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A B S T R A C T   

A family of new compounds with a general formula MIIMIIIF5(H2O)7 (MII = Co2+ and Ni2+, MIII = Mn3+, Ga3+, and In3+), along with a related compound [Ni(H2O)6] 
[InF4(H2O)2]2, was obtained via hydrothermal crystal growth and characterized using single crystal X-ray diffraction. All compounds adopt related structural motifs 
and differ in slight symmetry distortions rather than overall change in packing. No direct relationships between the cation size and symmetry of the crystals were 
found, moreover, [Co(H2O)6]2[MnF4(H2O)2][MnF6] that exhibits Jahn-Teller distortions of the Mn octahedra adopts the same structure as [Ni(H2O)6]2[InF4(H2O)2] 
[InF6], which is lacking such distortions. Magnetic and spectroscopic properties of the former compound are also reported.   

1. Introduction 

Many fluorides exhibit important optical behavior, including lumi
nescence and, in some cases, scintillation [1–5]. These properties are the 
result of the highly ionic nature of fluorides that are typically accom
panied by a large band gap and optical transparency and, for that reason, 
find application as optical materials [6]. Several methods have been 
utilized for the synthesis of fluorides, namely solid state synthesis, 
subcritical solvothermal reactions, gaseous fluorination, low tempera
ture fluorine insertion, reaction in ionic liquids, fluorolytic sol-gel syn
thesis and microwave-assisted routes [7–10]. Recently, the use of 
hydrothermal syntheses of fluorides has dominated the literature 
[11–18]. This approach that, moreover, yields the products in single 
crystal form, is easy to use and can generate high yields of phase pure 
products. By using HF as a solvent as well as the fluorination agent it is 
possible to crystallize many complex fluorides under relatively mild 
conditions. The effectiveness of this route has resulted in the synthesis of 
a variety of classes of fluorides, including inorganic fluorides, hybrid 
inorganic/organic materials, as well as open framework structures, such 
as fluorophosphates [19–25]. 

Hydrothermal synthesis relies on the increased solubility and prod
uct formation under temperatures in excess of the boiling point of the 
solution (100–500 ◦C). This increase in temperature as well as the high 
pressure changes the solubility and the increased tendency in nucleating 
allows for the growth of large single crystals. According to the 

temperature at which the reaction is carried out the hydrothermal 
method can be divided into three classes. In the mild hydrothermal 
method, where the reaction temperature ranges from 100 ◦C to 230 ◦C, a 
PTFE liner is used to contain the reactants and the solvents [26–30]. In 
moderate temperature hydrothermal reactions, the synthesis tempera
ture can be as high as 350 ◦C, and supercritical hydrothermal methods 
operate under supercritical conditions with temperatures in excess of 
374 ◦C [31–35]. We have found that in the mild hydrothermal regime 
both the reaction temperature and the dwell time significantly impact 
the size and the quality of the fluoride crystals obtained, where in 
general, as the dwell time was increased the size of these single crystals 
increased significantly. Herein we report the mild hydrothermal syn
thesis of seven complex inorganic oxyfluoride salts and their structures. 
Magnetic properties of one of them have been studied to probe possible 
magnetic interaction between the cations. 

2. Experimental 

2.1. Synthesis 

The following materials were used as received without further pu
rification: Co(NO3)2⋅6H2O (Alfa Aesar, 98%), Ni(NO3)2⋅6H2O (Alfa 
Aesar, Ni >19.8%), Ga(NO3)3∙xH2O (x ≈ 8, Sigma Aldrich, 99.9%), In 
(NO3)3∙xH2O (x ≈ 5, Alfa Aesar, 99.99%), Mn2O3 (Aldrich), CoCO3 
(Alfa Aesar, 99.5%), Tetrapropylammoniumhydroxide (TPAOH) (Sigma 
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Aldrich, 25% in water) and HF (48%, EMD). 
Caution! HF is corrosive and acutely toxic. HF exposure causes severe 

burns that may not be immediately painful, and may cause permanent 
injury or death. Appropriate personal protective equipment should be 
worn at all times when handling HF, and proper technique for using HF 
safely should always be followed. 

