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Two novel poly(oxofluoromolybdate) clusters, [MogO1sFs]®~ and [Mo;0F3]>~, have emerged from systematic field
studies on the hydrothermal fluorination of poly(oxometalates). They are accessible via the hydrothermal treatment
of Mo(VI)-based precursors in the presence of MF additives (M = Li, Na, Cs, NMey). The new fluorinated polyanions
are stabilized by specific alkali-cation combinations, and their packing motifs can be tuned through the careful
choice of cations and synthetic parameters. The [MosO1gFs]®~ anion can be described as a cored and fluorinated
form of the Anderson—Evans cluster type. It is stabilized by the interaction of two alkali cations with the fluorinated
faces of the ring-shaped anion. The partial replacement of these capping alkali cations by the bulky, organic NMe,*
cation leads to the formation of [Mo;02,F3]°~-based compounds. Thus, the extent of fluorination can be controlled
through the polarizability of the cationic environment: in the [Mo70,,F3]°~ anion, half of the fluoride atoms of the
[MogO15F6]®~ anion are replaced by a capping MoOj, tetrahedron, thereby rendering this anion a fluorinated, lacunar
derivative of the o-[MogOz]*~ octamolybdate anion. All compounds have been structurally characterized by single-
crystal X-ray diffraction and solid-state NMR spectroscopy. The templating role of the alkali cations is discussed
and explained with the help of electrostatic calculations.

Introduction their effect upon the number and types of phases formed in

a given reaction is still difficult to predié* Therefore,
hconsiderable optimization may be required for the develop-
ment of a synthetic procedure, and this holds especially true
for products that can only be accessed in a narrow window
of synthetic parametefs.

The flexibility of hydrothermal methods renders them ideal

The controlled preparation of new crystalline inorganic
solids is a challenging area of research that has muc
benefited from the recent developments in low-temperature
routes! Among these synthetic approaches, solvothermal
methods offer an exceptionally wide spectrum of preparative

options covering crystal growth techniques, the synthesis of o ;
for retrieving new compounds among important classes of

micro- and mesoporous materials, and new pathways to . . .
P b y materials, such as the family of poly(oxomolybdates), which

nanoscale compoundsThe synthetic parameters (e.g., hibi di | chemistiah d
reactant type or concentration, temperature, pH, etc.) can peSXNIbIts a diverse structural chemis yhese compounds

widely varied in solvothermal/hydrothermal synthesis, and provide interesting applications (e.g., in catalysts in
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Table 1. Representative Synthetic Conditions for Hexafluorohexa- and Trifluoroheptamolybdates (Reactiow Piays)

compound M1:M2 Mo:F T(°C) precursor

Li,CssM0gO18Fs:6H20 (1) 73 1.2 220 ammonium heptamolybdate
NaxCssM0gO18F66H20 (2) 4:1 1:2 180 Mo@-2H,0

NapK 4M0gO18Fs-2H20 (2a) 2:3 1:2 180 MoQ@

NaxRbsM06O;8Fs-NH20 (23) 2:3 1:2 180 MoQ
NBQ(NH4)4M06018F5'I'1H20 (261) 4:1 1:2 220 MOQ
0.9Nay(NMes),M0s018F6* 10H,0- 4:1 1:4 140 MoQ@

0.lNQ(NM94)2MO7022F3'9H20 (3)

m-NEt(NME4)3MO7022F3'6H20 3:2 1:2 140 MOQ
t-Nap(NMes)sMo7022F3-6H,0 1:4 1:2 140 Mo@

photochemistr§) arising from a broad range of structural 6H,O (M = Na, Li; M' = K—Cs, NH,, NMey) and t/m-

motifs? Their dimensionality increases from isolated tetra- Nax(NMes)sMo;02,F3+6H,0. They contain the novel fluorinated

hedral and octahedral moiettf&sver polyanion& and two- polyanions [M@O1gFe]®~ and [Mo,0O22F3]°, respectively. In

dimensional layef8 to three-dimensional tunnel and network the following, we discuss (a) the hydrothermal parameter

structures?® Recently, a new class of giant molybdate clusters windows and the templating role of cation pairs for the

with nanoscale dimensions has opened up new perspectivesormation of the new fluoromolybdates and (b) the key

in nanomaterials chemistfy. position of the new fluoromolybdate anions in the general
Generally, the molybdate structure type formed in a given context of poly(oxomolybdate) structures.

reaction strongly depends on the synthetic conditions, and

this makes the development of predictive procedures quite Experimental Section

difficult. In the course of our ongoing resgarch on systematic Preparative Method_s. Ina reprgsentative solvothermal experi-
hydrothermal approaches to oxide materials, we have focusedyent, precursor material containing 1 mmol of molybdenum (e.g.,
on the role of the molybdate precursor material and its 180 mg of MoQ-2H,0, synthesized from sodium molybdate and
interaction with alkali cations to develop synthetic guidelines HCIO,9), 2 mL of H,0, and alkali/tetramethylammonium fluorides
for controlled access to poly[oxomolybdates(\A¥].The in the appropriate ratio (for further details, compare Table 1) were
combination of appropriate alkali-cation pairs with the inserted into a Teflon-lined stainless steel autoclave with a capacity
matching type of Mo-based precursor (e.g., layered materialsof 23 mL. The sealed autoclave was heated for 2 days at
vs cluster compounds) opens up differentiated pathways totemperatures between 140 and 22D followed by cooling to room -
new mixed alkali molybdates and alkali fluoromolybdates. tejm.perature. The resulting prempltate was flltergd off, Wf';\shed with
The synthesis of fluoromolybdates adds an interesting d'sggsv‘ii:rz?(' fat:a;fof:aizgndf:nk;};;;tshe;oi;‘:e?ré?f?r;;t?c;; data
biizggeiﬁgrﬁsgnég t:ﬁg:ig: r:éfggrg'?ggeonfqirgglliz?:stgfs',,were collected on a STOE STADI-P2 diffractor_net(_ar in transmis,_sion
by cutting up molybdate layers or chains into smaller mode (flat sample holders_or_ 0.1-mm Capmar-les’ germenim-
fluorinated unit$:'®> However, the number of different monochromated Cu & radiation) equipped with a position-

VVEVE o o sensitive detector (resolution of ca. 0°0f 26).
fluoromolybdate types is still surprisingly limited, and the x5y pata Collection and Structure Determination. Single-

majority of them consist either of isolated M@ octahedra  crystal X-ray diffraction data were collected on a Bruker AXS
or of the respective dimers (cf. Table S1 in the Supporting SMART CCD diffractometer using Mo & radiation ¢ = 0.710 73
Information). The latter can further be connected to form A), and the data reduction was performed with tBAINT
fluorinated chains (cf. Table S1 in the Supporting Informa- software?® The program XPREP was used for space-group
tion). [Mo,O,F] units have been observed in extended determination. The structures were solved by direct methods
structures, e.g., thMo,O,F,(OsPR)} subunit in [ Nis-

