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The nanoscaled ternary transition-metal fluorides LizMFg (M =V, Fe, Mn) and Li,NiF4 are promising candi-
dates for cathode materials in high-voltage lithium-ion batteries. The fluorolytic route to these com-
pounds relies on thermal decomposition of a hitherto uncharacterised precursor mixture produced from
acetylacetonates and hydrofluoric acid. By addition of pyridine, different cationic, electroneutral and anionic
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complexes containing the motifs [MF,1® (n = 0-4) have been trapped and characterised by single-
crystal X-ray diffraction and IR spectroscopy. Based on the results, a model of successive and incomplete
fluorination is proposed for the speciation and formation of the precursor. The decomposition of the latter

www.rsc.org/dalton has been monitored via thermogravimetry (TG) and differential scanning calorimetry (DSC).

Introduction SLoOBu 300-600°C
+ —go Precursor N LizVFg
In search of new cathode materials for lithium-ion batteries  [V(acac)s] atmos;here

during the last decade, ternary fluorides have become candi-
dates of interest, because theoretical calculations had indi-
cated an increase in redox potential when substituting fluorine
for oxygen." Because of their high lithium content and their
variability in oxidation numbers, the ternary fluorides Li;MFg
(M: transition metal) are a focus of research. The preparation
of nanosized particles is important with regard to fluorides
exhibiting low electrical conductivity. Detailed descriptions of
the syntheses and scrutinous electrochemical characterisations
of Li;FeF, and Li;VF, are available.>™ In 2012, we reported an
approach for the synthesis of ternary fluorides Li;MF, on the
basis of the fluorolytic sol-gel process developed by Kemnitz
et al., who described the preparation of a high-surface alu-
minium fluoride.>® The starting materials of our route are
lithium tert-butoxide and a transition-metal acetylacetonate
[M"(acac);], which are reacted with an excess of hydrogen
fluoride in an organic solvent (¢f. Scheme 1).

The precursor obtained in this first step is then calcined in
a dinitrogen atmosphere to form the ternary fluoride. Using
this protocol, either modification of Li;VFs can be prepared in

Scheme 1 Preparation of LizVFe via the fluorolytic sol-gel route (tBu:
tert-butyl, Et: ethyl).

excellent yield: heating of the sample to 300 °C followed by
slow cooling to room temperature results in the formation of
monoclinic B-Li;VFs, whereas heating the precursor to 700 °C
and quenching to room temperature results in the formation
of orthorhombic a-LizVFs. Moreover, f-LizVFs can be prepared
with domain sizes smaller than 50 nm. While monoclinic
B-Li;CrFe can be synthesised in good yield, the yields of other
ternary fluorides are considerably lower—and Li;MnF as well
as LizCoF, cannot at all be synthesised following this route.
Monoclinic LizFeFg and Li,MnF;5 are obtained in moderate to
low yields together with the difluorides MF,. In contrast to
this, the method can be successfully applied to the system
Li-Ni-F: Li,NiF, is prepared in high yields with domain sizes of
55 nm.” The precursors contain highly amorphous fractions,
making it impossible to get information about their compo-
sition by X-ray powder diffraction techniques. Only the exist-
ence of LiF and Li,SiFs in the precursor materials has been
confirmed so far. As shown by elemental analyses, the precur-
sors contain high amounts of carbon, hydrogen and oxygen
indicating the presence of organic residues. For example, the
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LizVF, precursor additionally contains acetylacetonato ligands
bound to vanadium(m) as well as hexafluoridovanadate(m).
This has been confirmed by IR spectroscopy and "H-NMR

This journal is © The Royal Society of Chemistry 2015
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spectroscopy in solution.® The material obtained from precur-
sor decomposition contains about 2% residual carbon.
However, it was suggested that the precursor be a mixture of
several species. Accurate information about its composition is
essential for optimising precursor synthesis and decompo-
sition. Bearing this in mind, we have chosen to try and stabi-
lise single species by providing additional donor molecules
and crystallise the compounds thus obtained.® Using this tech-
nique, the first of a whole cascade of fluorination steps has
been identified and its product, after addition of acetonitrile,
[V™(acac),(CH;CN),]BF, crystallographically characterised.® In
this work, we report on further experiments of the same kind.
By addition of pyridine, we stabilised four new species in the
system Li-V-F. These reflect the stepwise fluorination process
of the starting material [V'"(acac);], leading to [VF,]". We have
also successfully transferred this concept to Li,MnF; and
Li,NiF, precursors.

Experimental
Analysis and characterisation

NMR spectroscopy. Liquid-phase NMR spectra
recorded on a “Bruker ARV 400” at room temperature. Chemi-
cal shifts refer to SiMe, and VOCI; for 'H and >'V, respectively.
They were calibrated with respect to the solvent proton signal
for "H or an electronically stored frequency for >'V.

FT-IR spectroscopy. IR spectra of CsI pellets were measured
with a “Nicolet Series II Magna 750” in transmission mode.