The mild hydrothermal crystal growth technique was used to prepare 
all seven compounds. The syntheses were carried out in 23 mL PTFE 
liners that were loaded with appropriate amounts of the starting mate
rials. Table 1 details the exact starting materials and ratios used for each 
reported material. The metal nitrates were placed in the PTFE liners first 
followed by H2O (1 mL) and HF (1 mL). The PTFE liners were sealed 
inside stainless steel autoclaves that were placed inside a programmable 
oven. The oven was heated to 170 ◦C in 36 min and allowed to dwell for 
72 h. After dwelling, the oven was cooled to 80 ◦C at a rate of 0.3 ◦C/min 
and then shut off and allowed to cool to room temperature. 

[Co(H2O)6]2[MnF4(H2O)2][MnF6] was synthesized using the same 
method with slight changes of reactants and temperature profile. CoCO3 
(0.150 g) and Mn2O3 (0.159 g) were used as starting materials and were 
placed in 23 mL PTFE liner with the addition of 1.5 ml of HF. The 
autoclave containing a PTFE liner was placed in the programmable oven 
and heated to 200 ◦C in an hour and allowed to dwell for 12 h. After 

dwelling, the oven was shut off and allowed to cool to room 
temperature. 

All reactions resulted in relatively large single crystals that were 
collected via vacuum filtration, washed with methanol, and allowed to 
air dry. Note that methanol was used as the solvent of choice as the 
crystals were soluble in water. The obtained crystals were used for single 
crystal X-ray diffraction and property measurements. Any remnant 
fluoride ions were immobilized by treating the liquid waste with excess 
CaCl2. 

2.2. Single-crystal X-ray diffraction (SXRD) 

Single-crystal X-ray diffraction data were collected at 300(2) and 100 
(2) K on a Bruker D8 QUEST diffractometer equipped with an Incoatec 
IμS 3.0 microfocus radiation source (MoKα, λ = 0.71073 Å) and a 
PHOTON II area detector. The crystals were mounted on a microloop 
using immersion oil. The raw data reduction and absorption corrections 
were performed using SAINT and SADABS programs [36,37]. Initial 
structure solutions were obtained with SHELXS-2017 using direct 
methods and Olex2 GUI [38]. Full-matrix least-square refinements 
against F [2] were performed with SHELXL software [39]. All the 
structures were checked for missing symmetry with the Addsym 

Table 1 
Reaction conditions for 1–4, 6 and 7.  

Chemical formula m(M(NO3)2⋅xH2O), g m(M(NO3)3⋅xH2O), g TPAOH, mL HF, mL H2O, mL 

[Co(H2O)6]2[InF4(H2O)2][InF6] (1) 0.291 0.376 0.5 1.0 1.0 
[Ni(H2O)6][GaF5(H2O)] (2) 0.290 0.319 0.5 1.0 1.0 
[Ni(H2O)6][InF4(H2O)2]2 (3) 0.290 0.376 0.5 1.0 1.0 
[Ni(H2O)6]2[InF4(H2O)2][InF6] (4) 0.290 0.376 0.5 1.0 1.0 
[Ni(H2O)6][GaF5(H2O)] (6) 0.290 0.319 – 1.0 1.0 
[Co(H2O)6][GaF5(H2O)] (7) 0.291 0.319 0.5 1.0 1.0  

Table 2 
Crystallographic data for 1–7.  

Chemical 
formula 

[Co 
(H2O)6]2[InF4(H2O)2] 
[InF6] (1) 

[Ni(H2O)6] 
[GaF5(H2O)] 
(2) 

[Ni(H2O)6] 
[InF4(H2O)2]2 

(3) 

[Ni 
(H2O)6]2[InF4(H2O)2] 
[InF6] (4) 

[Co 
(H2O)6]2[MnF4(H2O)2] 
[MnF6] (5) 

[Ni(H2O)6] 
[GaF5(H2O)] 
(6) 

[Co(H2O)6] 
[GaF5(H2O)] 
(7) 