. (7) (a) Baiker, A.; Dollenmeier, P.; Reller, A. Catal.1987 103 394.
(tpyprz)(H20)z} (M05O15) (M0204F2){ ng(c"b)3po~”} 2l (b) Ressler, T.; Wienold, J.; Jentoft, R. E.Catal. 2002 210, 67.
8H,0 (tpyprz= tetra-2-pyridylpyrazine)? Up to now, only (8) Yamase, TJ. Chem. Soc., Dalton Tran985 2585.

two fluorinated polymolybdate anions have been character- (9) Yamase, T.; Pope, M. TPolyoxometalate Chemistry for Nanocom-
posites DesignKluwer Academic Publishers: Dordrecht, The Neth-

ized: [Mo;O12F2]* and [MayOzeF]®~.17 8 The former coex- erlands, 2002.
ists with the hexamolybdate anion, [M@g]?-, in [Ni- (10) Gonschorek, W.; Hahn, Z. Kristallogr. 1973 138 167.
(tpyrpyz)z]2[M04012F2][M06019]-2H20.17 The [MOBOZBFZ]G_ (11) Bridgeman, A. JJ. Phys. Chem. 2002 106, 12151.

h . (12) Gatehouse, B. M.; Miskin, B. KActa Crystallogr.1975 B31, 1293.
difluorooctamolybdate anion can be understood as a mono-(13) Guo, J.; Zavalij, P.; Whittingham, M. 9. Solid State Chen1.995

mer resulting from the fluorination and cleavage of-M 117, 323. _ _
. (14) Liu, T.; Diemann, E.; Li, H.; Dress, A. W. M.; Mier, A. Nature
MogO,s chain molybdates. ¥V0sO.¢F.+6H,0 has long been 2003 426, 59.

the only known difluorooctamolybdafeuntil our systematic ~ (15) Gatehouse, B. M.; Leverett, B. Chem. Soc. A971, 2107.

; ; ¢« (16) Burkholder, E.; Golub, V.; O’'Connor, C. J.; Zubieta|rbrg. Chem.
hydrothermal studies brought forward new packing motifs 2004 43, 7014,

in mixed alkali difluorooctamolybdatés.These results  (17) Burkholder, E.; Zubieta, Jnorg. Chim. Acta2004 357, 279.
pointed to a general synthetic trend: the combination of (18) Kamenar, B.; Kaitner, B.; Strukan, Mcta Crystallogr.199Q C46

) ; . i 49.
different (alkali) countercations exerts a considerable structure-(19) cruywagen, J. J.; Heyns, J. B. 8. Afr. J. Chem1981, 34, 118.

directing potentia| on the resu|ting mixed mo|ybdate_ (20) SAINT, version 4.05; Siemens Analytical X-ray Instruments: Madison,
. . . WI, 1996.
In this paper, we report on the synthesis and Char""ct(:"”Z"’I'(Zl) SHELXTL version 5.1; Program Package; Bruker AXS: Madison,

tion of two new fluoromolybdate types: (M,MMogO;gFs WI.
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Table 2. Crystallographic Data for LCM0gO18Fs*6H20 (1),
NBQC&MOeolgFe'GHzo (2), and
0.9N&(NM€4)2M06018F6'10H20'0.1N@(NMe4)2MO7022F3'9H20 (3)

microscope with an EDAX-Phoenix energy-dispersive X-ray spec-
trometer. Fluorine contents were determined by ion chromatography
on a Metrohm 761 Compact IC. C, H, and N analyses were carried

compound 1 _ 2 3 out by means of combustion test methods on a LECO CHN-900.
formula Csuge'g';?' C&N'ggf:"of C‘*';{ll;l': zﬁ.}‘iill’\" Solid-State NMR SpectroscopySolid-state NMR spectra have
fw 1631.19 831.63 695.53 been recorded at 194.0, 470.6, 132.3, and 65.6 MHz for the isotopes
T(K) 295(2) 295(2) 295(2) Li, 19F, 2°Na, and13%Cs, respectively. The compounds were
2 (A) 0.71073 0.71073 0.71073 contained in zirconium oxide rotors of 4-mm outer diameter and
cryst syst triclinic monoclinic triclinic ion f . f to 12 kHz in th . |
space group Pi P2.n P spun at rotation frequencies of up to 12 kHz in the magic angle.
a(h) 8.076(1) 10.315(1) 8.166(1) The 13C carboxylate resonance of glycine was used for field
b(ﬁ) 10.272(1) 9.909(1) 11.865(1) calibration, and referencing was then achieved on the absolute
(Cl(( d)eg) 15631673((11)) 2%70002(2) 11%)'33;35((11)) frequency scale according to the recommendation of IUPAC.
B (deg) 92.34(1) 106.59(1) 97.72(1) Isotropic chemical shifts or maxima of absorptions & and the

y (deg) 113.04(1) 90.00 109.64(1) guadrupolar nucleiLi, 2Na, and'3<Cs, respectively, are expressed
V(A3 734.1(1) 1538.1(2) 995.5(2) relative to CCJF, LiCl, NaCl, and CsN@in solution phasé®

z ! 2 Computational Details. The interaction of the cations with th
tharea(g o1 ) 3.663 3565 2304 omputational Details. The interaction of the cations with the
u (mmY) 7.495 7.183 2.053 respective poly[oxomolybdate(VI)] frameworks has been investi-
n0-/0f ngr?m 0] 010931 /0.0 3%1229/0 o 205%3 0/0.0813 gated with the help of electrostatic mod@ls.

RIFWR2 [ > 20(1 .0350/0.0754 0. 0457 0.0349/0.081 o .

RI¥WR2 (all data) ~ 0.0468/0.0769 0.0373/0.0470  0.0549/0.0875 As a vqlldatlon of the structure refmement,. the .Madelung part
Apmax(€ A7) 1.764 1.823 1.027 of the lattice energy (MAPLE§-2°and the atomic point potentials
Apmin (€ A3) —1.570 —0.994 —0.789 were determined using the prograd?ADKUG.30 All calculations
GOF F?) 0.820 0.874 1.027 were performed for the ionic limit 2 charge for oxygen, 4

aR1= 3 [|Fo| = [Fell/Z|Fol. "WR2 = [F{W(Fo* — FAZ}/ 3 {W(Fo)?} ].