Elemental analysis. Carbon and hydrogen contents were
determined by combustion analysis using a “Thermo Finnigan
FlashEA 1112 NC” analyser. Deviations from calculated
element contents result from solvent residues and difficulties
in the mechanical separation of the crystalline compounds 1a,
1b and 1d.

Thermal analysis. Thermal analysis was performed on a
simultaneous thermobalance (STA) prototype L81 II (Linseis
GmbH, Selb). Samples were heated in corundum crucibles to
600 °C with 3 °C min~"' under a dinitrogen atmosphere and
then cooled to room temperature.

were

Preparation of single crystals

[V*"(acac)F,(py).] (12), [V"Fa(py)]BF, (1b) and [V"F;(py)s]
(1d). The Li3VF4 precursor was prepared according to a stan-
dard procedure.® Absolute pyridine (5-8 mL) was added to the
Li;VF, precursor (500-600 mg). The mixture was stirred over-
night at 50 °C. The resulting greenish-brown solution was
filled into glass tubes positioned in a capped Schlenk tube
containing absolute n-pentane or diethyl ether (20 mL). After
one to three days, blue-green columns (1b), red needles (1a),
and purple prisms (1d) formed.

Analytical data for 1a. NMR: §;5(400 MHz; CDCl;) 7.1 (2 H,
br s, meta-H), 7.7 (1 H, br s, para-H), 8.6 (2 H, br s, ortho-H),
40.7 (1 H, s, CH), 45.6 (3 H, s, Me) and 55.5 (br s, acac).
5y(105.2 MHz; CDCl;) —850.86. IR: Dmg/cm™" 3100-2800w
(V[C-Hl,y), 1605m ([C=C]yy), 1575m (1 |C=Olacacs Y/ C=Clacac)s
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1530m, 1524s (Y /C—=Olicacy Y [C=Clacac)y 1484w (V[C—=Cl,),
1448s (V[C=Clpy), 13765 ([C-Olacac, Y[C—Clacac), 1286w, 1213w,
1067w, 1043m, 766m (Y[C-H]py), 702s (y[C-H]y), 638m (y[C-
H],,), 578s, 561vs, 537m (1[V-O], y[V-acac]), 450m (Y[Np,~V]),
418w and 330s (V[V-F]). Anal. found: C, 52.3; H, 5.2; N, 8.2.
Calc. for C;5H,,F,N,0,V (364.25): C, 52.0; H, 4.95; N, 8.1%.

Analytical data for 1b. NMR: §;5(400 MHz; CDCl;) 7.32 (2 H,
br s, meta-H), 7.70 (1 H, br s, para-H) and 8.63 (2 H, br s, ortho-
H). 6,(105.2 MHz; CDCl;) —853.36. IR: Jpa/cm™" 3150-2800w
(V[C-H]p), 1605s ([C=C],), 1483m (V[C=C],,), 1448s
(V[C=C],y), 1217m, 1101s, 1058vs, 1043s, 950m, 770m (y[C-
H],y), 709m (y[C-H],,), 697s (y[C-H],,), 640m (y[C-H],y), 520w,
499w, 440m (y[Np,-V]), 309m (1[V-F]) and 278m ([V-N]). Anal.
found: C, 48.95; H, 4.2; N, 11.2. Calc. for C,oH,,BF¢N,V
(492.14): C, 48.8; H, 4.1; N, 11.4%.

(pyH)[V™F,(py)a]SiFs (1c). A saturated solution of the
Li;VF, precursor in absolute pyridine was prepared and stirred
overnight at 50 °C. After sedimentation of excess material, the
overlaying solution was filled into small glass containers that
were afterwards sealed with plastic caps. A small hole was
drilled into each cap, through which the solvent evaporated
slowly. After a few days, light blue crystals formed.

(pyH)[V™F.(py).]-%EtOH (1€). The standard procedure for
the preparation of the Li;VF, precursor was performed with
pyridine as solvent. After addition of hydrogen-fluoride solu-
tion and stirring the reaction solution for two hours, the
excess hydrogen fluoride and one third of the solvent were
evaporated under reduced pressure. The residual solution was
stored in the refrigerator at —30 °C. After 24 hours, black-green
plates formed.

[Mn""F,(py).J[SiF5(py)] (22) and [Mn™Fy(py);] (2b). A
Li,MnF; precursor was prepared from Mn(OAc);-2H,0 (Ac:
acetyl) according to a standard procedure.® It was stirred over-
night in absolute pyridine (8 mL) at 50 °C. The resulting
orange-brown solution was filled into glass tubes that were
positioned in a capped Schlenk tube containing n-pentane or
diethyl ether (10 mL). After four days, orange-brown crystals
(2a) formed. From a few millilitres of the mother liquor stored
for five weeks at r.t., orange-brown prisms (2b) were obtained.