Formula 
weight 

789.72 349.54 620.51 789.28 669.96 349.54 349.76 

Crystal system Monoclinic Triclinic 
Space group, 

Z 
C2/c, 4 C2/m, 4 P21/c, 2 P1, 1  P1, 1  P1, 2  P1, 2  

a, Å 11.1238(4) 10.8563(4) 12.6338(3) 6.61530(10) 6.42130(10) 6.4800(2) 6.4913(5) 
b, Å 14.2361(5) 13.8331(5) 6.6435(2) 8.9621(2) 9.0116(2) 8.6957(3) 8.7867(7) 
c, Å 13.3064(5) 6.4968(2) 9.4652(2) 8.9961(2) 9.0253(2) 8.8694(3) 8.9334(7) 
α, deg. 90 90 90 102.9620(10) 104.1026(8) 103.9584(12) 104.196(2) 
β, deg. 100.7280(14) 99.9610(10) 105.9184(8) 98.3470(10) 96.1201(8) 96.8177(13) 96.867(2) 
γ, deg. 90 90 90 96.3110(10) 96.8142(8) 95.1076(12) 95.219(2) 
V, Å3 2070.37(13) 960.96(6) 763.98(3) 508.609(18) 497.936(18) 477.98(3) 486.59(7) 
ρcalcd, g/cm3 2.534 2.416 2.697 2.577 2.234 2.429 2.387 
Radiation (λ, 

Å) 
MoKα, 0.71073 

μ, mm−1 3.916 4.855 4.340 4.205 3.022 4.880 4.564 
T, K 301(2) – 302(2) 
Crystal dim., 

mm3 
0.22 × 0.16 × 0.10 0.18 × 0.16 ×

0.08 
0.16 × 0.12 ×
0.10 

0.18 × 0.10 × 0.05 0.06 × 0.05 × 0.04 0.14 × 0.10 ×
0.08 

0.22 × 0.18 ×
0.12 

2θ range, deg. 2.349–42.678 2.407–40.285 3.354–45.356 2.358–45.355 2.350–29.999 2.391–37.839 2.377–37.818 
Reflections 

collected 
92165 36478 75448 57354 18749 38683 32761 

Data/ 
restraints/ 
parameters 

7499/0/189 3118/4/128 6416/0/138 8510/0/190 2882/0/183 5141/6/176 5219/6/176 

Rint 0.0432 0.0345 0.0341 0.0352 0.0229 0.0297 0.0261 
Goodness of 

fit 
1.001 1.037 1.050 1.001 1.081 1.027 1.078 

R1(I > 2σ(I)) 0.0249 0.0219 0.0190 0.0240 0.0298 0.0286 0.0280 
wR2 (all data) 0.0622 0.0553 0.0387 0.0527 0.0762 0.0614 0.0634 
Largest diff. 

peak/hole, 
e∙Å−3 

1.167/-0.691 0.423/-0.391 0.768/-0.593 0.979/-1.185 0.952/-0.675 0.898/-0.614 0.819/-0.780  
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program implemented within PLATON software and no higher sym
metry was found [40]. The crystallographic data and results of the 
diffraction experiments are summarized in Table 2. A detailed descrip
tion of each structure solution can be found in the SI. 

2.3. Powder X-ray diffraction (PXRD) 

Powder X-ray diffraction (PXRD) data for phase purity confirmation 
were collected on polycrystalline samples ground from single crystals 
(Fig. S1). Data were collected on a Bruker D2 PHASER diffractometer 
using Cu Kα radiation over a 2θ range 10–65◦ with a step size of 0.02◦. 

2.4. Magnetic measurements 

Susceptibility and magnetization measurements were performed 
using a Quantum Design MPMS-3 SQUID magnetometer. Susceptibility 
measurements were performed under an applied field of 0.1 T in the 
temperature range of 2–300 K. Magnetization measurements were per
formed at 2 K in an applied field ranging from −5 T to 5 T. All magnetic 
data were corrected for radial offset and shape effects [41]. 