(SHELXS-9%) and refined againgt 2 with the full-matrix least-
squares methodSHELXL-979). Empirical absorption corrections
were performed with the progra®ADABS? The non-hydrogen

charge for fluorine, & charge for the alkali cations, ang-&harge

for molybdenum). The theoretical MAPLE values were calculated
from the sum of the MAPLE values of the binary oxides and

fluorides. Note that the calculation of the atomic point potentials
is generally more accurate for cations than for anions. However,

atoms were located by difference Fourier syntheses and refined@ll of our calculations on poly[oxomolybdate(VI)] systems have

anisotropically. Hydrogen atoms were introduced at calculated
positions, and they were refined with a riding model. In H{N&le;)s-
Mo7O,,F3:6H,0, the aquoligand 024 was refined as a split position.
All crystallographic data are summarized in Tables 2, 5, and 6.
Structure Determination from Powder Diffraction Data. The
powder pattern of N&4sMo060;5Fs°2H,0 was indexed in a mono-
clinic cell with the following dimensionsa = 15.182(1) Ab =
9.711(1) A,c = 9.812(1) A, = 107.72(2) (Tables 5 and S3 in
the Supporting Information). According to the systematic absences,
the space grouf2;/n has been assigned. The crystal structure

revealed a common trend: the point potentials of the oxygen atoms
increase with their coordination numbgg-Oxygen atoms exhibit
values (atomic units) of around 3.9, followed by atomic point
potentials between ca. 2.0 and 2.4 figroxygen atoms. The values
increase to 2.52.7 forus-oxygen atoms and finally to atomic point
potentials of 2.8 and above fay-oxygen atoms.

The bond valencésare calculated via the relatigh

u; = exp[R, — 0;)/0.37]

solution has been carried out with the use of the global optimization With R representing the valence bond parameterdyritie actual
techniques implemented in the structure solution package #0OX. distance between two atoms. The bond valence parameters were
The hexafluorohexamolybdate moiety and the adjacent sodium taken from tabulate& values?**34The bond valence sums (BVSs)
atoms have been initially put in as a rigid-body object. This was are simply obtained by summing over all neighbors at eacliite.
established by putting solely the bond distance constraints at the

values close to those observed in ,NgMogO;gFs:6H,O. The
potassium atoms and,B molecules were left free to be located

independently. Once convergence was achieved, the refinement of

(26) Harris, R. K.; Becker, E. D.; Cabral de Menezes, S. M.; Goodfellow,
R.; Granger, PPure Appl. Chem2001, 73, 1795.

(27) (a) Hoppe, RAngew. Chem197Q 82, 7. (b) Hoppe, R.; Bernet, K;

Moeller, A. Z. Anorg. Allg. Chem2003 629, 1285.

the crystal structure parameters was carried out with the use of(28) (a) Hoppe, RAngew. Chem., Int. Ed. Endl966 5, 52. (b) Hoppe,

Fullprof software?® The refinement turned out to be so robust that
all of the positional parameters of the individual atoms were finally
refined independently. A few narrow regions with the peaks of an
unidentified impurity had to be excluded from the refinement
(Figure S3 in the Supporting Information and Tables 5 and S3 in
the Supporting Information). The isotropic temperature factors were
constrained to be identical for all atoms, and the refined value
amounts tBiso overan = 3.08(5) A2.
Elemental Analyses.The alkali content of selected fluorinated

poly(oxomolybdates) was determined on a CamScan CS-44 electron

(22) Sheldrick, G. MSHELX97, Programs for the Refinement of Crystal
Structures University of Gdtingen: Gdtingen, Germany, 1997.

(23) Sheldrick, G. M.SADABS University of Gdtingen: Gdtingen,
Germany, 1997.

(24) Favre-Nicolin, V.; Cerny, RJ. Appl. Crystallogr.2002 35, 734.

(25) Rodfguez-Carvajal, JPhysica B1993 192, 55.

R. Adv. Fluorine Chem.197Q 6, 387. (c) Weiss, C.; Hoppe, FZ.
Anorg. Allg. Chem1996 622, 1019.

(29) (a) Hoppe, R. Ii€rystal Structure and Chemical Bonding in Inorganic

Chemistry Rooymans, C. J. M., Rabenau, A., Eds.; North-Holland

Publishing Co.: Amsterdam, The Netherlands, 1975; p 127. (b)

Lissner, F.; Schleid, TZ. Anorg. Allg. Chem1994 620, 1998.

(@) Nesper, R.; Roch, G.; Neiika B.; von Schnering, H.-G.

MADKUG, A Program for the Calculation of Lattice Energies,

Madelung Factors, and Point Potentialdniversita Munster: Zuich,

Switzerland, 1993. (b) Rohrer, F. E.; NesperJRSolid State Chem.

1998 135 194.

(31) (a) Brown, I. D.; Altermatt, DActa Crystallogr.1985 B41, 240. (b)

Brown, I. D.; Altermatt, D.Acta Crystallogr.1985 B41, 244.

(32) (a) Donnay, G.; Allmann, RAm. Mineral.197Q 55, 1003. (b) Adams,
S. Acta Crystallogr.2001, B57, 278.

(33) (a) Brese, N. E.; O'Keeffe, MActa Crystallogr.1991, B47, 192. (b)
Garca-Rodfguez, L.; Rute-Pez, A.; Ranmia Pitero, J.; GonZez-
Silgo, C.Acta Crystallogr.200Q B56, 565.

(34) (a) Brown, I. D.Acta Crystallogr.1976 A32 24. (b) Brown, I. D.
Acta Crystallogr.1976 A32, 786. (c) Brown, I. D.; Wu, K. KActa
Crystallogr. 1976 B32 1957.

(30)
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Figure 1. Synthetic parameter fields for the formation of [MgFg]5~
hexafluorohexamolybdates (a) and [N,F3]°~ trifluoroheptamolybdates
(b). Standard procedure MoOj3, 140 or 180°C, 2 days, Mo:F= 1:2.

Results and Discussion

Hydrothermal Synthesis of (M,M")¢M0¢O1gFs-Type
Hexafluorohexamolybdates.Screening experiments with

Michailovski et al.

Mo/F ratios lower than 0.5. Finally, N@NH4)sM0gO1gFs*
nH,O can easily be prepared from the hydrothermal treatment
of any of the three precursors in the temperature window
between 180 and 22T in NaF/NH,F solutions (0.251.5
ratios). However, considerable optimization efforts could not
bring forward any single crystals of type 2a hexafluorohex-
amolybdates.