[Ni"F,(py)s] (3a). A Li,NiF, precursor was prepared from
[Ni(acac),] in ethanol according to a standard procedure.”
Absolute pyridine (5 mL) was added to the Li,NiF, precursor
(500-600 mg). The mixture was stirred overnight at 50 °C. The
resulting green solution was filled into glass tubes that were
positioned in a Schlenk tube filled with n-pentane or diethyl
ether (20 mL). After one to three days, light blue crystals (3a)
formed. After a further few weeks, purple crystals of
[Ni"(acac),(py).] (3b) began to grow. Anal. found: C, 58.1; H,
4.9; N, 13.2. Calc. for C,oH,oF,N,Ni (413.09): C, 58.15; H, 4.9;
N, 13.6%.

Single-crystal X-ray diffraction

Data were collected at 150.00(10) K using an “Oxford Diffrac-
tion Xcalibur S” diffractometer equipped with a goniometer in
k geometry, a “Sapphire 3” CCD-detector, a graphite-mono-
chromated “Enhance” Mo-K, source (A = 0.71073 A) and a
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“Cryojet XL” sample cooler. Diffraction images were integrated
with CRYSALISPRO.® An analytical numeric absorption correc-
tion was performed using a multifaceted-crystal model."°
Structures were solved with SHELXT-2014 using a dual-space
method and refined with SHELXL-2014 against F,> data using
the full-matrix least-squares algorithm.'" Non-hydrogen atoms
were refined anisotropically; hydrogen atoms were refined iso-
tropically with standard riding-models. Molecular graphics
were produced using ORTEP-3 for Windows."?

The crystal of [V'"(acac)F,(py),] (1a) was a merohedral twin
of type II by rotation of 180° around [100] in reciprocal space
(fraction of second component: 0.291[1]) as discovered by the
use of COSET."

The tetrafluoroborate ion in [V"F,(py)sBF, (1b) is dis-
ordered over a position of higher symmetry and was treated
using enhanced rigid-bond restraints.

The crystal of (pyH)[V™"F,(py)s]SiFs (1c) was twinned by
rotation of —90.5869° around (001) in direct space (fraction of
second component: 0.163[2]). Its pyridinium ion is rotationally
disordered over a special position and constructed from two
symmetry-independent atoms. It was modelled as an occupa-
tionally disordered species with C20/N20 occupations of 0.375/
0.125 to keep the stoichiometry. The position was chosen
because of the possibility of hydrogen bonding. The structure
of 1c contains a void of ca. 67 A’ that was checked for un-
modelled electron density by using difference Fourier maps as
well as PLATON/SQUEEZE."* Neither procedure showed a sig-
nificant residual.

Structure refinement for [V"F3(py)s] (1d) did not lead to
satisfactory results. Probably because of unresolvable twin-
ning, partial substitutional (solid solution) or rotational dis-
order of the complex molecules, R factors of the final model
were very high, the weighting scheme did not converge to sen-
sible values and large residual electron-density maxima were
found at physically unreasonable positions. Therefore, the
suggested structure is to be understood as merely modelling
connectivity and cell content for the major component.}

Because the crystal system of (pyH)[V'"F4(py),]-%5EtOH (1e)
initially seemed to be orthorhombic, an inappropriate data-
collection strategy had been chosen resulting in a somewhat
lower completeness. In spite of this shortcoming, the structure
is of high quality. One pyridinium ion (N50-C52) is rotation-
ally disordered over a special position and constructed from
three symmetry-independent atoms. It was modelled as an
occupationally disordered species with C50/N50 occupations
of 0.5 each to keep the stoichiometry. The position was chosen
because of the possibility of hydrogen bonding and the elec-
tron density found. The oxygen-borne hydrogen atom was
refined with a restrained 1,2-distance (0.84 A) and Uj,(H60) =
1.2U.4(O60). The nitrogen-borne hydrogen atom in the dis-
ordered pyridinium ion was fully constrained to the nitrogen
atom. The one in the ordered pyridinium ion (N40-C45) was

iCrystal data. CysH;sN3F3V, M = 345.24, orthorhombic, a = 8.2723(5) /i, b =
12.6821(13) A, ¢ = 30.6745(19) A, T = 150.00(10) K, space group Phca, Z = 8.
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refined with a restrained 1,2-distance (0.88 A), a same-1,3-dis-
tance restraint and Ujs,(H40) = 1.2Uq(N40).

The crystal of [Mn"™F;(py)s] (2b) was twinned by rotation of
ca. 180° around (001) in direct space (fraction of second com-
ponent: 0.356[3]). Some reflections had to be excluded from
the refinement because of problems properly separating them.

CCDC 1063076-1063078 and 1063080-1063083 contain the
supplementary crystallographic data for this paper.