2.5. Crystal chemical calculations 

Crystal structure analysis was performed using the TOPOS 4.0 soft
ware package [42,43]. The method of intersecting spheres was 
employed for coordination number determination using the AutoCN 
program [44]. Dirichlet and ADS programs were employed for 
Voronoi-Dirichlet polyhedra construction and topological analysis, 
respectively. The standard structure simplification procedure was 

employed to obtain the underlying nets of the compounds [45]. 

2.6. IR spectroscopy 

Vibrational spectrum over the range of 4000–650 cm−1 was recorded 
using a PerkinElmer spectrum 100 FT-IR spectrometer equipped with a 
diamond ATR attachment (Fig. S2). 

3. Results and discussion 

3.1. Crystal structure description 

All seven compounds crystallize in centrosymmetric space groups, 
C2/c, C2/m, P21/c, and P1 and, with the exception of [Ni(H2O)6] 
[InF4(H2O)2]2, can be considered to be a variation on the same 
composition type [MII(H2O)6]2[MIIIF4(H2O)2][MIIIF6] ≡ 2 × [MII(H2O)6] 
[MIIIF5(H2O)]. The [MIIIF5(H2O)]– complex can be either a product of the 
following equilibrium:[MIIIF4(H2O)2] + [MIIIF6] ⇌ 2 [MIIIF5(H2O)], or a 
result of [MIIIF4(H2O)2]– and [MIIIF6]3– disorder over the same site. As 
single crystal X-ray diffraction shows an averaged crystal structure, no 
definitive conclusion can be drawn based on the present data. As there is 
at least one composition that shows different symmetry, i.e. [Ni(H2O)6] 
[GaF5(H2O)] that crystallizes in both C2/m or P1 space groups, it is 
likely that the symmetry of the compounds in this composition type is 
driven by the crystallization conditions and resulting disorder or rota
tions of the octahedral complexes rather than their packing. Although 
this conclusion seems intuitively correct, a more detailed investigation 
of this effect is necessary. 

In six of the seven structures (Fig. 1), the metal atoms occupy 

Fig. 1. The structures of the compounds [MII(H2O)6]2[MIIIF4(H2O)2][MIIIF6] ≡ 2 × [MII(H2O)6][MIIIF5(H2O)] (MII = Co2+, Ni2+; MIII = Cr3+, Mn3+, Fe2+, Ga3+, In3+). 
Mn, In, Ga, Fe, Co, and Ni polyhedra are pink, pale pink, green, brown, blue, and grey, respectively. Oxygen and fluorine atoms are red and green [49]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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centrosymmetric sites, In1 in [Ni(H2O)6][InF4(H2O)2]2) is the excep
tion, and form [MFx(H2O)6-x]y+ complexes that bind to each other 
through hydrogen bonding and electrostatic interactions. The divalent 
Co2+ and Ni2+ cations form typical hexahydrate [M(H2O)6]2+ cations 
[46–48]. Their positive charge is balanced by the negatively charged 
fluorocomplexes of the trivalent Ga3+, In3+ and Mn3+ cations. The 
preferred fluorination of the trivalent cations is likely caused by their 
higher charge, and therefore stronger electrostatic interactions with the 
fluoride anions versus electroneutral water molecules. Due to the 
inversion symmetry of the M sites, the [MF5(H2O)]2– (or an equimolar 
mixture of [MF4(H2O)2]– and [MF6]3–) complexes are disordered in the 
structures of [Co(H2O)6][GaF5(H2O)] and both polymorphs of [Ni 
(H2O)6][GaF5(H2O)]. In all compounds, the hydrogen atoms of the 
water molecules participate in the formation of hydrogen bonds, which 
connect the metal complexes into an extended framework. 

[Co(H2O)6]2[InF4(H2O)2][InF6] (1) crystallizes in the C2/c space 
group and contains two crystallographically unique [Co(H2O)6]2+

Fig. 2. (top) Coordination polyhedra and (bottom) a view on the structure of 
[Co(H2O)6]2[InF4(H2O)2][InF6] (1). 

Fig. 3. (top) Coordination polyhedra and (bottom) a view on the structure of 
[Ni(H2O)6][GaF5(H2O)] (2). 