Table S2 in the Supporting Information displays repre-
sentative elementary analyses of all fluoromolybdate types.
The experimental results are in good agreement with the
expected values.

Hydrothermal Synthesis of [Mo;0,F3]-Type Trifluo-
roheptamolybdates.The hydrothermal reaction of Ma®@r
Mo0Os;-2H,0 in NaF/NMeF solutions afforded two modifi-
cations of Na(NMe4)sMo-0,,F5:-6H,0 (Table 1) containing
the novel [MaO,,F3]° trifluoroheptamolybdate anion. The
latter could only be obtained from the layered precursor
materials (MoQ and MoQ-2H,0) but not from ammonium
heptamolybdate. Higher NME/NaF ratios favor the forma-

molybdenum-based precursors and alkali/ammonium fluoride tion of triclinic Na;(NMes)sMo7025F3-6H,0, whereas the

solutions revealed that new mixed alkali fluoromolybdates

monoclinic modification prevails at lower NME/NaF ratios.

are preferably formed in the presence of sodium or cesium Furthermore, the third new fluoromolybdate type compound

cations (Figure 1).

contains a mixture of [MgD1gF¢]®~ hexafluorohexamolyb-

Depending on the synthetic parameter window and on the date anions and [M®,.F;]°~ anions, giving rise to the

molybdenum-precursor material, three different hexafluoro-
hexamolybdate types containing the newd@gF~ anion
are accessible (Table 1). The synthesis @€siM0gO;gF¢
6H.0 (type 1) is only successful if ammonium heptamolyb-

overall formula (Na(NMe,).,M0gO18Fs LOHO);—(Nag(NMey)-
Mo070,:F3-9H,0), (X = 0.06-0.44). The elementary analyses
for all trifluoroheptamolybdates (Table S2 in the Supporting
Information) agree well with the calculated values.

date is subjected to 2 days of hydrothermal treatment at 220 Crystal Structures. The crystallographic data for all
°C in a suspension of NaF in an aqueous solution of CsF compounds are summed up in Tables 2, 5, and 6. Selected

(molar ratio Li/Cs= 2.3; Table 1). While the Mo/F ratio

bond lengths and the results of the electrostatic calculations

may be chosen between 0.5 and 0.1, all other parameterare listed in Tables 3, 4, 7, and 8.

changes, especially reaction temperatures below@2ad

to the formation of different products.
NaCsM060,4Fs-6H,0 (type 2) can be obtained from the

treatment of either Mo®2H,0O or ammonium heptamolyb-

M2M';Mo60;8F66H,0 Hexafluorohexamolybdates (M
= Li, Na; M' = K—Cs, NHy). The M,M';M0015Fs-6H,0
hexafluorohexamolybdates all have the novel [gFs]®~
anion in common, which consists of six edge-sharing

date in NaF/CsF solutions. The NaF/CsF ratio must be MoO4F, octahedra (Figures 2 and 3).
carefully adjusted in the temperature range between 180 and Each octahedron shares two edges with neighboring

220 °C, so that the synthetic parameter window remains
rather narrow (NaF/CsE 9 at 180°C for MoO;-2H,0 and
2.3—9 (180°C) or 4 (220°C) for ammonium heptamolyb-
date). For the preparation of polycrystalline type 2a fluoro-
molybdates (NaM4MogO1F6:6H,O; M = K, Rb, NH,),
much less optimization work was required.,KgViogO;gFs
2H,0 is accessible from the hydrothermal reaction of all three
precursor materials in NaF/KF solutions. Mg2H,0O or
MoO; works best for the quantitative formation of Ma-
MogO1gF6:2H,0 at a minimum reaction temperature of 180
°C in fluoride solutions with a NaF/KF ratio of 0.66 and
above. The same trend applies for the synthesis gRNa
MogO1gF6-nH,0: starting from MoQ@-2H0, it is formed
quantitatively at 186220 °C with NaF/RbF ratios of 0.66
and below. The precursor materials Mp&nd ammonium
heptamolybdate require elevated temperatures ¢Z)0or

(35) He, M.; Okudera, H.; Simon, Anorg. Chem.2005 44, 4421.

(36) (a) Buttrey, D. J.; Vogt, T.; Yap, G. P. A.; Rheingold, A. Mater.
Res. Bull1997, 7, 947. (b) Chen, M. D.; Zhou, Z. H.; Hu, S. Zhin.
Sci. Bull.2002 47, 978.
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octahedra to form a hexagonal ring with idealizBdy
symmetry. The fluorine anions are located at its two
triangular faces, which are capped by the M-alkali cations,
and these fluoromolybdate moieties are surrounded by the
M’ cations. Two different packing types of hexafluorohex-
amolybdates can be accessed through appropriate (M, M
cation combinations.

Li ,C4M04018F6°6H,0 (Type 1 Hexafluorohexamolyb-
date). The triclinic hexafluorohexamolybdate,0s;MogO; ¢F*
6H,0 contains lithium-bicapped [M®asF¢] rings (Figure
3a). The lithium cations are tetrahedrally coordinated to three
crystallographically different fluorine atoms and one aquo-
ligand (crystal HO) with Li—F bond lengths of 1.876(9)
1.891(9) A, a Li-O distance of 1.893(9) A, and bond angles
between 105.8(4)and 111.8(4) (Tables 3 and 4). The
calculated BVS of Li (1.05) is in good agreement with the
expected value of 1.00. Figure 4a shows the stacking motif
of the lithium-capped rings. The oxygen atoms of the
hexafluorohexamolybdate ring can be subdivided into two
types: the terminal(;) oxygen atoms (O409) are equally
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Figure 2. Projection of the unit cell of (a) LCsM0eO18Fs-6H,0 along
[100] and (b) NaCsM0gO;8Fs-6H,0O along [010] (ORTEP plots, 70%
probability).

distributed among the molybdenum atoms Md03 with

Three different bridgingu) oxygen atoms (O10O3) connect

the MoQyF, octahedra with bond lengths of 1.911{4)).931-

(4) A (Table 3). The corresponding Md- distances of the
uz-fluorine atoms (F£F3) are noticeably longer [(2.241-
(3)—2.266(3) A]. All MoO4F, octahedra are therefore
distorted. Their bond angles decrease fromuh©—Mo—
11-O angles £104°) over the bridgingu,-O—Mo—u;-O
angles to theu,-O—Mo—F angles {72°) at the center of
the ring, thereby deviating up to 1&om the ideal value of
90° (Table 3). As the corresponding M®/F bond lengths
are increasing (Table 3), the molybdenum atoms are dis-
placed toward thg;-oxygen atoms of the MogB, octahedra

so that their edge lengths vary between 2.469(5) and 2.859-
(5) A. The three different shared-@F edges exhibit the
shortest distances [2.469(53.474(5) A], whereas the non-
bonding F--F distances at the center of the ring are the
longest edges [2.832(5R.859(5) A].