Results and discussion
Species from the Li;VF¢ precursor

The following pyridine adducts of species contained in the
Li;VF, precursor were isolated (py: pyridine): [V™(acac)F,(py)s]
(1a), [V'E(py)JBF, (1b),  (pyH)[V"'E,(py)SiFs  (1c),
[V"F;(py)s] (1d) and (pyH)[V™F.4(py).]-%EtOH (1e). Because
hydrogen fluoride reacts with the glassware used during the
precursor synthesis,® tetrafluoroborate and hexafluorosilicate
are present in the precursor solutions. The diffusion method,
as described in the experimental part, yielded crystals of com-
pounds 1a, 1b and 1d that always co-crystallise and are prone
to twinning. Crystals of 1c are formed on slow evaporation of
the solvent in air. Cooling crystallisation of 1e occurred when
storing reaction mixtures in pyridine at —30 °C. Crystal data
and refinement details for 1a-e are summarised in Table 1.

In the crystal, [V(acac)F,(py).] (1a) forms chains along [010]
through dispersive C-H---F contacts between fluorido ligands
and hydrogen atoms of the acetylacetonato ligand (d[H---F] ~
2.4 A). The chains are connected by further C-H---F contacts
along [101] (d[H---F] ~ 2.5 A) and dispersive aromatic contacts
along [101]. The complex is a slightly distorted coordination
octahedron with the pyridine ligands in a trans arrangement
(¢f Table 2). In 1b and 1c, the [V""F,(py)s]” units adopt a trans
octahedral coordination geometry, which is only slightly dis-
torted. The pyridine rings in 1b are not coplanar to the V-N-F
coordination planes, but slightly twisted out of the latter,
while pairs of diametrically opposed pyridine rings are copla-
nar (Fig. 1).

The [V"'F,(py)s]" and BF,” ions in 1b form a three-dimen-
sional network. 1c crystallises in a layered structure. In [001]
direction, layers of [V'"'F,(py),]" units alternate with layers of
[SiF¢]*~ and pyridinium ions, which are associated by hydro-
gen bonds. Along [001], the [SiFs]*~ ions are located in chan-
nels built by the cations. The V-F bonds in the cationic
complexes 1b and 1c (ca. 1.76 A) are shorter than in the
electroneutral complex 1a (1.85-1.86 A). The anionic complex
le has the longest V-F bonds of the vanadium species
described in this work with up to 1.9229(18) A (¢f. Table 2).
This trend is easily rationalised by assuming an increasingly
effective shielding of the central ion’s positive charge by the
growing number of negatively charged ligands and, thus, a
decrease in the electrostatic attraction per fluorido ligand. For
comparison, it should be noted that the V-F distance in VF; is
1.94 A, whereas it varies from 1.89 to 1.97 A in p-Li;VF.'>'® In
both cases, the octahedral (bridging) Fs coordination environ-

This journal is © The Royal Society of Chemistry 2015
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Crystal data

[V (acac)F,(py).] (1a)

[V'"'F,(py)a]BF, (1b)

(pyH)[V'"'Fo(py)aJSiFs (1¢)

(pyH)[V"'F4(py),]- #5EtOH (1e)

CCDC no. 1063076 1063077 1063078 1063080
Chemical formula Cy5H17N,F,0,V CyoH,0BFgN,V Cy5H,FgN5SiV CyoHgoF12NoO, V5
M, 346.24 492.15 627.54 1187.88

Crystal system, space group Monoclinic, P2,/c Monoclinic, I2/a Tetragonal, P4/mbm Monoclinic, P2,/n
a(A) 16.4170(14) 14.0214(17) 10.8047(2) 8.4345(6)

b (A) 8.0367(4) 12.8277(10) 10.8047(2) 31.4088(12)

c(d) 13.1548(12) 13.4718(17) 12.6865(4) 10.9799(6)

a () 90 90 90 90

£ (°) 113.588(10) 114.259(14) 90 111.971(7)

b4 (0) 90 90 90 90

Vv (A%) 1590.6(2) 2209.1(5) 1481.04(7) 2697.5(3)

V4 4 4 2 2

p(gem™) 1.446 1.480 1.407 1.462

4 (mm™) 0.65 0.51 0.45 0.60

Crystal size (mm?)

Data collection

Tmin, Tmax

No. of measured, independent
and observed” reflections

0.54 x 0.12 X 0.06

0.831, 0.971
12389, 3116, 2613

0.70 x 0.19 x 0.16

0.812, 0.932
4570, 2162, 1487

0.32 x0.30 X 0.24

0.907, 0.937
2574,2574,1293

0.59 x 0.39 x 0.18

0.800, 0.912
11455, 4725, 3538

Rint 0.0654 0.0414 0.1390 0.0448
R, ) 0.0623 0.0652 0.0509 0.0639
(Sin 6/2) max (A1) 0.617 0.617 0.616 0.617

Refinement
R, (observed/all)*
WR, (observed/all)®”

0.0403/0.0543
0.0723/0.0778

0.0492/0.0822
0.1096/0.1295

0.0508/0.1004
0.1201/0.1325

0.0471/0.0720
0.0998/0.1114

SIS’ 1.010/1.010 1.101/1.041 0.844/0.844 1.030/1.030
Data/restraints/parameters 3116/0/202 2162/30/165 2574/0/60 4725/3/347
APmaxy DPmin (€ A7) 0.30, —0.34 0.31, —0.38 0.51, —0.25 0.57, —0.33
Weighting parameters u, v 0.0284, 0 0.0516, 0.5074 0.0774, 0 0.0362, 2.2766

1> 20(D]. Pw = 1/[6*(F,?) + (uP)* + vP] where P = (F,> + 2F.%)/3.

