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Abstract 

We obtained single crystals of the binary mixed-valent fluorides Mn2F5 and Mn3F8 using a 

high-pressure/high-temperature approach. Mn2F5 crystallizes isotypic to CaCrF5 in the 

monoclinic space group C2/c (no. 15), with a = 8.7078(8), b = 6.1473(6), c = 7.7817(7) Å, 

𝛽𝛽 = 117.41(1)°, V = 369.80(6) Å3, Z = 4, mC28, at T = 173 K. Mn3F8 crystallizes in the 

monoclinic space group P21 (no. 4) with a = 5.5253(2), b = 4.8786(2), c = 9.9124(4) Å, 𝛽𝛽 = 

92.608(2)°, V = 266.92(2) Å3, Z = 2, mP22, at T = 183 K, and presents a new structure type. 

Crystal-chemical reasoning, CHARDI calculations, and quantum chemical calculations 

allowed for the assignment of the oxidation states of the Mn atoms. In both bulk compounds 

MnF2 was present as an impurity, as evidenced by powder X-ray diffraction and IR and 

Raman spectroscopy. 
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Introduction 

The first discovered fluoride of manganese was MnF2. The pale pink compound is well 

characterized and its crystal structure is isotypic to MgF2 (rutile type).1,2 It can be synthesized 

by carefully adding MnCO3 to hydrofluoric acid.1  

MnF3 is a hygroscopic, ruby red compound, which was first mentioned in 1867,3 however the 

first proof that pure MnF3 was synthesized was finally given in 1900 by Moissan.4 MnF3 can 

be prepared by fluorination of MnF2 or MnI2 at 250 °C, or by thermal decomposition of 

(NH4)2MnF5 at 250 °C in a stream of fluorine.4–6 In anhydrous HF as a solvent, the oxidation 

of MnF2 with F2 to MnF3 proceeds already at room temperature.7 Its crystal structure was first 

described in 1957,8,9 redetermined in 1993,10 and finally corrected in 2020.11  

MnF4 was first described by Hoppe and co-workers. The blue compound is more hygroscopic 

than MnF3.12,13 It can be synthesized by direct fluorination of Mn above 300 °C,13,14 by Lewis 

acid-base reaction of e.g. AsF5 with [MnF6]2− anions in anhydrous HF,15 by thermal 

decomposition of KrF2·MnF4 or 2KrF2·MnF4,16 or photochemically from a mixture of MnF3 

and F2 in anhydrous HF.7 Two polymorphs of MnF4 are known. α-MnF4 crystallizes in space 

group I4/a (no. 88) with Z = 16,17 and β-MnF4 crystallizes in space group R3c (no. 161) with 

Z = 72.18 

Besides these di-, tri- and tetravalent fluorides the mixed-valent manganese(II/III) fluoride 

Mn2F5 was suggested to form during partial decomposition of MnF3,19 and was later obtained 

as a powder by Tressaud and Dance in the year 1974 by heating a mixture of MnF2 and MnF3 

in a gold ampoule up to 300 °C.20 The lattice parameters were reported as a = (15.44 ± 0.02), 

b = (7.27 ± 0.01), c = (6.17 ± 0.01) Å, V ≈ 693 Å3 in the orthorhombic crystal system, and the 

authors suspected that the structure should be related to MnCrF5 and those of other transition 

metal fluorides of the composition ABF5 with A and B being divalent and trivalent transition 

metals, respectively. MnCrF5 had been reported orthorhombic, space group Cmmm in 1971,21 

and was corrected in 1978 to be monoclinic, space group C2/c.22 Tressaud and Dance 

concluded that the Mn(II) atoms should show a distorted octahedral coordination sphere, 

while corner-sharing [MnF6]3− octahedra should host the Mn(III) atoms.20 Additionally, they 

determined the density to (3.86 ± 0.05) g/cm3, performed magnetic measurements between 

4.2 and 300 K and determined the Néel temperature of the compound to TN = 54 ± 3 K, the 



 

 

Weiss temperature to θp = −45 ± 5 °C, and the Curie constant to CM = 7.29 ± 5 cm³ K/mol.20 

The formation of Mn2F5 was confirmed as an intermediate phase during the decomposition 

process of MnF3 to MnF2.23,24 

 

We synthesized the compounds Mn2F5 and the so far unknown Mn3F8 by a high 

pressure/high-temperature method, determined their single crystal X-ray structures and used 

MAPLE and CHARDI calculations to verify the oxidation states. The compounds were 

additionally characterized by IR and Raman spectroscopy and magnetic measurements. 

Quantum chemical calculations reproduced the experimentally determined structures, support 

the assignment of the oxidation states, and allowed for the band assignments of the IR and 

Raman spectra. 

 

Results and Discussion 

Mn2F5 and Mn3F8 were obtained by compressing respective stoichiometric mixtures of MnF2 

and MnF3 inside platinum capsules using a multi-anvil press (for details see the Experimental 

Section). A photo of the pink powder of Mn2F5, with some pale pink MnF2 as impurity, is 

shown in Figure 1 and a photo of the violet powder of Mn3F8 is shown in Figure 3. We also 

obtained Mn2F5 by heating a stoichiometric mixture of MnF2 and MnF3 inside a sealed 

platinum ampoule up to 300 °C. 

 

Figure 1. Photo of a sample of Mn2F5 containing significant amounts of pale pink MnF2 as a secondary phase 
under an optical microscope. 

 

The bulk composition of the Mn2F5 obtained from the multi-anvil press was analyzed by 

powder X-ray diffraction, the pattern and the Rietveld refinement are shown in Figure 2, 

details of the latter are available from Table 1 and Table S3. The lattice parameters are a = 



 

 

8.686(3), b = 6.153(3), c = 7.775(3) Å, β = 117.39(3)°, V = 368.9(3) Å³, at T = 293 K. Despite 

the different measurement temperatures, these values are within tripled standard uncertainty 

or relatively close to the lattice parameters determined by single crystal X-ray diffraction at T 

= 173 K, see below, indicating that temperature changes seem to have only small effects on 

them. Besides Mn2F5, two polymorphic crystalline phases of MnF2 are present, the tetragonal 

modification (P42/mnm) with circa 7(1) % and the orthorhombic one (Pbcn) with circa 58(2) 

%. So, the phase purity of Mn2F5 is only circa 35(2) %. Atom positions and isotropic 

displacement parameters had to be fixed in the Rietveld refinement. 

 

Figure 2. Rietveld refinement of the observed (black) and calculated (red) powder X-ray diffraction pattern of 
Mn2F5

 (purity 35(2) %). The calculated reflection positions are indicated by the vertical bars below the pattern 
(first row Mn2F5, second and third row two different modifications of MnF2). The curve at the bottom represents 
the difference between the observed and the calculated intensities. Rp = 21.51, Rwp = 28.05 (not background 
corrected R values), S = 1.65. 

