(TPP)Br∙CHCl3 (2∙CHCl3, P21/n) and Mn(TPP)I∙CDCl3 (3∙CDCl3, P21/c) do not have 4-

fold symmetry. Although the structure of 2∙CDCl3 used for the HFEPR studies was not directly 

determined, it is expected to be in a monoclinic space group. Since in monoclinic unit cells, x  

y, additional ZFS occurs, as shown in Eq. 1. Thus, in addition to axial ZFS parameters D, both 

2∙CDCl3 and 3∙CDCl3 have rhombic ZFS parameters E, as observed in the HFEPR spectra. 

 

3.5. INS studies 

In neutron scattering processes, the incident neutrons are scattered from interactions with 

either atomic nuclei or unpaired electrons in the sample [72, 77, 88]. The cross section of 

magnetic scattering, from the interactions between neutron spins and electron spins, corresponds 

to the number of neutrons scattered per second due to the magnetic interaction into a solid angle 

d with energy transfer between ω and (ω + dω) divided by the flux of the incident neutrons. 

If unpolarized neutrons are scattered from identical magnetic ions with localized electrons, the 

magnetic scattering cross section for spin-only scattering is expressed by Eq. 4 [35, 72, 78]. 

 

𝑑2𝜎

𝑑𝛺𝑑𝜔
= (𝛾𝑟0)2 𝑘𝑓

𝑘𝑖
[

1

2
𝑔𝐹(𝑄)2𝑒−2𝑊(𝑄) ∑ (𝛿𝛼𝛽 −

𝑄𝛼∙𝑄𝛽

𝑄2 ) 𝑆𝛼𝛽(𝑄, 𝜔)𝛼,𝛽 ] (Eq. 4) 

 

where  = neutron cross section; γ = gyromagnetic ratio; 𝑟0 = classical radius of an electron; g = 

Landé g-factor; F(Q) = dimensionless magnetic form factor defined as the Fourier transform of 

the normalized spin density associated with magnetic ions; e-2W(Q) = Debye-Waller factor caused 

by thermal motion; 𝑆𝛼𝛽(𝑸, 𝜔) = magnetic scattering function; (𝛿𝛼𝛽 −
𝑸𝛼𝑸𝛽

𝑄2 ) = polarization 

factor which implies neutrons can only couple to magnetic moments or spin fluctuations 



28 
 

perpendicular to Q; 𝜔 = energy change experienced by the sample; 𝜔 = angular frequency of 

neutron. 

 

 In the scattering processes, some neutrons transfer energies with the sample during the 

scattering process, thus changing both their direction and energy in what is thus inelastic neutron 

scattering (INS). There are two types of INS instruments, direct-geometry and indirect-geometry 

time-of-flight (TOF) spectrometers. Their features and use for coordination chemistry research 

have been reviewed [77]. In a direct-geometry spectrometer, the selected incident energy Ei is 

fixed (monochromatic) and final energy Ef is measured by TOF to determine the energy transfer 

(Ei - Ef ) [72, 77]. CNCS used in the current work is a direct-geometry instrument [73, 77, 89-

91]. 

The variable-temperature INS spectra of Mn(TPP)Br∙CDCl3 (2∙CDCl3) in Fig. 10-Left 

confirm that its D value is negative, as for Mn(TPP)Cl (1) [28]. The easy-axis ZFS (D < 0) was 

identified for 2∙CDCl3 based on temperature dependence of the neutron energy loss (right) side 

of the spectra. The peaks centered around +3.3 cm1 (= ~3D) are present at low temperatures 

while the peaks at about +0.8 to +1.4 cm-1 (= ~D) become stronger as the temperature is 

increased to 25 K. This is expected for an easy-axis (D < 0) system, as shown in Scheme 2-

Right. The multiple peaks around +3.3 cm1 are consistent with the presence of rhombic 

parameter E for 2∙CDCl3. From the INS data, if E = 0, D = 1.07 cm1. This is close to the 

parameters from HFEPR: D = 1.091(3) cm1 and |E| = 0.087(2) cm1 discussed above. 
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Fig. 10. INS spectra of Mn(TPP)Br∙CDCl3 (2∙CDCl3, Left) and Mn(TPP)I∙CDCl3 (3∙CDCl3, 

Right) at 1.7, 10 and 25 K. The E parameter leads to the splitting of the INS peaks. 