Fig. 4. (top) Coordination polyhedra and (bottom) a view on the structure of 
[Ni(H2O)6][InF4(H2O)2]2 (3). 
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octahedra and two types of negatively charged indium complexes, 
[InF4(H2O)2]– and [InF6]3–. In the former one, the two water molecules 
occupy trans-positions with In–O bond distances, 2.1463(10) and 2.1464 
(10) Å, that are slightly longer than the four In–F bonds that range from 
2.0337(8) to 2.0589(7) Å. The structure can be viewed as staggered 
pseudo layers that consist of exclusively Co or In polyhedra (Fig. 2). 

[Ni(H2O)6][GaF5(H2O)] (2) crystalizes in the monoclinic space 
group C2/m. Despite the different overall symmetry, this compound is 
also based on octahedral [Ni(H2O)6]2+ cations and the disordered 
[GaF5(H2O)]2– anions (Fig. 3). Similar to its triclinic analog, 2 exhibits a 
pseudo layered structure, with layers arranged in the ab plane in a 
staggered ABAB sequence and held together via hydrogen bond in
teractions. The Ni–O and In–F bond distances vary over the narrow 
ranges of 2.0221(9)–2.0980(8) and 2.0398(7)– 2.0935(7) Å, respec
tively, and In–O bond length is 2.1480(8) Å. 

[Ni(H2O)6][InF4(H2O)2]2 (3) crystalizes in the space group P21/c 
and contains positively charged [Ni(H2O)6]2+ octahedra and negatively 
charged [InF4(H2O)2]– distorted octahedra. In contrast to the other 
structures, the two water molecules of the indium anion complex occupy 
cis positions. The In–O bond distances are 2.1402(7) and 2.1444(6) Å 
and the bond distances of the four In–F bonds vary from 2.0416(6) to 
2.0876(5) Å, while the Ni–O bond distances fall into the typical range of 
2.0240(6)–2.0871(6) Å. Due to the lack of fully fluorinated [MIIIF6]3– 

complexes in its composition, 3 shows a higher MIII:MII molar ratio, 2:1 
instead of 1:1, which results in twice as many In3+ pseudo layers in its 
structure (Fig. 4). 

[Ni(H2O)6]2[InF4(H2O)2][InF6] and [Co(H2O)6]2[Mn 
F4(H2O)2][MnF6] (4 and 5) are isotypic with the previously reported 
triclinic zero-dimensional structure [Ni(H2O)6]2 [MnF4(H2O)2][MnF6] 
[49]. Both compounds crystalize in the space group P1 and contain two 
unique Ni and Co sites that form octahedral hexaaqua complexes and 
two different types of In or Mn octahedral anions, [MIIIF4(H2O)2] and 
[MIIIF6] (M = In or Mn). The structures of these two compounds exhibit 
pseudo layers of successively alternating MII and MIII octahedra layers, 
as shown in Fig. 5, that are held together by hydrogen bonding in
teractions. Both crystallographically unique nickel/cobalt cations have 
identical coordination with Ni–O and Co–O bond distances in the ranges 
of 2.0273(8)–2.0980(8) and 2.0438(16)–2.1204(15) Å, respectively. As 
Mn3+ is a d [4] ion and thus subject to the Jahn-Teller effect, the bond 

distances in the [MnF6]3– and [MnF4(H2O)2]– complexes are affected by 
a resulting tetragonal distortion. The four equatorial bonds in the 
[MnF6]3– complex vary over the range of 1.8726(13)–1.8744(14) Å and 
the axial Mn–F bonds are 2.0416(15) Å. In a similar way, the Mn–F 
bonds distances in the [MnF4(H2O)2]– complex vary over the range of 
1.8413(12)–1.8341(12) Å, while the Mn–O bonds are significantly 
longer, 2.2250(16) Å. As expected, no such effect is observed in the 
[InF6]3– and [InF4(H2O)2]– complexes and all In–F bond distances fall 
into a narrow range of 2.0398(7)–2.0935(7) Å, with In–O bond distances 
not much longer at 2.1480(8) Å, as compared to the Mn complexe case. 
These compounds illustrate that the sizes of MII and MIII do not define the 
symmetry of the crystals in this compositional type as two compounds 
with significantly different MII and MIII cations, one exhibiting 
Jahn-Teller distortion and one without, can adopt the same structure. 