 

 

Figure 3. Photo of a sample of Mn3F8 containing small amounts of pale pink MnF2 as a side phase under an 
optical microscope. 

 



 

 

According to the powder X-ray diffraction pattern shown in Figure 4, Mn3F8 could also not be 

synthesized phase pure. There were always small amounts of MnF2 present, likely in both 

modifications as well. The lattice parameters of Mn3F8 obtained by a Le-Bail fit are a = 

5.5329(6), b = 4.8909(6), c = 9.918(1) Å, β = 92.616(7)°, V = 268.12(6) Å3 at T = 293 K 

(Table 1). 

 

Figure 4. Le-Bail fit (red) on the observed (black) powder X-ray diffraction pattern of Mn3F8. The calculated 
reflection positions are indicated by the vertical bars below the pattern and the curve at the bottom represents the 
difference between the observed and the calculated intensities. Asterisks denote reflections that belong to MnF2. 
 

The crystal structure of Mn2F5 

When Hoppe and coworkers first determined the crystal structures of CaMnF5 and CdMnF5, 

twinning of the crystals led to problems. They originally concluded that CaMnF5 and CdMnF5 

would crystallize in different space groups P2/c and P121/n1, respectively.25,26 For CaMnF5 

they reported that both types of Jahn-Teller distortions, elongation and compression, are 

present for the [MnF6]3− anions. Müller later revised these statements and showed that both 

compounds crystallize in the CaCrF5 (MnCrF5) structure type with space group C2/c.27,28 He 

showed that twinning was responsible for the observed violations of the extinction conditions 

for C-centering as well as for the false observation of elongated and compressed [MnF6]3− 

octahedra within CaMnF5.28 In the correct space group the Mn−F distances became equivalent 

and no unusual Jahn-Teller distortions were observable.28 An example for the presence of 

both types of Jahn-Teller distortion within a compound is K3MnF6.29 

All of the crystals of Mn2F5 selected by us for the diffraction experiment turned out to be 

twins. The compound Mn2F5, that is Mn(II)Mn(III)F5, also crystallizes isotypic to CaCrF5 

(MnCrF5) in the monoclinic crystal system in space group C2/c (no. 15). The lattice 



 

 

parameters determined by single crystal X-ray diffraction are a = 8.7078(8), b = 6.1473(6), c 

= 7.7817(7) Å, 𝛽𝛽 = 117.41(1)°, V = 369.80(6) Å3, with Z = 4, mC28, 15f 2e2a, at T = 173 K. 

Selected crystallographic data and details of the structure determination are available from 

Table 1. 

 

Table 1. Selected crystallographic data and details of the structure determination of Mn2F5 and Mn3F8. 

 single crystal powder single crystal powder 

Empirical formula Mn2F5 Mn3F8 

Molar mass / g mol−1 204.88 316.84 

Crystal system Monoclinic Monoclinic 

Space group C2/c (no. 15) P21 (no. 4) 

Single-crystal 
diffractometer 

Bruker D8 Quest 
Photon 100 Stoe Stadi P Bruker D8 Quest 

Photon 100 
Stoe Stadi P 

Radiation Mo-𝐾𝐾𝛼𝛼 (𝜆𝜆 = 0.7107 
Å) 

Mo-𝐾𝐾𝛼𝛼1 (𝜆𝜆 = 
0.7093 Å) 

Mo-𝐾𝐾𝛼𝛼 (𝜆𝜆 = 0.7107 
Å) 

Mo-𝐾𝐾𝛼𝛼1 (𝜆𝜆 = 
0.7093 Å) 

a / Å 8.7078(8) 8.686(3) 5.5253(2) 5.5329(6) 

b / Å 6.1473(6) 6.153(3) 4.8786(2) 4.8909(6) 

c / Å 7.7817(7) 7.775(3) 9.9124(4) 9.918(1) 

𝛽𝛽 / ° 117.41(1) 117.39(3) 92.608(2) 92.616(7) 

V / Å3 369.80(6) 368.9(3) 266.92(2) 268.12(6) 

Formula units per cell 
(Z) 4 2 

Calculated density / g 
cm−3 3.680 3.6884 3.942  

Temperature / K 173.0 293 183.0 293 

Absorption coefficient / 
mm−1 6.812 6.547 7.097  

F(000) 380  294  

Crystal size / mm3 0.03 × 0.03 × 0.02 powder 0.03 × 0.03 × 0.02 powder 

2𝛩𝛩 range / ° 8.5 – 79.2 2.000 – 41.885 4.1 – 80.5  

Collected reflections 941  12839  

Independent reflections / 
ref. parameters / Rint 

941 / 37 / 0.0478  3336 / 101 / 0.0362  

Goodness-of-fit on F2 1.085 1.65 1.107  

Final R indices [I ≥ 2𝜎𝜎 
(I)] 

R1 = 0.0269, wR2 = 
0.0488  R1 = 0.0288, wR2 = 

0.0547 
 

Final R indices [all data] R1 = 0.0375, wR2 = 
0.0520  R1 = 0.0442, wR2 = 

0.0670 
 

Largest diff. peak/hole / 
e Å−3 0.72 / −0.64  0.68 / −1.20  

Twin fraction 0.209(4)  0.42(3)  



 

 

 

Atomic coordinates and isotropic displacement parameters are given in Table 2, anisotropic 

ones in the Supporting Information (Table S1). The atom names and positions were chosen in 

analogy to CaCrF5.27 

 

Table 2. Wyckoff positions, site symmetries, atomic coordinates and equivalent isotropic displacement 
parameters Uiso for Mn2F5. 

Atom Position, 
Symmetry x y z Uiso / Å2 

Mn(1) 4a, 1� 0 0 0 0.00462(9) 

Mn(2) 4e, 2 0 0.46580(5) ¼ 0.00698(9) 

F(1) 4e, 2 0 0.1214(2) ¼ 0.0105(3) 

F(2) 8f, 1 0.48129(15) 0.20396(15) 0.04486(16) 0.0131(2) 

F(3) 8f, 1 0.23501(12) 0.02702(17) 0.6283(2) 0.0148(2) 

 

Two crystallographically independent Mn atoms, Mn(1) and Mn(2), reside on Wyckoff sites 

4a and 4e, respectively, while three symmetry-independent F atoms are located at the 

Wyckoff positions 4e (F(1)) and 2 × 8f (F(2) and F(3)). The Mn(1) atom, residing on an 

inversion center, is coordinated octahedron-like by six F atoms (2×F(1), 2×F(2), 2×F(3), see 

Figure 5.  