 

 Variable-temperature INS spectra of Mn(TPP)I (3) in 3∙CDCl3 (Fig. 10-Right) point to an 

easy-plane (D > 0) compound based on the neutron energy gain (left) side of the spectra. The 

peaks around 0.8 to 1.1 cm1 [= ~(-D)] are present at low temperatures while the peaks around 

2.4 to 3.3 cm1 [= ~(-3D)] become stronger as the temperature is increased to 25 K. This is 

expected for an easy-plane (D > 0) system (Scheme 2-Left). At lower temperatures of 1.7 and 10 

K, most molecules are at the MS = 0 and 1 states. Relaxation from the MS = 1 states to MS = 0 

state gives the peaks around 0.8 to 1.1 cm1. When the temperature is at 25 K, more molecules 

are at the MS = 2 states which relax back to the MS = 1 states, making the higher energy peaks 

around 2.4 to 3.3 cm1 stronger. The multiple INS peaks, such as those around D and 3D, 

are consistent with the presence of rhombic parameter E for 3∙CDCl3. If E = 0, the INS spectra 

gave D  0.90 cm1. Although the value is close D = 1.30 cm1 and E = 0.01 cm1 by HFEPR 

discussed above, the result also demonstrates that E, although small, is critical here. 

It is interesting to point out the trend in D values for Mn(TPP)Cl (1), Mn(TPP)Br (2) and 
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Mn(TPP)I (3): −2.24, −1.09, and +1.30 cm1, respectively [28]. The degree of axial anisotropy 

decreases from the chloride to the bromide analog. Such decreases of axial anisotropy from 

chloride to bromide analogs have been reported in other Mn(III) chlorides and bromides such as 

Mn(Me2dbm)X (X = Cl, Br; Me2dbm = anion of 4,4'-dimethyldibenzoylmethane) and 

Mn(OEP)X (X = Cl, Br; OEP2 = 2,3,7,8,12,13,17,18-octaethylporphinate) [92]. A qualitative 

summary of the studies is given here. For the Mn(III) chloride and bromide complexes such as 

Mn(OEP)X, the second-order spin-orbital couplings of the four unpaired electrons in the ground 

electronic quintet state are with the excited electronic states from d-d transitions in the Mn(III) 

ion [59, 92, 93]. Such ZFS generates easy-axis (D < 0) ZFS states, as the equatorial ligand field 

between the Mn(III) ion and the four N atoms of the OEP2 ligand dominates the spin-orbital 

couplings. Since both Cl and Br complexes have the same equatorial ligand OEP2, the axial 

ligand field (along the MnX axis) determines the magnitude of the D. This decrease in D is 

primarily due to a weaker axial ligand field for the Br complex than its Cl analog [92]. We 

think the decrease in D from Mn(TPP)Cl (1) to Mn(TPP)Br (2) is similar to those in 

Mn(Me2dbm)X and Mn(OEP)X. 

How to understand that the iodide analog Mn(TPP)I (3) becomes an easy-plane (D > 0) 

complex? Such an change from easy-axis (D < 0) to easy-plane (D > 0) between metal halide 

analogs has been reported in Mn(III) complexes trans-[Mn(cyclam)Br2]Br (cyclam = 1,4,8,11-

tetraazacyclotetradecane) and trans-[Mn(cyclam)I2]I [94]. The positive D value for the iodide 

analog here is attributed to the presence of ligand-to-metal charge transfer (LMCT) from the lone 

pair electrons on I ions (in trans-[Mn(cyclam)I2]) to a 3d orbital of the Mn(III) ion, generating 

low-lying excited electronic LMCT states with atomic iodine character. The second-order spin-

orbital interactions of the four unpaired electrons in the ground electronic quintet state of trans-
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[Mn(cyclam)I2] are primarily mediated by spin-orbit coupling, which is very large for iodine, 

with the excited electronic LMCT states, leading to the unique easy-plane (D > 0) zero-field 

splitting (ZFS) states [94]. In other words, ZFS in Mn(TPP)Cl (1) and Mn(TPP)Br (2) are mainly 

the results of ligand fields on the metal ions, while ZFS in Mn(TPP)I (3) reflects the participation 

of LMCT. 

 

4. Conclusion 

 The current work shows that manganese tetraphenylporphyrin bromide and iodide 

Mn(TPP)X (X = Br, 2; I, 3) may accommodate different solvents in the lattice. The Mn(III)Br 

and Mn(III)I bonds in S = 2 Mn(TPP)X are unexpectedly longer than Fe(III)Br and Fe(III)I 

bonds in S = 5/2 Fe(TPP)X (X = Br, 4; I, 5). HFEPR and INS studies show that the axial ZFS 

parameter (D) decreases from Mn(TPP)Cl (1) to Mn(TPP)Br (2), likely as a result of a weaker 

axial (MnBr) ligand field in 2 than that (MnCl) in 1. Unlike 1 and 2, Mn(TPP)I (3) has easy-

plane anisotropy, presumably as a results of [I to Mn(III)] LMCT. 
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MnBr/I bonds in Mn(TPP)X are surprisingly longer than FeBr/I bonds in Fe(TPP)X (X = Br, 

I), although Mn(III) and Fe(III) ions have the same radii. Mn(TPP)Br has easy-axis anisotropy 

(D < 0), while Mn(TPP)I is easy-plane (D > 0). Magnitude of the axial anisotropy decreases 

from Mn(TPP)Cl to Mn(TPP)Br. 