The hexafluorohexamolybdate rings in,Cs;M0eO1gFs*
6H,0 are interconnected by two crystallographically different
cesium cations. Cs1 and Cs2 are surrounded by oxygen atoms
in an irregular 8-fold and 10-fold fashion, respectively (for
details, compare Table 4 and Figure S1 in the Supporting
Information). While Cs1 is underbonded (B\%50.85), the
BVS value for Cs2 (0.96) is close to the expected value of
1.00 (Table 4). A two-dimensional network of hydrogen-
bonding interactior’$ exists between the three crystallo-

bond lengths in the range between 1.694(4) and 1.716(4) A.graphically different HO molecules and the oxygen atoms

=)

Figure 3. ORTEP views (70% probability thermal ellipsoids) along the 3-fold axis (left) or perpendicular to the 3-fold axis (right) of t@ JM{F~ ring
units in Li,C$M0gO18F6:6H,0 (a) and NaCssM0gO15Fs-6H,0 (b).
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Table 3. Selected Bond Lengths [A], Bond Angles [deg], Atomic Point Potentials [au], Bond Valence Sums, and MAPLE Values ffJanthe
Molybdenum Framework of [MgD1sFs]6-Type Fluoromolybdates

parameter 1 2 3 ring moiety

Mo—O/F Distance

u1-oxygen 1.694(4y1.716(4) 1.704(2y1.713(2) 1.699(2y1.707(2)
Uu2-0xygen 1.911(4y1.931(4) 1.922(2)1.948(2) 1.922(2)1.944(2)
Mo—F dist. 2.241(3)2.266(3) 2.208(2y2.254(2) 2.211(2y2.262(2)
Mo—O/F Angle
u2-O—Mo—F 71.7(1)-72.3(1) 71.1(1y72.4(1) 71.8(1y72.7(1)
F—Mo—F 77.7(1)-78.7(1) 80.3(1)-82.3(1) 80.7(1)81.0(1)
U2-0O—Mo—u1-O 99.9(2)-101.7(2) 100.7(%y101.9(1) 100.7(%y102.8(1)
#1-O—Mo—us1-O 104.3(2)-104.7(2) 102.2(1y102.8(1) 103.6(%y104.3(1)
P (O/F)
“1-oxygen 1.756-1.767 1.61+1.949 1.73+1.877
U2-0xygen 2.2872.321 2.296-2.352 2.386-2.449
uz-fluorine 1.518-1.548 1.4751.511 1.609-1.663
BVS/P (Mo)
Mol 6.03/-3.849 5.86-3.768 5.98+3.740
Mo2 5.91/-3.837 5.914-3.884 6.014-3.769
Mo2 6.03+3.847 5.93/-3.803 5.97+3.733
MAPLE
calculated 36 812 36 613 36 589
sum (binary) 36 331 36 257 36 393
deviation (%) +1 +1 +0.5

Table 4. Selected Bond Lengths [A], Atomic Point Potentials [au], and Bond Valence Sums for the Cationic PartsGiJF4lS -Type
Fluoromolybdates

parameter 1 2 3 ring moiety

M—O/F Distance

M1-F 1.876(9)-1.891(9) 2.243(2¥2.325(2) NatF: 2.214(2)-2.324(2)
M1-0 1.893(9) 2.400(3)2.664(3) Nat-O: 2.335(3)-2.701(3)
Cs1-F 3.789(3) 3.200(2)3.391(2) Na2-F: 2.729(3)
Cs1-0 3.189(4)-3.403(4) 3.051(23.391(2) Na2-O: 2.326(4)-2.514(3)
Cs2-F 3.443(3) 3.372(2)
Cs2-0 3.064(4)-3.554(6) 2.985(2)3.333(3)

BVSI/CN (M)
M1 1.05/4 (3F, 10) 1.02/6 (3F, 30) Nal: 1.05/6 (30,3 F)
Csl 0.85/8 1.25/10 (8 O, 2 F) Na2: 1.05/6 (50, 1 F)
Cs2 0.96/10 (9 O, 1 F) 1.16/9 (8 O, 1 F)

P (M)

M1 —0.458 —0.543 Nal:-0.272
Csl -0.903 —0.834 Na2:-0.712
Cs2 —0.849 —0.875 N1:—0.686

of the fluoromolybdate anion including-©0O nonbonding the ring [2.853(2)-2.953(2) A] are significantly longer than
distances as short as 2.783(6) A. those in the lithium-capped ring [2.832¢(53.859(5) A].
Na,Cs/M0eO18F6-6H,0 (Type 2 Hexafluorohexamolyb- Consequently, the FMo—F angles in NgCsM0gO1sFe*
date). The [MogO1gF¢] rings in NaCsMogO1gF6:6H,0 are 6H,0 slightly increase with respect to the lithium-containing
bicapped by sodium cations (Figure 3b). The sodium cations compound {81° vs ~78°), whereas the:;-O—Mo—u1-O
are octahedrally coordinated to the three crystallographically angles are compressed in the presence of the sodium cation
different fluorine atoms [Na-F distances between 2.243(2) (~102 vs ~104°). Compared to LICM0gO1gFs:6H,0, the
and 2.325(2) A], two aquoligands (010 and O11), and an interconnection of the rings through hydrogen bonding in
oxygen atom from a neighboring hexafluorohexamolybdate Na,Cs:M0gO1gF6:6H,0 is weaker [nonbonding ©®O dis-
ring (O5) at elongated NaO distances between 2.400(3) tances between 2.817(3) and 2.906(3) A]. As observed in
and 2.664(3) A. Nevertheless, this leads to a BVS of 1.02 Li,CsM0gO1sFs-6H,0, the sodium-containing hexafluoro-
for sodium cations that agrees well with the theoretical value hexamolybdate rings are interconnected by two crystallo-
of 1.00. The three-dimensional interconnection of the ring graphically different cesium cations (Figure 4), Cs1 and Cs2
moieties is maintained through the Na®5 contact (Figure  (for details, compare Table 4 and Figure S2 in the Supporting
4b). The lithium cation in LICsM0eO;gF6:6H.0 is too small Information). Cs1 is surrounded by six oxygen atoms and
to provide a comparable bridging interaction. All M@ and two fluorine atoms of the molecular rings together with two
Mo—F distances within the sodium-capped hexafluorohex- additional aquoligands, thereby exhibiting an irregular 10-
amolybdate ring fall within the ranges observed fosQs;:- fold coordination. The most striking difference between the
MosO1gF6:6H,0. The introduction of the larger sodium as a cesium positions in LC$M0gO1gFs:6H,O and NaCs-
capping cation affects the degree of distortion of the MO  MogO,4F6-6H,0 is the significant increase in the BVS for
octahedra: the nonbonding-F distances at the center of Cs1 (1.25) and Cs2 (1.16) in the sodium-based compound.