 

Figure 5. Sections of the crystal structure of Mn2F5. Left: Octahedron-like coordination sphere around the 
MnIII(1) atom. Right: Trigonal bipyramidal-like coordination sphere around the Mn(2) atom. 
F atoms in yellow, the Mn(III) atom Mn(1) in pink, the Mn(II) atom Mn(2) in rose color. The dashed bonds 
indicates the long contacts with circa 2.6 Å. Displacement ellipsoids are shown at the 70% probability level at 
173 K. Symmetry transformations for the generation of equivalent atoms: #1 −x, −y, −z, #2 −½ + x, −½ + y, z, #3 
½ − x, ½ − y, −z, #4 x, −y, −½ + z, #5 −x, y, ½ − z, #6 ½ − x, ½ + y, ½ − z, #7 – ½ + x, ½ + y, z, #8 ½ − x, ½ − y, 
1 – z, #9 –½ + x, ½ − y, −½ + z, #10 –½ + x, ½ − y, ½ + z. 

 



 

 

The Mn(1)−F bond lengths are 2.0836(5) Å for F(1), 1.8742(9) Å for F(2), and 1.8252(10) Å 

for F(3), see Table 3. These bond lengths are typical for elongated [MnF6]3− octahedra in 

K3[MnF6]29 or Na3[MnF6]30 and therefore we assign the Mn(1) atom the oxidation state +III. 

This assignment is in line with the observed Mn(2)−F bond lengths (Table 3), that are longer 

with 2.1173(13) Å for F(1), 2.1163(10) Å for F(2), and 2.0522(10) Å for F(3), despite a 

smaller coordination number for Mn(2) of five. Therefore we assign oxidation state +II to the 

Mn(2) atom. The assignment of oxidation states is also in line with compounds crystallizing 

in the same structure type, with M(III) on the 4a and M(II) on the 4e Wyckoff positions. 

 

Table 3. Selected interatomic distances d and their multiplicities m for Mn2F5. 

Atom 1 Atom 2 m d / Å 

MnIII(1) F(1) 2 2.0836(5) 

 F(2) 2 1.8742(9) 

 F(3) 2 1.8252(10) 

MnII(2) F(1) 1 2.1173(13) 

 F(2) 2 2.1163(10) 

 F(3) 2 2.0522(10) 

 

The coordination sphere of the Mn(2) atom can be described as trigonal bipyramidal, 

however, the two equatorial F(1)−Mn(2)−F(2) angles are widened to circa 134° while the 

third equatorial F(2)−Mn(2)−F(2) angle is narrowed to approximately only 92°. The widening 

is due to two additional Mn(2)···F(2) contacts, shown dashed in Figure 5, within the virtual 

equatorial plane that are with a distance of 2.5931(12) Å considerably longer than the 

Mn(2)−F bonds. If these are considered, then distorted pentagonal bipyramids result as the 

coordination polyhedra for the Mn(2) atoms.  

With these simple coordination spheres as a model, the fluoride anions F(2) and F(3) are µ2-

like bridging between Mn(1) and Mn(2) atoms, while the F(1) atoms are µ3-like bridging 

between two Mn(1) and one Mn(2) atoms. Via these interconnections a three-dimensional 

infinite network structure is formed for MnMnF5 which can be described by the Niggli 

formula [〈Mn(II)F 1
1+2

F 4
1+1
〉  〈Mn(III)F 2

2+1
F 4
1+1
〉]∞

3   with the notation of the formula according 

to the literature.31 Explained in short, this type of Niggli formula indicates for the Mn(II) 

cation that one F atom bridges µ3-like between a Mn(II) and two Mn(III) atoms, and four F 

atoms bridge between the Mn(II) and a Mn(III) atom. For the Mn(III) atom, there are two µ3-

like bridging F atoms between two Mn(III) and one Mn(II) atom, and four µ2-like bridging F 



 

 

atoms between the Mn(III) and a Mn(II) atom. The octahedron-like [Mn(III)F6]3− anions form 

one-dimensional infinite strands of trans-corner-connected octahedra that run parallel to the c 

axis with the Mn(II) ions residing in between and connecting them (Figure 6). 

Topologically, the crystal structure is related to the NaCl structure type. The Mn(1) atoms are 

cubic close packed with Mn(2) atoms in all octahedral voids and vice versa (Figure 6). The F 

atoms reside in between at no special positions regarding this packing and are µ2- as well as 

µ3-like bridging between the Mn atoms as described above. The crystal structure of Mn2F5 is 

shown in Figure 6. 

 

Figure 6. The crystal structure of Mn2F5 is depicted on the left. The coordination polyhedra show the 
surrounding of the Mn atoms by F atoms. Trigonal-bipyramidal coordination polyhedra of Mn(II) atoms in rose 
color, coordination octahedra of Mn(III) atoms in pink color. On the right the relation of the crystal structure of 
Mn2F5 to the NaCl structure type is displayed. The black unit cell is the monoclinic one, while the red represents 
the pseudo-cubic unit cell Mn(II) atoms in rose, Mn(III) atoms in pink. 

 

Tressaud and Dance had reported the lattice parameters of Mn2F5 in 1974 as a = (15.44 ± 

0.02), b = (7.27 ± 0.01), c = (6.17 ± 0.01) Å, V ≈ 693 Å3,20 as they suspected that the structure 

should be related to MnCrF5, which had been reported orthorhombic, space group Cmmm 

with a = (15.486 ± 0.003), b = (7.381 ± 0.003), c = (6.291 ± 0.003) Å, V ≈ 719 Å3 in 1971.21 

Later, MnCrF5 was corrected to be monoclinic, space group C2/c with the lattice parameters a 

= 8.856(5), b = 6.291(3), c = 7.381(4) Å, β = 115.46(7)°, V ≈ 371 Å3.22 The monoclinic and 

the orthorhombic unit cells are related by equation 1. 

�
𝒂𝒂𝑜𝑜𝑜𝑜𝑜𝑜ℎ
𝒃𝒃𝑜𝑜𝑜𝑜𝑜𝑜ℎ
𝒄𝒄𝑜𝑜𝑜𝑜𝑜𝑜ℎ

� =  �
2 0 1
0 0 −1
0 1 0

��
𝒂𝒂𝑚𝑚𝑜𝑜𝑚𝑚
𝒃𝒃𝑚𝑚𝑜𝑜𝑚𝑚
𝒄𝒄𝑚𝑚𝑜𝑜𝑚𝑚

�     (1) 



 

 

Our lattice parameters for Mn2F5 are amon = 8.7078(8), bmon = 6.1473(6), cmon = 7.7817(7) Å, 

βmon = 117.41(1)°, V = 369.80(6) Å3 which leads to aorth = 15.462, borth = 7.782, corth = 6.147 

Å, γorth = 89.1°, V = 739 Å3. It is obvious how close these values are to the ones determined 

by Tressaud and Dance. 