Table 2 Selected bond lengths (A) for 1a—c and 1e

[V!"(acac)F,(py).] [V"'F4(py)s]BF,

(pyH)[V'"'F(py)4]SiFs

(pyH)[V"'Fa(py).]35ELOH (1e)

(1a) (1b) (1¢) [(v1) "Fa(py)a]” [(v2) "Fa(py)a]”
V-F 1.8515(17) 1.7658(16) 1.762(3) (2%) 1.8832(19) 1.8876(17)
1.8603(17) 1.7659(16) 1.8837(19) 1.8876(18)
1.9170(18) 1.9229(18) (2x)
1.919(2)
V-N 2.156(2) 2.145(2) 2.134(3) (2) 2.161(3) 2.158(3) (2)
2.164(2) 2.150(2) 2.171(3)
V-0 2.011(2)
2.015(2)

ment effectively shields the charge of the central vanadium(im)
ion. Examples with vanadium(m) in a pure F,(py), coordi-
nation have hitherto been unknown.

However, an example for a compound with a different F,N,
coordination environment is the 5,7,12,14-tetramethyldibenzo-
[b,{][1,4,7,11]-tetraazacyclodecine complex [V""(C,,H,3N,)F,]PFg
described by Schumann,'” in which the configuration of the VF,
unit is not yet clarified. Another known compound is the
complex [V'"(bipy)F,]BF, (bipy: 2,2"-bipyridine), in which a
vanadium ion is coordinated octahedrally by two cis-fluorido
and the bidentate 2,2-bipyridine ligands."®

This journal is © The Royal Society of Chemistry 2015

The crystals obtained from 1d were of insufficient quality to
allow more than an assessment of connectivity and cell
content for the major component, the [V"F;(py);] molecule,
that contains an octahedrally coordinated vanadium ion and
assumes a mer configuration. i

(pyH)[V"'F4(py).]-%EtOH (1e) is the only anionic vanadium
species isolated from the precursor. The asymmetric unit con-
tains one and a half complex anions differing in the orien-
tation of the pyridine ligands. While the mean planes of the
pyridine ligands N10-C15 and N20-C25 are rotated by 56.3(1)°
with respect to each other, the rings are coplanar through

Dalton Trans., 2015, 44, 13272-13281 | 13275
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[V'Fy(py)d (1d)

(PyH)IV"F.(py).] - % EtOH (1e)

Fig. 1 Molecular structures of vanadium(i) complexes 1la—c, 1e (ORTEP representation with ellipsoids of 50% probability; counter ions and solvent
molecules omitted for clarity) and connectivity map of 1d (PLUTON representation).

symmetry in the complex containing N30-C35. The central
ions are coordinated in a distorted octahedral fashion by four
fluorido and two trans arranged pyridine ligands. As regards
bond lengths and angles, the complex containing V2 is more
symmetric than the one containing V1. The V2 unit interacts
with two pyridinium ions (containing N40) via hydrogen
bonds. Such are also formed between the V1 unit and the
ethanol molecule as well as the disordered pyridinium ion
containing N50. The packing of the molecules in 1e can be
described as a layered structure parallel to (010). Every layer is
built of three sublayers with the sequence V1-V2-V1. Within
these sublayers, complexes interact via the hydrogen bonds
mentioned above.

Species from the Li,MnF; and Li,NiF, precursors

As noted in the introduction, the species [Mn""F,( py)4][SiFs(py)]
(2a), [Mn""F;(py)s] (2b) and [Ni"F,(py)s] (3a) were isolated from

13276 | Dalton Trans., 2015, 44, 13272-13281

the systems Li-Mn-F and Li-Ni-F and crystallographically
characterised (see Table 3). The fluorosilicate anion again is a
result of the reaction of hydrogen fluoride with the glassware
during precursor synthesis. 3a has long been known,'>*° but
no crystal structure has been reported so far. The hydrates
[Ni"F,(py)4]-*H,O (x = 2 and 7/3) have been known and charac-
terised before.””** From the same mother liquor as 3a, purple
crystals of [Ni'(acac),(py),] (3b) formed after four weeks. This
compound has already been reported and both, crystallogra-
phically and spectroscopically, characterised.>* >

2a forms a structure with alternating layers of
[Mn""F,(py)s]" and [SiFs(py)]” ions in (100). The trivalent
manganese complex has a nearly undistorted octahedral
coordination sphere with the fluorido ligands in a ¢rans posi-
tion (see Fig. 2). The pyridine ligands containing N20 are
twisted by 33.6° relative to the N10-V1-F1 plane. At 1.7884(10)
A, the Mn-F bonds (see Table 4) are slightly shorter than those
reported for MnF; (1.7977-2.1057 A)***’ and MnF;-3H,0