5646 Inorganic Chemistry, Vol. 45, No. 14, 2006



Nowvel Fluorinated Poly(oxomolybdates)

°
*
%« CS(TJ

e ffﬁt ‘; {({y ;\}},.,,
all::

,}

P :
’-w Na(1) ® Na{;?“\fr

?E

Figure 4. Packing motifs of the [MgO1sFs]®~ units in Li,Cs{M0gO15Fs*
6H20 (a), NQC&M06013F5'6H20 (b), and O.QNANM84)2M06013F5'10H20'
0.1N@(NMG4)2MO7022F3'9H20 (C)

This overbonding of both cations might be related to the
close G-Na—O bridging of the ring units in NELs-
MogO1gF6:6H,0 (Figure 4b): the large cesium cations have
to fit into this sodium-templated, three-dimensional network
of molecular rings.

Na;M 4sM06018F6:NHO (M = K, Rb, NHy4 Type 2a
Hexafluorohexamolybdates).Contrary to the type 1 and 2
hexafluorohexamolybdates, the isostructuraiNN#0sO:gFe*
nH,O (M = K, Rb, NH,) hexafluorohexamolybdate series
exhibits considerable difficulties in crystal growth. Despite
numerous optimization experiments, no single crystals coul

be obtained so that a structural model was developed for

NaK sM0o60:gF5:2H,0 on the basis of powder diffraction data
and solid-state NMR data for N@NH4)4M0eO1gFs-nH-0 that

support the presence of hexafluorohexamolybdate anions in
the type 2a compounds (compare the Experimental Section

Table 5. Crystallographic Data for N&4MogO1gFs:2H,0

compound NgK 4M06018Fs-2H,0
formula FsH4K sMosNa020
fw 607.99

T(K) 295(1)

A (A) 1.5406

cryst syst monoclinic
space group P2;/n

V (A3) 1377.8(1)

a(A) 15.182(1)

b (A) 9.711(1)

c(A) 9.812(1)

y (deg) 107.72(2)

z 4

dcaica(g cn3) 2.931

a 3.72

Ro 0.0578

Rup 0.0744

Supporting Information. N& sM060:gFs*2H,0 and NaCsy-
MogO1gF66H,O display identical packing motifs of the
hexafluorohexamolybdate moieties (compare Figure 4b) so
that the NaM ;M0g01gFs*NH-O (M = K, Rb, NH4) com-
pounds have been assigned as the type 2a series.
(Nas(NMe2)MogO1d-6 10H,0)1—(Nag(NMez) Mo 70459H,0),
(0.06 < x < 0.44; Type 3 Fluoromolybdate).The NaF/
NMe,F/MoGQ; hydrothermal system brought forward a mixed
triclinic hexafluorohexamolybdate MN&Me,;),MogO1gFs
6H,0 with the characteristic sodium-bicapped [§agFe]
ring (Figure 3b) as the major component. However, electron
density plots revealed the presence of two weak maxima
close to the peak arising from Nal (the stronger one is
displayed in Figure S4 in the Supporting Information). We
have interpreted this phenomenon as aNbbond: thus,
a part of the ring anions is capped by sodium on the one
side and by a tetrahedral Ma@@nit on the opposite side of
the ring, thereby forming the novel [MO,F;]°>~ fluoromo-
lybdate anion (Figures 5 and 6; for structural details, compare
the next section). The [M@..Fs)/[MosO1gF¢] ratio in the
products increases with the NM&NaF ratio in the starting
material, and the following discussion is focused on the
Na4(NMe4)2M05018F6'10H20 part é( = 01) of the mixed
type 4 fluoromolybdate (compare Table 2 for crystallographic
details). As can be seen from Figure 4c, the stacking motif
of the molybdate rings is different from the type 1 and 2
fluoromolybdates. The capping sodium cation Nal is octa-
hedrally coordinated by three fluorine atoms and three
aquoligands. Two of the latter are shared with a neighboring
Nal so that the molecular units are connected into chains
that are terminated by the capping Mp@nits. The BVS
value of Nal (1.05) agrees well with the expected value of
1.00. The distorted octahedral environment of Na2 consists
of two oxygen atoms and one fluorine atom from the same
ring, together with three aquoligands. Na2 does not contribute

gto electrostatic interactions between different fluoromolyb-

date moieties, and its BVS is close to unity (1.05; Table 4).
The crystal HO molecules are engaged in hydrogen bonding
with both each other and the fluoromolybdate rings, resulting
in O---O distances in the range between 2.707(4) and 2.981-
(6) A.

and below). The summary of the crystallographic parameters(37) Chippindale, A. M.; Brech, S. J. Chem. Soc., Chem. CommaB96

of NagK4sMogO18F6:2H,0 is given in Tables 5 and S3 in the

2781.
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Table 6. Crystallographic Data for t-N&@NMes)sM0702:F36H,0 (1)
and m-Na(NMe4)3M07022F3-6HZO (2)

compound 1 2

formula Gi2H3zeF3M0o7N3NaOzg Co4H72FsM014NgNayOse

fw 1445.00 2890.00

T (K) 295(2) 295(2)

2 (R) 0.71073 0.71073

cryst syst triclinic monoclinic

space group P1 C2lc

a(h) 11.763(1) 19.141(5)

b (A) 11.856(1) 13.982(3)

c(A) 17.058(2) 32.214(8)

a (deg) 108.66(1) 90.00

S (deg) 93.99(1) 99.47(1)

y (deg) 106.43(1) 90.00

V (A3) 2128.0(4) 8504(4)

Zz 2 4

dearca(g €M) 2.255 2.257

u (mm-?) 2.116 2.118

no. of param 500 498

R13/wR2 0.0425/0.0808 0.0364/0.0847
[I > 20(1)]

R13/wR2 0.0856/0.0945 0.0535/0.0901
(all data)

Apmax (€ A3) 0.724 1.169

Apmin (€ A3) —0.626 —0.779

GOF F?) 0.997 1.048

AR1=3||Fo| — |Fcll/ZIFol. PWR2 = [T{W(Fs? — FAZ/3{W(Fo?)3}].