 

Crystal Structure of Mn3F8 

Mn3F8 crystallizes in the monoclinic crystal system in the space group P21 (no. 4) with the 

lattice parameters a = 5.5253(2), b = 4.8786(2), c = 9.9124(4) Å, with 𝛽𝛽 = 92.608(2)°, 

V = 266.92(2) Å3, Z = 2, mP22, 4a11, at T = 183 K. Selected crystallographic data and details 

of the structure determination are available from Table 1. Atomic coordinates and isotropic 

displacement parameters are given in Table 4, anisotropic ones in the Supporting Information 

(Table S2). To the best of our knowledge, Mn3F8 represents a novel structure type. 

 

Table 4. Wyckoff positions, site symmetries, atomic coordinates and equivalent isotropic displacement 
parameters Uiso for Mn3F8. 

Atom Position, 
Symmetry x y z Uiso / Å2 

MnIII(1) 2a, 1 0.24833(8) 0 −0.00454(4) 0.00423(7) 

MnII(2) 2a, 1 0.39842(7) 0.0095(2) 0.34388(4) 0.00625(9) 

MnIII(3) 2a, 1 0.10590(7) −0.0021(2) −0.36141(4) 0.00440(8) 

F(1) 2a, 1 0.0494(3)  0.2772(6) −0.06113(19) 0.0082(4) 

F(2) 2a, 1 0.4466(3)  −0.2748(6) 0.05865(19) 0.0084(4) 

F(3) 2a, 1 0.2775(4)  0.1616(6) 0.16602(18) 0.0093(4) 

F(4) 2a, 1 0.2213(3)  −0.1547(6) −0.17899(18) 0.0078(3) 

F(5) 2a, 1 −0.0748(3)  −0.3054(5) −0.42719(18) 0.0073(3) 

F(6) 2a, 1 0.3860(3)  −0.1547(5) −0.43713(18) 0.0074(3) 

F(7) 2a, 1 −0.1773(3)  0.1607(6) −0.32269(18) 0.0088(4) 

F(8) 2a, 1 0.2805(4)  0.3117(6) −0.3271(2) 0.0087(3) 

 

All atoms are located on Wyckoff site 2a and the three crystallographically independent Mn 

atoms are surrounded by six F atoms, each (Figure 7). The crystal structure is not 

centrosymmetric. While the Mn(1) atom resides on a pseudo inversion center and its 

coordination sphere is close to being inversion symmetric (see below and Figure 7), the 

coordination spheres of the neighboring Mn(2) and Mn(3) atoms are much too different: The 

coordination polyhedron around the Mn(1) atom is closest to an octahedron with F−Mn−Fcis 

bond angles of 88.46(9)° to 92.68(10)° and F−Mn−Ftrans angles within 176.72(8) to 



 

 

178.50(14)°. The coordination octahedron around Mn(2) is most distorted with the respective 

angles from 76.81(8) to 111.23(8)° and from 158.61(7) to 162.50(8)°, only. Finally, the one 

around Mn(3) shows respective angles of 80.35(7) to 102.20(8)° and 165.86(7) to 170.36(9)°. 

The oxidation states of the Mn atoms can be inferred from their respective distances to the F 

atoms. For the Mn(1) atom the six Mn−F bonds are approximately 2 × 1.82, 1.87, 1.89, and 2 

× 2.10 Å long and agree with those observed for neat MnF3 and for the [MnF6]3− anions in 

Na3[MnF6].10,30 Selected bond lengths are available from Table 5. For the Mn(3) atom, they 

are in a similar range compared to those of the Mn(1) atom with circa 1.81, 1.83, 1.89, 1.90, 

2.03 Å, however, one longer Mn−F bond of  2.304(2) Å is present (shown dashed in Figure 

7). In contrast to the bond lengths of the Mn(1) and Mn(3) atoms, all Mn(2)−F bond lengths 

are above 2 Å with circa 2.0, 2.03, 2.10, 2 × 2.20 Å, and also one longer Mn−F bond with 

2.3177(19) Å is present (also shown dashed in Figure 7). We therefore assign oxidation state 

+II to the latter Mn(2) atom, while the Mn(1) and Mn(3) atoms have oxidation state +III, 

each.  

 

Table 5. Selected bond lengths for Mn3F8. Bond lengths ordered ascending within the columns. Symmetry 
transformations for the generation of equivalent atoms: #1 −x, −½ + y, −z; #2 1 – x, ½ + y, −z; #3 −x, ½ + y, −1 – 
z; #4 −x, ½ + y, −z; #5 x, y, 1 + z; #6 1 – x, −½ + y, −z. 

Atom 1 Atom 2 d / Å Atom 1 Atom 2 d / Å Atom 1 Atom 2 d / Å 

MnIII(1) F(1) 1.816(2) MnII(2) F(3) 2.000(2) MnIII(3) F(7) 1.8111(19) 

 F(2) 1.824(2)  F(8)#6 2.033(2)  F(8) 1.833(2) 

 F(3) 1.866(2)  F(5)#4 2.197(2)  F(5) 1.885(2) 

 F(4) 1.8863(19)  F(6)#2 2.204(2)  F(6) 1.9025(19) 

 F(1)#1 2.100(2)  F(7)#1 2.100(2)  F(4) 2.031(2) 

 F(2)#2 2.102(2)  F(6)#5 2.3177(19)  F(5)#3 2.304(2) 

 



 

 

 

Figure 7. A section of the crystal structure of Mn3F8 showing the coordination spheres of the Mn atoms. Mn(II) 
atom in rose color, Mn(III) atoms in pink color. The pseudo inversion center on the Mn(1) atom is evident. The 
Mn−F bonds longer than 2.3 Å are shown dashed. Displacement ellipsoids are shown at the 70% probability 
level at 183 K. Symmetry transformations for the generation of equivalent atoms: #1 −x, −½ + y, −z; #2 1 – x, ½ 
+ y, −z; #3 −x, ½ + y, −1 – z; #4 −x, ½ + y, −z; #5 x, y, 1 + z; #6 1 – x, −½ + y, −z. 

 

The F(1) and F(2) atoms bridge µ-like to other Mn(1) atoms exclusively, while the F(3) atom 

connects to a MnII(2) atom and the F(4) atom to a MnIII(3) atom (Figure 7). The other fluorine 

atoms F(5) to F(8) interconnect exclusively the MnII(2) and the MnIII(3) atoms, with F(5) and 

F(6) bridging µ3-like, and F(7) and F(8) µ-like. So, the coordination octahedra of MnIII(1) are 

exclusively corner-sharing, while the coordination polyhedra of MnII(2) and MnIII(3) share 

common corners as well as edges (Figure 8). The MnIII(1) coordination polyhedra form 

imaginary (mono)layers of corner-connected octahedra (white edges in Figure 8) parallel to 

the ab plane. The MnII(2) and MnIII(3) coordination polyhedra form corner and edge 

connections (black edges in Figure 8) and reside in between the Mn(I) layers. The crystal 

structure is best described as an imaginary triple layer, in which the (mono)layer of Mn(1) 

coordination octahedra is sandwiched between a layer of alternating Mn(2) and Mn(3) 

coordination polyhedra. These triple layers are interconnected along the c axis by the 2.3 Å 

long Mn−F bonds shown dashed in Figure 8. Overall, a three-dimensional infinite network 

structure results that can be described with the Niggli formula 
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1+1+0

F 2
0+1+1

F 2
0+2+1

F 1
0+1+2
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F 2
1+0+1

F 2
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F 1
0+2+1

〉�
∞

3
 which 

also illustrates the coordination spheres and the connectivity of the different Mn and F 

atoms.31 The first number in the denominator refers to MnII(2), the second to MnIII(1), and the 



 

 

third to MnIII(3), as indicated by the Niggli formula. The crystal structure of Mn3F8 is shown 

in Figure 8. 