This journal is © The Royal Society of Chemistry 2015
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Table 3 Details of the refinement for 2a, 2b and 3a
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Crystal data

[Mn""F>(py).][SiFs(py)] (2a)

[Mn™'F;(py)s] (2b)

[Ni"F,(py)a] (3a)

CCDC no. 1063081
Chemical formula C,5H,5F,MnN;Si
M, 611.53

Crystal system, space group Monoclinic, C2/c
a(A) 21.4549(11)

b (A) 10.3397(5)

c(A) 11.9769(7)

a(°) 90

B () 98.648(5)

7 (°) 90

V(A% 2626.7(2)

zZ 4

p(gem™) 1.546

4 (mm™) 0.62

Crystal size (mm?)

Data collection
Tmin, Tmax
No. of measured, independent

0.67 X 0.51 X 0.28

0.778, 0.873
5581, 2590, 2331

1063082
C15H;5F3MnN;
349.24
Monoclinic, Pc
15.9240(19)
8.1630(8)
12.4914(13)

90

102.981(12)

90

1582.2(3)

4

1.466

0.87

0.45 x 0.33 x0.26

0.747, 0.842
5530, 5530, 4185

1063083
CpoH2oF2N,Ni
413.11
Monoclinic, I2/a
15.1861(10)
8.4089(4)
15.7527(9)

90

110.717(7)

90

1881.5(2)

4

1.458

1.06

1.35 x0.62 x 0.54

0.480, 0.648
3859, 1839, 1706

and observed® reflections

Rint 0.0192
R, 0.0271

(sin 0/A)max (A1) 0.617
Refinement

R, (observed/all)* 0.0324/0.0385
WR, (observed/all)®” 0.0743/0.0768
SIS’ 1.078/1.078
Data/restraints/parameters 2590/0/180
Apmaxy Apmin (e A73) 0'26’ —-0.32

Weighting parameters u, v” 0.0328, 1.9060

1> 20(D)]. Pw = 1/[6*(Fo?) + (uP)* + vP] where P = (F,> + 2F.%)/3.

(1.795(3)-1.856(3) A).*® A [Mn""F,(py)i]" species has not pre-
viously been described in the literature.

In the group of divalent manganese compounds
[Mn"X,(py)4], species with X = Cl, Br and I (but not F) are
known,?>*® having a molecular structure similar to 2a. There
are several compounds containing the structure motif
[M™F,(py),]" (M: transition metal), e.g., the chromium com-
pounds [CrF,(py),]X (X = ClO,, Br, I, NO;, PF¢)*"*> and the
cobalt compound [CoF,(py),]ClO,%H,0.** Together with
1b and 1c, 2a adds to the hitherto known set of [M""F,(py),]*
species. A special feature of 2a is the [SiFs(py)]” ion. Pyridine
fluorosilicates or their polymeric forms have not previously
been reported. In contrast, compounds (NR,)[SiFs(NH;)] with
R = Me, Et or H exist.**® Furthermore, pyridine adducts of
tetrafluorosilane, SiF,-py and SiF,-2py, are known.*’”® Si-F
and Si-N bond lengths in [SiFs(py)]” are listed in Table 4. For
(NH,)[SiF5(NH3)], the Si-N bond distance is reported to be
1.902(4) A and is therefore shorter than in 2a. At 1.6623(15)-
1.6703(12) A, the Si-F bonds in 2a are somewhat shorter than
in (NH,)[SiF5(NH3)] (1.678(1) and 1.680(2) A). [Mn""F;(py)s]
(2b) and its perdeuterated derivative were described in 1989.%
The authors reported twinning problems. The single crystals
obtained in our experiments were also twinned, but the twin
law was found, which allowed for a high-quality refinement of
the structure. We found similar cell parameters, but assigned

This journal is © The Royal Society of Chemistry 2015

0.083 0.0149
0.0726 0.0202
0.617 0.617

0.0596/0.0787
0.1612/0.1737

0.0247/0.0277
0.0642/0.0654

1.010/1.011 1.056/1.056
5530/2/398 1839/0/124
0.49, —0.58 0.24, —0.35
0.1136, 0 0.0302, 0

a different space group (Pc instead of P2;/c as emulated by
twinning). The asymmetric unit contains two complexes
differing in the orientation of the pyridine ligands with respect
to each other and their tilting with respect to the metal-nitro-
gen bond. In 2b, both crystallographically independent moie-
ties form layers in (100) connecting symmetry equivalent
complexes only through dispersive C-H---F contacts. The
layers interact via n stacks along [010] to form a three-dimen-
sional network.