Table 7. Selected Bond Lengths [A], Angles [deg], and Atomic Point
Potentials [au] for the Molybdenum Framework of [M®:F3]°-Type

Fluoromolybdates

parameter 1 2
Mo—O/F Distance
1-oxygen atoms 1.681(5)1.711(5) 1.690(4y1.718(4)
U2-0Xygen atoms 1.908(5)1.942(4) 1.916(4y1.951(4)
Uu3-0Xygen atoms 1.782(4)2.398(4) 1.795(4)2.369(4)
Mo—F distance 2.225(4)2.254(3) 2.232(3)2.260(3)

Mo—O/F Angle

Michailovski et al.

Figure 5. ORTEP views of the [MeD,2F3]°>~ anion in m-Na(NMes)s-

Mo0702,:F3-6H,0O along (a) and perpendicular (b) to the 3-fold axis (70%

#2-O—Mo—F 72.1(2)-72.5(2) 71.9(1)72.5(1) probability thermal ellipsoids).
4-0—M0o—1i5-O 71.5(2)-72.2(2) 71.3(172.3(1)
“3‘O:M°:F 78.0(1)-78.9(1) 77.9(1) 78.9(1) Table 8. Selected Bond Lengths [A], Bond Valence Sums, Atomic
#z0-Mo—u-0 100.4(2)-103.5(2) 100.2(2y103.7(2) Point Potentials [au], and MAPLE Values [kJ ml for the Cationic
11-0—Mo—u1-O 103.9(2)-104.5(2) 103.6(2)105.2(2) ul,
11-0—Mo7—uz-0 107.8(2)-111.3(2) 107.5(2)111.6(2) Part of [Mo;O2F3]°"-Type Fluoromolybdates
P (O/F) parameter 1 2
u1-oxygen atoms 1.7212.031 1.726-1.941 -
g M—O/F Distance
oggenaoms 28282870 231 2,045 Nal-F 22682y 2380(4)  2.266(4)2.363(4)
Uor] Nal-O 2.380(5)-2.630(5)  2.369(4}2.649(5)
uo-fluorine 1.657-1.755 1.664-1.762 N F 5 7o) 59004
) Na2-0 2.324(8)-2.70(3) 2.327(732.568(6)
Naz(NMey)sMo70,2F3-6H,0 Trifluoroheptamolybdates. BVS/CN (M)
The two different modifications of N@\NMe;)sM0702:F3 Nal 1.00/6 (3F, 30) 1.01/(3F, 30)
(triclinic and monoclinic; compare Tables-8 and Figures Na2 0.98/6 (50, 1F, 10)  1.01/(50, 1F)
_ ; ; ; ; Point Potentials
5—7and S5in th_e Supp(_)rtlng Infor_matl(_)n) contain the novel |, 0195 o182
[Mo702,F3]5 anion. It is accessible in the temperature Na2 -0.677 —0.660
window between 140 and 18, starting from MoQ as a N o085 —o.092
precursor material (for further details, compare Table 1). The N3 —0.658 N3:—0.713/N4:—0.608
[Mo702,F3]> anion consists of six Mo§F octahedra that BVS/P (Mo)
are connected via alternating @0 and O-F edges intoa  \o3 e08 3173 Sou 3722
ring moiety. The ring is almost planar, and the three fluorine Mo3 5.99+3.779 5.89#3.712
atoms at one side are capped by a sodium cation (Figure 5). Mg 000 3808 808 379
On the opposite, nonfluorinated side of the ring, the capping Mos 6.06/-3.762 5.94/-3.789
position is occupied by a tetrahedral MpGnit (Figure 6 Mo7 5.90/-3.381 5.80+3.389
a). As a result, the anion exhibits idealiz€g, symmetry calculated 12760 FLE 42768
(Figure 5). sum of binary compds 41 923 41923
deviation (%) +2 +2

mM-Naz(NMe4)sM0702:F3-6H,0. In the monoclinic modi-

fication of Na(NMe4)sM0702:F3-6H,0 (Figure S5b in the  is surrounded by one fluorine atom and tw@oxygen atoms
Supporting Information and Figure 7b), the capping sodium of the trifluoroheptamolybdate ring (Figure 5). Three aquo-
cation (Nal) is octahedrally coordinated by the three fluorine ligands complete its strongly distorted octahedral coordina-
atoms of the [MeO.,F3]°" ring and three aquoligands. Na2 tion sphere, and the aquoligand 024 is shared with Nal so
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Figure 6. Coordinative environments of the unpolar (a) and polar (b) faces
of the [Mo702,F3]%~ anion in m-Na(NMey)sM070,2F3-6H,0.
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Figure 7. Packlng motif of the [MeO,2F3 5‘ anions in t-Na(NMey)s-
Mo702:F3-6H,0 (a) and m-NgNMes)sMo702:F3-6H,0 (b) (the cations

have been omitted for clarity).

molecules (Figure 6b). All NaO and Na-F distances are
within the expected ranges (compare reference data in Tables
3 and 4), and the BVS values for both Nal and Na2 are
close to unity (Table 8). Both the MeO/Mo—F distances
of theus- anduz-oxygen atoms and of the-fluorine atoms
to the six octahedrally coordinated molybdenum atoms (Table
7) and the trend among the bond angles in the distorted
MoOsF octahedra are analogous to the type 1 and 2
hexafluorohexamolybdates (compare Tables 3 and 7). The
capping tetrahedron is distorted so that the M@ bond
angles [107.5(2)111.6(2)] deviate from the expected value
of 109.5. Whereas the polar, fluorinated sides of two ring
moieties are connected via the capping sodium cation Nal
together with Na2 and additional aquoligands, the MoO
tetrahedron at the nonfluorinated side of the ring is sur-
rounded by four organic tetramethylammonium cations
(Figure 6). They separate the alternating double layers of
ring pairs in both modifications (Figure 7).
t-Nax(NMe4)sMo70,F3-6H,0. The triclinic modification
of Nax(NMe,)sMo70,.F3:6H,0 arises from a different pack-
ing motif of the [Mg;0,2F3]>~ anions (Figures 7a and S5 in
the Supporting Information). It contains an AAAA... stacking
sequence of anion pairs, while the monoclinic modification
exhibits an ABABAB... layer sequence (Figure 7b).