 

Figure 8. The crystal structure of Mn3F8. Left: Pink coordination polyhedra denote those of Mn(III), rose ones 
stand for those of Mn(II). The imaginary (mono)layer of Mn(1) coordination octahedra is indicated by white 
edges, the Mn(2) and Mn(3) coordination polyhedra are shown with black edges. Right: Dashed bonds indicate 
the long Mn−F bonds interconnecting the triple layers. 

 

Topologically, the Mn(1) atoms form a slightly corrugated net of rhombuses in the ab plane. 

The centers of gravity between neighboring Mn(2) and Mn(3) atoms form a slightly more 

corrugated net of rhombuses at z ≈ ½ which is superimposed on the net at z = 0. To the best of 

our knowledge, Mn3F8 represents a novel structure type. 

 

Calculations of BLBS, CHARDI and MAPLE values 

To evaluate and further support the crystal structure refinements, bond valence sums (BVS) 

and MAPLE values (MAdelung Part of Lattice Energy) were calculated for Mn2F5 as well as 

for Mn3F8.32–34 Table 6 contains the charge distributions calculated via the bond length-bond 

strength (BLBS)35,36 and charge distribution (CHARDI)37,38 concepts. The BLBS concept uses 

the correlation of bond length and bond strength (bond valences) to predict the formal 

oxidation state of an atom. The sum of all bond valences should add up to the oxidation state 

of the respective atom. The CHARDI method on the other hand, combines the concept of 

effective coordination numbers (ECoNs) with Pauling’s concept of bond strength to calculate 

the charge distribution in inorganic solids. 

 



 

 

Table 6. Charge distribution in Mn2F5 and Mn3F8 calculated via BLBS (∑𝑉𝑉) and CHARDI (∑𝑄𝑄). 

Mn2F5  Mn(1) Mn(2) F(1) F(2) F(3) 
 ∑𝑉𝑉  3.04 1.91 −0.96 −0.88 −1.02 
 ∑𝑄𝑄  2.99 2.01 −0.85 −0.97 −1.10 

Mn3F8  Mn(1) Mn(2) Mn(3) F(1) F(2) F(3) F(4) F(5) F(6) F(7) F(8) 
 ∑𝑉𝑉  3.35 1.70 2.90 −0.96 −0.94 −0.97 −0.91 −1.00 −0.96 

 

−1.00 −1.03 
 ∑𝑄𝑄  3.19 1.89 2.92 −0.92 −0.90 −1.09 −0.90 −0.92 −0.99 −1.12 −1.15 

 

Bond valence sums calculated for Mn2F5 suggest a charge of +2 for the MnII(2) atom in 

distorted pentagonal bipyramidal coordination and a charge of +3 for the Mn(1) atom in 

octahedral coordination. These results are in accordance with the oxidation states reported for 

the isotypic compounds MnCrF5
39 and CaCrF5.

40 For Mn3F8, the calculations suggest a charge 

of +2 for the Mn(2) atom, while the Mn(1) and Mn(3) atoms are expected to have an 

oxidation state of +3. For both compounds our calculations agree with the assignment of 

oxidation states based on crystallographic criteria. 

In Table 7, the calculated MAPLE values for Mn2F5 and Mn3F8 are compared to the 

calculated MAPLE values from the starting materials MnF2 (rutile Type)41 and MnF3.8 

  

Table 7. Comparison of the MAPLE values calculated for Mn2F5 and Mn3F8 with the sums of MAPLE values 
calculated for MnF2 (rutile type) and MnF3.  

 

MAPLE of 

MnF2
41/ kJ 

mol−1 

MAPLE of 

MnF3
8 / kJ 

mol−1 

Respective sum 

of MnF2/MnF3 

MAPLE values 

/ kJ mol−1 

MAPLEs of 

title compounds 

/ kJ mol−1 

Difference of 

MAPLE values 

/ % 

Calc. for Mn2F5 

case 
3149 6453 9602 9600 0.02 

Calc. for Mn3F8 

case 
3149 2 × 6453 16055 15936 0.74 

 

The calculations show a discrepancy in the MAPLE values of only 0.02 % for Mn2F5 and 0.74 

% for Mn3F8, further indicating plausible structure models. 

 

 



 

 

Quantum chemical calculations 

We investigated the structure and properties of Mn2F5, Mn3F8, and MnF2 (rutile type) using 

quantum chemical methods (DFT-PBE0/TZVP level of theory, see Computational details). 

We ran the quantum chemical calculations for several different magnetic configurations. For 

the ferromagnetic configurations and the ferrimagnetic configuration of Mn2F5, we applied 

the primitive cells as such. For the investigation of possible antiferromagnetic and 

ferrimagnetic orderings of Mn2F5 and Mn3F8, the space group was changed to P1. The 

optimized geometries of the studied magnetic configurations are given in the Supporting 

information. Harmonic frequency calculations showed the optimized structures to be true 

local minima.  

For MnF2, quantum chemical calculations were carried out for both the rutile type tetragonal 

polymorph (P42/mnm)42 and the orthorhombic polymorph (Pbcn)43 accessible at high 

pressures, as both were experimentally observed. The antiferromagnetic configurations used 

in the quantum calculations have been previously determined by Golosovsky and 

coworkers.44 Taking the magnetic configurations into account reduced the space group of the 

tetragonal structure to Cmmm and that of the orthorhombic structure to P2/c. The tetragonal 

MnF2 structure is 0.2 kJ/mol per Mn atom lower in energy compared to the orthorhombic 

polymorph, in agreement with the reported metastable nature of the latter.44,45 The electronic 

band gap is 6.2 eV for both polymorphs. 

For Mn2F5, the ferromagnetic ordering and the lowest-energy antiferromagnetic ordering have 

essentially the same energy. For Mn3F8, the lowest-energy ferrimagnetic ordering is only 0.2 

kJ/mol per Mn atom higher in energy compared to the ferromagnetic ordering, which is a 

negligible difference considering the used level of theory. The presented antiferromagnetic 

and ferrimagnetic orderings are also in line with magnetic measurements presented below. 