[Co(H2O)6][GaF5(H2O)] and [Ni(H2O)6][GaF5(H2O)] (6 and 7) 
are isotypic and crystallize in the triclinic P1 space group. In the struc
tures of both compounds, there is one unique Co or Ni site, respectively, 
and two independent Ga sites. Both structures are based on pseudo 
layers that are shown in Fig. 6. These layers are staggered and held 
together by hydrogen bonding interactions. The gallium cations coor
dinate four fluoride anions, while two positions are half occupied by 
fluorine and oxygen atoms, resulting in an averaged [GaF5(H2O)]2– 

composition. The Co–O and Ni–O bond distances fall within narrow 
ranges of 2.0484(12)–2.0945(13) and 2.0152(13)–2.0783(13) Å, 
respectively, while the Ga–F distances range between 1.8615(11) and 
1.8831(10) Å. The distances between the Ga atoms and the sites 
belonging to disordered F− and H2O are slightly longer, 1.9238(12) and 
1.9800(13) Å, indicative of the presence of an electroneutral water 
molecule on that site. 

3.2. Hydrogen bonding and molecular packing in the structures of 1–7 

Electrostatic interactions and hydrogen bonds play the central role in 
the framework formation in the structures of 1–7. While the electrostatic 
interactions are indirect in nature and are favored only by a dense 
packing of the complexes, the hydrogen bonds can favor a certain 
arrangement of the complexes. To reveal the connectivity in these 
compounds, we simplified the structures of 1–7 by contracting the 
complexes to the metal atoms and retaining the H-bond connectivity 
between them. Despite the difference in the symmetry of the 

Fig. 5. A view on the structure of [Co(H2O)6]2[MnF4(H2O)2][MnF6]. Cobalt 
and manganese polyhedra are shown in blue and pink. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 6. A view on the structure of [Ni(H2O)6][GaF5(H2O)]. Nickel and gallium 
polyhedra are shown in grey and lime. 
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compounds, all of them, except 3, are based on a 3-periodic uninodal (i. 
e. all nodes are equivalent) 10-connected net that was assigned to bct 
topological type (Fig. 7a). Compound 3 with the formula [Ni(H2O)6] 
[InF4(H2O)2]2 has a slightly smaller number of water molecules per 
metal atom than the other six compounds, 3.33 vs. 3.5, indicating a 
decreased number of H-bond donors in 3. Lower connectivity results in a 
different topology in its underlying net, which consists of two types of 9- 
and 10-connected nodes. To reveal the influence of the altering H-bond 
connectivity on the packing of the complexes, we constructed Voronoi 
polyhedra of the metal atoms in the metal sublattice. In all seven com
pounds, each metal atom forms a Voronoi polyhedron with 6 tetragonal 
and 8 hexagonal faces (4668 combinatorial topological type, CTT) in the 
shape of a truncated octahedron (Fig. 7b). Although this atom 
arrangement is not a closest packing (but rather it corresponds to a body 
centered cubic packing of structural units), it is most abundant in mo
lecular and complex structures [47,48]. Interestingly, the same packing 
of the octahedral molecules is observed in β-WCl6 [50], which can be 
considered as the aristotype for the reported compounds. 

3.3. Magnetic properties 

As only one compound contains both magnetic di- and trivalent 
cations, [Co(H2O)6]2[MnF4(H2O)2][MnF6], we pursued the synthesis of 
its phase pure sample for magnetic measurements (Fig. 8). Although 
there have been reports on fluoride hydrates that exhibit signs of mag
netic ordering and are built of isolated aqua- and fluorocomplexes [49], 
high inter-metal distances and lack of bridging atoms, which would 
mediate superexchange, entangles magnetic interactions in the system 
and reduces the chance of magnetic ordering, making one to expect a 