The molecular structure of [Ni"F,(py)s] (3a) is comparable
to the [M™F,(py)4]" species discussed before (see Table 4). A
distorted octahedral coordination with t¢rans aligned fluorido
ligands is the basic structural motif. At 2.0061(9) A, the Ni-F
bond length is in the same range as for NiF, (given as 1.98(1)-
2.04(2) A or 1.997(1)-2.011(1) A),"**" and for the hydrates
[Ni"F,(py)s]-2H,O  (2.0424(8) A) and [Ni"F,(py)s]-7/3H,0
(2.015(4) A). The Ni-N bond lengths and coordination angles
are also comparable to those in the latter compounds. The
molecules of 3a form chains along aq, in which the N10-con-
taining pyridine ligands interact via & stacks.

Successive flourination of the primary metal precursors

The existence of certain Li,MF, precursor species can be
inferred from the isolation of their solvent adducts. Incorpo-
rating [V (acac),(CH;CN),|BF,,° the most complete sequence

Dalton Trans., 2015, 44, 13272-13281 | 13277
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Fig. 2 Molecular structures of manganese(i) complexes 2a—b and nickel(i) complex 3a (ORTEP representation with ellipsoids of 50% probability;
counter ions omitted for clarity).

Table 4 Selected bond lengths (A) for 2a—b and 3a

[Mn""'F,(py)a][SiF5(py)] (2a)

[Mn™F;(py)s] (2b)

[Ni"F2(py)a] (3a)

M =Mn [(Mn1)"F5(py)s] [(Mn2)"F5(py)s] M = Ni
M-F 1.7884(10) (2%) 1.811(8) 1.815(8) 2.0061(9) (2x)
1.834(8) 1.816(8)
1.815(8) 1.845(8)
M-N 2.1157(15) (2%) 2.088(11) 2.094(11) 2.1102(13) (2%)
2.2397(15) (2%) 2.304(11) 2.313(11) 2.1251(13) (2%)
2.331(10) 2.323(11)
Si-F 1.6658(11) (2%)
1.6703(12) (2%)
1.6623(15)
Si-N 2.016(2)

of fluorination products was found for the Li;VFs precursor. A
suitable model for the fluorination of metal acetylacetonates
in the precursor-formation process using the example of
Li;VFs is shown in Scheme 2. Starting from [V""(acac);],

13278 | Dalton Trans., 2015, 44, 13272-13281

five fluorination steps can be distinguished: first, an acetyl-
acetonato ligand has to be eliminated, leaving behind a
cationic {V"(acac),}" core as evidenced by the isolation of
[V"(acac),(CH;CN),|BF, and [V"(acac),F].**> After elimination

This journal is © The Royal Society of Chemistry 2015
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V(acac)s]
—acac™
+2 CHyCN
+BF,~
(Vacac),yt —  [V"(acac)y(CHsCN),IBF, ©
oyl
(VMacac)Fyp —2P [V'(acac)Fa(py)o] (1a)
—acac™
Lefr V' (py)JBF, (1b)
+Bhy 2(PY)4|BFy4
VIR <
+5py (PYH)IV'F 5 (py)4lSiFs (1c)
+E + HISiFgl”
(VIIF} — 2 VF4(py)e] (1d)
+F +3py
+H*
(VI g ErOH (PYH)IV'"F4(py)o] - 25 EXOH (1e)

Scheme 2 Stepwise fluorination of [V(acac)s] and formation of the iso-
lated complexes.

of another acetylacetonato ligand and further fluorination, a
{V"(acac)F,} core is formed, which has been trapped in 1a.
Neither [V'"(acac)F,] nor [V'(acac)F,(py),] have been
described in the literature so far. The {V""(acac)F,} core reacts
with two more equivalents of HF, forming {VF;} and finally
{VF,}”, which were trapped in 1d and 1e as shown in
Scheme 2.

When the starting materials [V™(acac);] and LiOtBu are
reacted with hydrogen-fluoride solution, increasingly more
highly fluorinated species (up to {VF,}”) are formed within a
chemical equilibrium. Although an excess of hydrogen fluoride
is used, exhaustive fluorination is not accomplished.

The question remains how Li;VFe is formed during the
decomposition of the inhomogeneous precursor material. For
precursor synthesis, LiOtBu and [V"(acac);] are reacted in the
ratio 3:1 with an excess of HF to achieve a stoichiometry of
FeLizV. However, the precursor can neither be LizVFs nor a
stoichiometric mixture of LiF and VF;, as elemental analysis
shows carbon, hydrogen and oxygen to be present in consider-
able amounts. During precursor decomposition, the following
steps occur: while heating, residual solvent evaporates and is
carried away by the gas flow. In general, at about 200 °C, acetyl-
acetonates start to decompose;*? pure [V"(acac);] was reported
to decompose at about 250 °C.** To avoid oxidation, working
under a dinitrogen atmosphere is necessary. Under these con-
ditions, organic residues are carbonised, giving rise to the
black colour of the Li;VF, material and its residual carbon
content. Before reaching 300 °C, the decomposition of Li,SiFs
to LiF and SiF, starts. Gaseous SiF, is also carried away by the
gas flow. Normally, the decomposition of Li,SiFs should occur
at higher temperature as reported in the literature: at 290 °C*>