MnCrF5, with which Mn2F5 is isotypic, has previously been reported to have an 

antiferromagnetic ordering.22 A full energy comparison for the studied magnetic 

configurations is included as Supporting Information.  

The geometries of the optimized structures are in good agreement with the experimentally 

determined crystal structures. For antiferromagnetic Mn2F5, the differences in the lattice 

parameters a, b, and c are small with Δa = 1.0 %, Δb =1.1 %, and Δc =1.2 %, indicating a 

good agreement. The MnII(2)−F distances of 2.07 Å (2×), 2.12 Å (2×), and 2.14 Å and 

MnIII(1)−F distances of 1.84 Å (2×), 1.88 Å, 1.89 Å, 2.11 Å, and 2.12 Å also agree with the 

experiment. For ferrimagnetic Mn3F8, the differences in lattice parameters are Δa = 2.6%, Δb 



 

 

= 1.1%, Δc = 2.7 %. In Mn3F8, the MnII(2)−F distances are over 2.0 Å (2.00 Å, 2.06 Å, 2.12 

Å, 2.20 Å, 2.23 Å, and 2.37 Å). The MnIII(1)−F distances are 1.82 Å, 1.83 Å, 1.89 Å, 1.91 Å, 

and 2.12 Å (2×) and the MnIII(3)−F distances are 1.82 Å, 1.84 Å, 1.90 Å, 1.91 Å, 2.03 Å, and 

2.39 Å. The longest Mn−F distances of 2.37 Å and 2.39 Å are somewhat overestimated in 

comparison to the experiment, but otherwise the agreement with experiment is as good as for 

Mn2F5. 

Band gaps of antiferromagnetic Mn2F5 and ferrimagnetic Mn3F8 are 3.6 eV and 3.5 eV, 

respectively. The atomic spin populations, interpretable as the number of unpaired electrons, 

are in line with the derived oxidation states. In Mn2F5, the spin populations are 3.9 for 

MnIII(1) and 4.9 for MnII(2), close to the ideal values of 4 and 5, respectively (there are two 

Mn atoms per each position in the magnetically ordered model, but their spin populations are 

close to the average values listed here). In Mn3F8, the spin populations are 3.9 for MnIII(1), 4.9 

for MnII(2), and 3.9 for MnIII(3). 

The computational results related to the interpretation of the IR and Raman spectra are 

discussed in detail below. 

 

UV/Vis-Spectroscopy 

UV/Vis spectra were collected of both Mn2F5 and Mn3F8 using a reflection method. The 

spectra are shown in Figure 9 and Figure 10 and the broad bands above 600 nm show the 

violet/pink colors of the compounds. For comparison, the UV/Vis spectrum of MnF2 is 

available in Figure S9. 

 

Figure 9. UV/Vis reflection spectrum of Mn2F5. 



 

 

 

Figure 10. UV/Vis reflection spectrum of Mn3F8. 

 

Vibrational Spectroscopy on Mn2F5 

Figure 11 and Figure 12 show sections of the vibrational spectra of Mn2F5. The spectra were 

recorded on a sample which contained some MnF2 as impurity. Complete spectra are given in 

the Supporting Information (Figures S1 and S2). For band assignments, which are given in 

Table 8, we also calculated the IR and Raman spectra with the DFT-PBE0 method. As 

discussed above, the calculations of antiferromagnetic Mn2F5 were carried out in space group 

P1. Compared with the experimentally determined spectra, the bands calculated within the 

harmonic approximation are shifted to smaller frequencies. 

 

Figure 11. A section of the IR spectrum of Mn2F5 in black and the calculated DFT-PBE0 IR spectrum in red. The 
complete spectrum is given in the Supporting Information. 
 



 

 

 

Figure 12. A section of the Raman spectrum of Mn2F5 in black and the calculated DFT-PBE0 spectrum in red. 
The complete spectrum is given in the Supporting Information. 

 

Table 8. Assignment of the observed vibrations (obs., in cm−1) of Mn2F5, which contained some MnF2 as 

impurity. 

IR modes 
Observed Calc. for 

Mn2F5 
Assignment Calc. for 

MnF2 
(tetragonal) 

Calc. for MnF2 
(orthorhombic) 

629 619 Mn−F(3) stretching   
 585, 581 Mn−F(3) stretching   
540 517, 512 Mn−F(2) stretching   
415 392 Mn−F(1) stretching   
 324, 296 Mn(2)−F(1) stretching, with Mn(1)−F bending 355 360, 322, 314 
 290 Mn(1)−F(1) stretching, with Mn(1)−F bending 283 300, 293 
 241, 227, 226 Mn−F(2) and Mn−F(1) bending  232,  
 Below 200 Lattice vibrations 164 180, 133 
     
Raman modes 
648     
622 589 Fully symmetric Mn(1)−F stretching   
 585, 581 Mn−F(3) stretching   
482 
(broad) 

  473 469, 413 

364 385 Mn(2)−F stretching  386, 384 
 326 Mn(2)−F(1) stretching, with Mn(1)−F bending 335  
307 294 Mn−F(3) and Mn−F(2) bending  290 
 269 Mn−F(3) and Mn−F(2) bending  264, 524 
 241, 227, 226 Mn−F(2) and Mn−F(1) bending  229 
117 Below 200 Lattice vibrations   

 

 

We also calculated the IR and Raman bands for MnF2 (tetragonal and orthorhombic), to verify 

which bands arise from that impurity. According to this calculation, no IR bands should be 

observed in the region above 400 cm−1 for MnF2. However, both MnF2 modifications should 



 

 

be observable in the Raman spectrum with MnF2 (tetragonal) bands calculated at 473 and 335 

cm−1 and MnF2 (orthorhombic) at 469, 413, 386, and 384 cm−1. Experimentally, impurity 

modes were recorded at least at 482 and 364 cm−1. 

 

Vibrational Spectroscopy on Mn3F8 

Figure 13 and Figure 14 show a section of the observed IR and Raman spectra of Mn3F8. The 

complete spectra are shown in Figures S3 and S4. Due to technical issues related to the 

calculation of IR and Raman intensities for ferrimagnetic materials in CRYSTAL17, it was 

not possible to calculate IR or Raman spectra for Mn3F8. Even though we cannot make direct 

comparisons between calculated and experimentally observed spectra, Table 9 shows our 

band assignment based on visualization of the vibrational modes. 

 

Figure 13. A section of the IR spectrum of Mn3F8. The complete spectrum is given in the SI. 
 

 



 

 

Figure 14. A section of the Raman spectrum of Mn3F8, the complete spectrum is given in the SI. 
 

Table 9. Qualitative assignment of the vibration modes (in cm−1) of Mn3F8. 