Curie-Weiss behavior with a close to zero Weiss constant for this com
pound. The experimental data show paramagnetic behavior over the 
entire temperature range, with no significant deviation from Cure-Weiss 
law. The inverse magnetic susceptibility plot was fitted to derive the 
effective magnetic moment and Weiss constant, 6.36 μB and −4.14 K, 
respectively. The effective moment is slightly higher than the moment 
calculated using spin-only magnetic moment, 6.24 μB, which indicates 
the presence of spin-orbit coupling on the Co2+ cation. Considering the 
Mn3+ cations as contributing only the spin-only moment of 3.90 μB, then 
the effective moment for the Co2+ cation becomes 4.05 μB, which agrees 
well with previously reported values [51]. 

3.4. IR spectroscopy 

The infrared spectrum of the bulk product measured from 650 to 
4000 cm−1 revealed the expected O–H stretch and H–O–H bending 
bands at 3364 cm−1 and 1652 cm−1 for the water molecules that are 
present in the crystal structure (Fig. S2). 

4. Conclusions 

A series of six compounds with a general formula 
[MII(H2O)6]2[MIIIF4(H2O)2][MIIIF6] ≡ 2 × [MII(H2O)6][MIIIF5(H2O)] 
(MII = Co2+ and Ni2+, MIII = Mn3+, Ga3+, and In3+), along with a related 
seventh compound [Ni(H2O)6][InF4(H2O)2]2, was obtained and struc
turally characterized. The structures of all compounds are based on 
[MII(H2O)6]2+ cationic hexaaqua complexes and [MIIIF4(H2O)2]–, 
[MIIIF5(H2O)]2–, and [MIIIF6]3– anionic complexes that connect into 
frameworks by hydrogen bonding and electrostatic interactions. All six 
compound have similar arrangements of the complexes in their struc
tures; however, slight tilting and rotation of the complexes result in 
different symmetry of their crystals, which is likely governed by crys
tallization conditions. Temperature-dependent magnetic susceptibility 
of [Co(H2O)6]2[MnF4(H2O)2][MnF6] was measured to reveal para
magnetic behavior of this compound. IR spectrum of [Co 
(H2O)6]2[MnF4(H2O)2][MnF6] contains bands that correspond to 
stretching and bending in water molecules. 
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[51] J. Yeon, M.D. Smith, J. Tapp, A. Möller, H.-C. zur Loye, Application of a mild 
hydrothermal approach containing an in situ reduction step to the growth of single 
crystals of the quaternary U(IV)-Containing fluorides Na4MU6F30 (M = Mn2+, 
Co2+, Ni2+, Cu2+, and Zn2+) crystal growth, structures, and magnetic 
properties, J. Am. Chem. Soc. 136 (10) (2014) 3955–3963, https://doi.org/ 
10.1021/ja412725r. 

N. Keerthisinghe et al.                                                                                                                                                                                                                         

https://doi.org/10.1021/cg500498k
https://doi.org/10.2113/gscanmin.42.6.1699
https://doi.org/10.1016/j.jssc.2016.09.019
https://doi.org/10.1016/j.poly.2013.05.048
https://doi.org/10.1016/j.poly.2013.05.048
https://doi.org/10.1016/j.solidstatesciences.2018.04.014
https://doi.org/10.1002/anie.201207552
https://doi.org/10.1021/ja412725r
https://doi.org/10.1021/ja412725r

	Hydrothermal synthesis and properties of MIIMIIIF5(H2O)7 (MII = Co2+ and Ni2+, MIII = Mn3+, Ga3+, and In3+)
	1 Introduction
	2 Experimental
	2.1 Synthesis
	2.2 Single-crystal X-ray diffraction (SXRD)
	2.3 Powder X-ray diffraction (PXRD)
	2.4 Magnetic measurements
	2.5 Crystal chemical calculations
	2.6 IR spectroscopy

	3 Results and discussion
	3.1 Crystal structure description
	3.2 Hydrogen bonding and molecular packing in the structures of 1–7
	3.3 Magnetic properties
	3.4 IR spectroscopy

	4 Conclusions
	CRediT author contribution statement
	Declaration of Competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