This journal is © The Royal Society of Chemistry 2015
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70

Fig. 3 TG/DSC during decomposition of the LisVFg precursor (syn-
thesised in EtOH) in a dinitrogen atmosphere. Blue curve: TG signal, red
curve: DSC signal, black arrows: mass changes. Amq m~/%: mass loss
in per cent.

or 350-370 °C*® in dry air. We have not found any Li,SiF, in
LizVF, precursor samples prepared under dinitrogen at 300 °C.
This indicates that the decomposition of Li,SiFs occurs at
lower temperatures under precursor decomposition conditions
as compared to pure samples. To substantiate this, a sample
of pure Li,SiF prepared from Li,CO; and aqueous H,SiFs was
calcined for four hours at 240 °C under dinitrogen flow. X-ray
powder diffraction showed that the product was a mixture of
Li,SiF¢ and LiF. At 300 °C, the formation of monoclinic
B-Li3VFs as the main component is observed, so that the
decomposition of the fluorinated species and their reaction
with LiF can be assumed.

To verify this concept, the precursor decomposition was
investigated by thermogravimetry (TG) and differential scan-
ning calorimetry (DSC, see Fig. 3). The sample loses 12.9% of
its mass up to 180 °C. This is in the temperature range of a
possible solvent loss. Between 180 and 350 °C, the sample
loses another 12.5% of its mass, while acetylacetonate and
Li,SiFs decompose. From 233 to 250 °C, a DSC signal for an
exothermic process appears with its maximum at about
239 °C. As the precursor contains a plethora of species, which
can react with each other during decomposition, we have
unfortunately been unable to clarify the origin of this signal.
However, we have ruled out the decomposition of Li,SiFs or
acetylacetonate compounds (e.g., [V(acac);]), because these pro-
cesses are known to be endothermic.***

Upon reaching the final temperature of 600 °C, the sample
had lost a total of 30.3% of its mass. This value is in the
typical range of losses observed during decomposition
(25-40% for LizVF, precursors).

It is safe to assume that similar processes occur with
Li,MnFs and Li,NiF, precursors. In the system Li-Mn-F,
{MnF,}" and {MnF;}" were captured—in analogy to the system
Li-V-F (see Scheme 3). Species with the core {Mn"'F,}*%)~
have not been found so far for x = 4 and 5. In the system Li-N-F,
[Ni(acac),] partly reacts with hydrogen fluoride to form NiF,,
as indicated by the presence of 3a (see Scheme 4). It is as yet
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[Mn"'(OAC)3]

J -3 AcO"
+2F
-1
My BRI, (Mn"Fo(py)SiFs(py)] (22)
+F
(MnlF ) *3py IMn"F3(py)s] (2b)
; §+ F-
v
Mn"'F,]

Scheme 3 Stepwise fluorination of [Mn(OAc)s] and formation of the
isolated complexes.

Ni'(acac),] ) INi'(acac),(py),] (3b)
—2acac”
‘ J+ 2F
NI'F,) +4py INi"Fa(py)s] (3a)
i §+ 2F
v
INi"F,J>-

Scheme 4 Stepwise fluorination of [Ni(acac),] and formation of the
isolated complexes.

unknown if anionic fluoridometal species exist in these
systems. Finally, Li,MnFs and Li,NiF, will be formed when the
mixture of transition-metal species and LiF is heated under
dinitrogen flow.

Conclusions

The results presented above give detailed insight into the pro-
cesses of the fluorolytic sol-gel synthesis of ternary lithium
transition-metal fluorides. After stabilising precursor species
with pyridine and growing single crystals from the pyridine
solutions, it became apparent that the precursor is a mixture
of transition-metal compounds with different degrees of fluori-
nation. On the basis of these results, previous analytical data
from X-ray diffraction and spectroscopic methods may be
better understood. In the case of the synthesis of LizVF, start-
ing from [V (acac),], four fluorination steps were identified by
isolating and characterising the pyridine adducts 1a-e. Further
experiments with Li,MnFs; and Li,NiF, precursors led to the
species 2a-b and 3a. In addition, first attempts to isolate
species from the system Li-Fe-F already indicate the presence
of [Fe"™F,(py)s|BF,. This demonstrates that the conclusions
made for Li;VF, are transferable to the fluorolytic sol-gel syn-

13280 | Dalton Trans., 2015, 44, 13272-13281
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thesis of other ternary fluorides in general. The elucidation of
these processes is necessary for further research on the noto-
riously low yields of Li,MnFs and LisFeFs, as well as the
reduction occurring in these systems. As mentioned in the
introduction, Li,MnF; and LisFeFs were invariably obtained
together with the difluorides MF,. The question, whether diva-
lent species are already formed during precursor synthesis, is
important for addressing this Stabilisation with
additional solvent ligands such as pyridine is a promising
method to help clarify these open questions.

issue.
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