IR mode Raman mode Assignment* 

Experiment Experiment  

 648 Mn(2)−F−Mn(3) and Mn(1)−F−Mn(1) stretching 

617  Mn(2)−F−Mn(3) and Mn(1)−F−Mn(1) stretching 

 610 Mn(2)−F−Mn(3) and Mn(1)−F−Mn(1) stretching 

571  Mn(1)−F−Mn(2) stretching 

531  Mn(2)−F−Mn(3) stretching 

 502 Mn(1)−F−Mn(2) and Mn(1)−F−Mn(3)  stretching 

487  Mn(1)−F−Mn(3)  stretching 

 467 likely MnF2 

410  Mn(1)−F−Mn(2)  stretching 

 362 Mn−F stretching coupled with bending 

 298 Mn−F bending modes 

 243 Mn−F bending modes 

 212 Mn−F bending modes 

 128 lattice vibration 

* The bands were assigned by visualizing the normal modes and comparing to the assignment of Mn2F5. 

 

Magnetic Properties of Mn2F5 

Unfortunately, we could not obtain pure samples of Mn2F5. A Rietveld refinement on the 

sample used for the magnetic properties’ measurement showed a content of circa 6 wt.-% of 

MnF2. We also observed the presence of MnF2 in the magnetic measurement by a kink in the 

susceptibility curve at 68 K. Therefore, we only confirm the Néel temperature of Mn2F5 and 

refrain from reporting the effective magnetic moment. The measurements were performed on 

a sample synthesized within a platinum ampoule (see Experimental Part). We observed the 

Néel temperature at 53.4 K (Figure 15) in agreement with 54 ± 3 K determined by Tressaud 

and Dance.20  



 

 

 

Figure 15. Plot of reciprocal molar susceptibility versus temperature of a sample that mainly contained Mn2F5 

with some MnF2 as an impurity. 

 

Magnetic Properties of Mn3F8 

Our magnetic measurements gave no hints towards impurities within Mn3F8. The 

measurements were performed on the same sample on which the Le Bail fit (Figure 4) had 

been carried out. Figure 16 shows a plot of the reciprocal susceptibility of Mn3F8 versus the 

temperature, further plots of molar magnetization and molar susceptibility are available in 

Figures S5 and S6. The effective magnetic moment was calculated to 9.1 Bohr magnetons 

(BM, n2
eff = 9.12 = 82.8) per formula unit (see also Figure S7). This corresponds to 5.21 BM 

for each Mn atom (3 · 5.212 = 81.4), which agrees with the effective magnetic moment 

calculated from the spin-only values of two Mn(III) and one Mn(II) centers. 2 × (4.90 BM)2 

for Mn(III) and 1 × (5.92 BM)2 for Mn(II) is equal to 83.06 which is 9.112.  



 

 

 

Figure 16. Plot of reciprocal molar susceptibility versus temperature of a sample that mainly contained Mn3F8. A 

field of 8 T was used. The resulting effective magnetic moment is 9.1 Bohr magnetons (BM) per formula unit, 

which corresponds to 5.21 BM per manganese atom. The Weiss temperature is −23.2 K.  

 

The Weiss temperature of −23.2 K (Figure 16) indicates an antiferromagnetic/ferrimagnetic 

behavior for Mn3F8. This can be also seen in Figure S8, where the curve at 20 K has the 

highest slope. Measurements at low field show a bifurcation of zfc and fc measurements with 

an additional maximum at 8 K in the zfc curve. This may indicate that a ferromagnetic 

interaction occurs at low temperatures. 

 

Conclusion 

Single crystals of Mn2F5 and Mn3F8 were obtained performing high-pressure/high-

temperature experiments using a multianvil press starting from stoichiometric mixtures of 

MnF2 and MnF3. Powder X-Ray diffraction analyses as well as IR and Raman spectra showed 

both bulk compounds to be contaminated with MnF2. Quantum chemical calculations allowed 

for tentative band assignments for both compounds. 

Mn2F5 crystallizes isotypic to CaCrF5 in the space group C2/c (no. 15). The Mn(III) atom is 

coordinated octahedron-like by six fluorine atoms, whereas the Mn(II) atom is coordinated in 

the shape of a distorted trigonal bipyramid. These two polyhedra are linked with each other 

and form a three-dimensional infinite network. 

To the best of our knowledge, Mn3F8 represents a novel structure type. It crystallizes in the 

space group P21 (no. 4) with the lattice parameters a = 5.5253(2), b = 4.8786(2), c = 



 

 

9.9124(4) Å, 𝛽𝛽 = 92.608(2)°, V = 266.92(2) Å3, Z = 2, mP22, 4a11, at T = 183 K. The Mn–F 

distances were also used to assign the oxidation states of the octahedron-like coordinated Mn 

atoms in this structure. The octahedra are connected with each other and form a three-

dimensional infinite network structure. CHARDI calculations and quantum chemical 

calculations were also performed and verify the assignment of the oxidation states.  

Additionally, magnetic data were collected for both compounds but due to the impurity of 

MnF2 these data are affected. However, the determined effective magnetic moments of both 

mixed-valent compounds correspond well with the spin-only values of Mn(II) and Mn(III) 

atoms. 

 

Experimental Section 

 

Synthesis of Mn2F5 inside a platinum ampoule  

A platinum ampoule was loaded with a mixture of MnF2 (187.25 mg, 2.02 mmol) and MnF3 

(229.50 mg, 2.05 mmol) inside a glovebox filled with argon 5.0 (Praxair). This ampoule was 

sealed via arc welding under 800 mbar argon atmosphere and heated with 1 °C/min inside a 

tube furnace up to 300 °C. After 14 days the temperature was decreased with a rate of 0.5 

°C/min to room temperature and the ampoule was opened inside a glovebox. This sample was 

not phase pure either and MnF2 could be detected by powder X-ray diffraction and Raman 

spectroscopy as impurity. 

 

Single crystal growth of the title compounds 

Single crystals of each compound were obtained using a high-pressure/high-temperature 

approach. Both experiments were carried out in a 1000 t multianvil press (Max Voggenreiter 

GmbH, Mainleus, Germany) equipped with a Walker-type module provided by the same 

company. Stoichiometric amounts of MnF2 and MnF3 (MnF2:MnF3 = 1:1 for Mn2F5 and 

MnF2:MnF3 = 1:2 for Mn3F8) were weighed inside a glovebox (MBraun Inertgas-System 

GmbH, Germany) under inert gas atmosphere, thoroughly ground in an agate mortar and 

transferred into a platinum capsule (99.95 %, Ögussa, Vienna, Austria). The capsule was 

placed into a boron-nitride crucible (Henze Boron Nitride Products AG, Lauben, Germany), 

which was, in turn, placed into an 18/11 assembly (detailed descriptions of the assembly can 

be found in literature).46–48 A vertical hydraulic ram then compressed the Walker-type module 



 

 

containing six steel anvils, three facing up and three facing down. The 18/11 assembly 

surrounded by eight tungsten carbide cubes (Hawedia, Marklkofen, Germany) filled the cavity 

left by the six steel anvils, completing the setup for a high-pressure/high-temperature 

experiment using a multianvil press. 

For the synthesis of Mn2F5, the sample was compressed to 3.0 GPa within 75 min and kept at 

that pressure for the rest of the heating program. The sample was heated to 500 °C within 10 

min, kept at that temperature for another 30 min and finally cooled to 200 °C within 60 min. 

The heating was switched off and decompression of the sample back to atmospheric pressure 

could be realized within 225 min. The platinum capsule was recovered and opened under 

argon atmosphere, revealing a crystalline sample of pink color (Figure 1). 

Mn3F8 was synthesized in a very similar manner, adjusting only the pressure acting on the 

assembly. The sample was compressed to 5.5 GPa within 135 min and kept at that pressure 

for the entire duration of the subsequent heating program. The sample was heated to 500 °C 

within 10 min, kept at that temperature for an additional 30 min, then finally cooled down to 

200 °C within 60 min. At this point, the heating was switched off entirely and decompression 

of the sample back to atmospheric pressure was achieved within 415 min. The platinum 

capsule was recovered and opened under argon atmosphere to reveal a crystalline sample of a 

strong violet color (Figure 3). 

 

Single crystal X-ray diffraction 

A sample of each of the compounds was transferred onto a microscope slide and covered in 

perfluoralkyl ether to allow observation under a polarization microscope outside of the 

glovebox. Suitable single crystals were isolated and mounted onto a Bruker D8 Quest single 

crystal diffractometer (Bruker, Billerica, USA). Using Olex2,49 the structures were solved 

with the SHELXT structure solution program using Intrinsic Phasing50 and refined with the 

SHELXL refinement package51 using full-matrix Least Squares minimization. All atoms were 

refined using anisotropic displacement parameters. The y coordinate of the Mn(1) atom of 

Mn3F8 was fixed to zero to save the floating origin restraint. With loose symmetry criteria, the 

Platon software52 detects additional symmetry for the crystal structure of Mn3F8 and suggests 

space group P21/c. However, a refinement in this space group shows many systematic absence 

violations of the c glide plane and is therefore not sensible. 



 

 

CCDC 2089883 (Mn2F5) and 2089884 (Mn3F8) contain the supplementary crystallographic 

data for this paper. These data are provided free of charge by The Cambridge Crystallographic 

Data Centre. 

 

Powder X-ray diffraction 

The powder X-ray diffraction patterns were recorded at ambient temperature with a Stoe Stadi 

P powder diffractometer in Debye-Scherrer geometry. The instrument was operated with Mo-

Kα1-radiation (λ = 0.7093 Å, Ge(111) monochromator) and a Mythen 2 DCS4 detector. The 

evaluations of the powder X-ray patterns were carried out with the WinXPOW 3.07 software 

package.53 Le-Bail fit (Mn3F8) and Rietveld refinement (Mn2F5) were performed with 

Jana2006.54 In the course of these refinements, the reflection profiles were fitted with a 

pseudo-Voigt function. In addition to the profile parameters, a zero-shift parameter was 

refined. The atom positions and isotropic displacement parameters were fixed. The peak 

asymmetry for Mn3F8 was refined using a divergence correction, for Mn2F5 it did not 

converge, which is why no correction of asymmetry was carried out. 

 

UV/Vis-Spectroscopy 

The UV/Vis spectra were measured on a Specord 210 Plus (analytikjena) using a deuterium 

source for the UV and a halogen lamp for the visual part of the spectrum. 

 

IR spectroscopy 

Infrared spectra were measured on a Bruker Alpha Platinum FT-IR spectrometer using the 

ATR Diamond module with a resolution of 4 cm−1. The spectrometer was located inside a 

glovebox under argon (5.0, Praxair) atmosphere. For data collection, the OPUS 7.2 software 

was used.55 

 

Raman spectroscopy 

The Raman spectrum was recorded with a Confocal Raman Microscope S+I MonoVista 

CRS+, using the 633 nm excitation line of an integrated diode laser (resolution < 1 cm−1).56 

The sample was measured inside a borosilicate glass ampoule. 

 

http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/


 

 

Magnetic Measurements 

DC-magnetic data were collected with the aid of the VSM option of a physical property 

measurement system (ppms) of Quantum Design. 

The collected data were corrected with respect to the diamagnetic moment of the sample 

holder, as well as to the diamagnetic contribution (χdia = −1.24∙10−4 cm3mol−1) of the sample 

derived from Pascal constants considering the sample mass, the result being the net 

paramagnetic data.  

 

Quantum Chemical Calculations 

Periodic quantum chemical calculations were carried out with the PBE0 hybrid density 

functional method (DFT-PBE0) using the CRYSTAL17 program package. Gaussian-type 

triple-zeta-valence + polarization (TZVP) level basis sets were applied for all atoms. The 

basis sets for Mn and F have been previously derived from the molecular Karlsruhe def2 basis 

sets.57–59 The following Monkhorst-Pack-type k-meshes were used for sampling the reciprocal 

space: 8×8×6 for Mn2F5, 8×8×6 for Mn3F8, 8×8×12 for MnF2 (tetragonal) and 8×6×6 for 

MnF2 (orthorhombic)60 For the evaluation of the Coulomb and exchange integrals 

(TOLINTEG), tight tolerance factors of 8, 8, 8, 8, and 16 were used (very tight factors of 10, 

10, 10, 10, and 20 had to be used for IR and Raman spectrum calculation of Mn2F5). Default 

extra-large integration grid was used for the DFT exchange-correlation functional (XLGRID). 

Both the atomic positions and lattice constants were fully optimized within the constraints 

imposed by the space group symmetry, using the default optimization convergence criteria of 

CRYSTAL17. The harmonic vibrational frequencies and IR intensities were obtained by 

using the computational schemes implemented in CRYSTAL.61–64 All optimized structures 

were confirmed to be true local minima with no imaginary frequencies. The final IR spectra 

were obtained by using Lorentzian peak profile with FWHM of 16 cm−1. The Raman 

intensities were calculated for a polycrystalline powder sample (total isotropic intensity in 

arbitrary units). The Raman spectra were obtained by using a pseudo-Voigt band profile 

(50:50 Lorentzian:Gaussian) and an FWHM of 8 cm−1. The band assignments were carried 

out by visual inspection of the normal modes with the Jmol program package.65 
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Single crystals of the binary mixed-valent fluorides Mn2F5 and Mn3F8 were obtained using a 

high-pressure/high-temperature approach. Mn2F5 crystallizes isotypic to CaCrF5 in the 

monoclinic space group C2/c while Mn3F8 crystallizes in the non-centrosymmetric 

monoclinic space group P21 and presents a new structure type. Photo of a sample of Mn3F8 

containing small amounts of pale pink MnF2 as a side phase under an optical microscope. 