While all Mo—O and Mo-F distances of the molecular
ring are in the same range as observed for the monoclinic
modification (Table 7), there is a noteworthy difference
between both modifications regarding the coordinative
environment of the sodium cations: the aquoligand 024 that
is associated with Na2 had to be refined as a split position
(compare Figure 6b). This points to a strain in the bridging
arrangement of the sodium cations between the,{Ddg-s]°>
rings. As a consequence, the BVS of Mo3 increases from
5.89 in the monoclinic form to 5.99 in the triclinic modifica-
tion. Furthermore, all BVS values for octahedrally coordi-
nated molybdenum atoms are close to the ideal value of 6.00,
and the BVS of the tetrahedrally coordinated Mo7 rises from
5.79 in the monoclinic form to 5.90 in the triclinic form
(Table 8).

MAPLE Calculations. The MAPLE values and point
potentials for hexa- and heptafluorohexamolybdates are listed
in Tables 3, 4, and 8. Generally, a good agreement between
the theoretical and calculated MAPLE values has been
obtained with an average deviation of 1.3%. This outperforms
our previous results on poly[oxomolybdates(VI)] with devia-
tions up to 4%. The calculated point potentials far and
U2-0Xygen atoms are within the expected ranges (compare
Tables 3 and 7), and the point potentials for thdluorine
atoms exhibit considerably lower values (1.4715762;
compare Tables 3 and 7). As expected, all point potentials
for the octahedrally coordinated molybdenum atoms are
around+3.8. The cationic point potentials in the type 1 and
2 hexafluoromolybdates exhibit substantial differences: the
values for both cesium cations in0s;M060;gF6-6H,0 are
approximately twice as large as the point potential of the
capping lithium (0.903/-0.849 vs—0.458; Table 4). The

that the polar fluorinated faces of the molecular rings are trends in  NaCsMogO1gFs-6H,O are analogous to

connected via a network of sodium cations and cryst& H

Li,CsM0c0;4F6-6H,0, so that the point potential of Nal in
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the capping position{0.543) differs considerably from the <
values for the cesium ions that are located between the
fluoromolybdate rings€0.834/-0.875; Table 4).

The calculated MAPLE value for the N&IMe,),M0gO16F6*
10H,0 part of the type 3 fluoromolybdates differs by only
0.5% from the theoretical value (Table 3). Concerning the
cationic point potentials, the approximate 1:2 ratio between
values for the capping cation and for the remaining cationic
positions is confirmed (compare sections on type 1 and 2
fluoromolybdates and Table 4).

The MAPLE calculations for t- and m-N@&NMey)s-
Mo70,,F3-6H,0 deviate by 2% from the expected theorec-
tical value (Tables 7 and 8). Given that all tetramethylam- *
monium cations have been approximated as nitrogen atoms .
with a uniform - charge, this is still a reasonably good
agreement. The point potentials for the six octahedrally
coordinated molybdenum atoms are perfectly in line with
the values calculated for the hexafluorohexamolybdates .
(Table 3). o

Solid-State NMR Spectroscopy Poly[oxofluoromolyb-
dates(VI)] were investigated by solid-state NMR spectros-
copy using the magic-angle-spinning technique to improve
spectral resolution.

1F NMR Spectroscopy.Each crystallographically inde- 420 140 180 180 <200 '
pendent fluorine site gives rise to one resonance whose
features are mostly determined by the chemical shift and

dipolar interactions. The former leads under the condition Figure 8. Solid-state 470.6-MHz% MAS NMR spectra of LiCs-

. . . . Mo0gO18F66H20, NaoCsM0gO18F-6H-0, Na_;(NH4)4M06013F5‘6H20, and
of magic angle spinning (MAS) to a resonance line at the Na,(NMe;)sMo;0,F56H,0 (from top to bottom) recorded at a spinning
position of the isotropic chemical shift accompanied by a frequencyvt of 10 kHz. The isotropic resonance lines are marked with

i inni incgsterisks, and the intensities of the flanking spinning sidebands indicate
setof S!debands separated by the splnnllng frequenc.y Cove”nq’;e chemical shift anisotropie® = 110(5) and« = 0.30(4). Distortions
approximately the range of the chemical shift anisotropy. i the baseline are due to suppression of a large background signal.

The latter, dipolar, interaction is averaged to zero under the

<«—— O(°F)/ppm

experimental conditions. Table 9. Solid-State NMR Data
Consistent with the crystallographically determined struc- compound LiP 1o ENeP 1Ced
tures for LblCsiM0gO18F66H,0, NaaCsiM0gO1gF66H,O and Li,CM0gO16F6-6H,O  —0.7 —180.0,—180.0,—184.4 -19,-50
. s : Na,C&M0gO:1dFs6H,0 -168.3,-173.2,176.5 —11.7 47,25
t-Nax(NMes)sM070,.F3:6H,0, one f!nds in each case three_ Nao(NH2)aM0gOrgFenHz0 —172.4-1751-177.3-7.4
well-resolved resonances (see Figure 8), whose isotropict-Na(NMes)sMo7OzFs: —171.8,-173.2,-176.5-4.1,-9.1

2

chemical shifts are compiled in Table 9. It is of interest to 2 Recorded aBo — 11.75 T under MAS at — 10 kHz.b Position of
nOte_ that signals are found below and abeve30 ppm for the maximum of t?]e resonance line on thecaigﬁlsotropic chemical shift
the lithium and sodium compounds, respectively. The chemi- ¢is.
cal shift anisotropies are quite similar, equal within experi-
mental error, for all sites and can be characterized with their The expected two sodium resonances in@&MosO15 ¢
span® = 110(5) and skew = 0.30(4). The similarity is in 6H,0, Na(NH4)sM0sO16F6-nH-0, and t-NaNMey)sMo7O0,F5
agreement with a common structural feature; i.e., all have 6H,O are not well resolved. Only in the last case do two
the same coordination environment. For the compound signals seem to be present; however, it cannot completely
Nax(NH.)sM06018Fs*nH20, no structural data are available, be excluded that this arises from a quadrupolar effect.
but its solid-state®®F NMR spectrum (compare Figure 8) Resolution is much better in tH&*Cs NMR spectra (Figure
shows that its molecular structure must be closely related to9), where, in agreement with the structural results, two
those of the other compounds. resonances are clearly discernible.

2Na and **3%Cs NMR Spectroscopy.The resonances for In conclusion, it can be stated that the solid-state NMR
these two isotopes are mostly determined by chemical shift, spectra are in full agreement with the results from the X-ray
quadrupolar, and dipolar magnetic interactions. Whereas thestructure determination and suggest that the ammonium
chemical shift interaction averages to its isotropic value and derivative Na(NH.)aMoeO15Fs:nH,0 (type 2a) is structurally
the dipolar interaction to zero under MAS, the quadrupolar closely related to the other type 2 hexafluorohexamolybdates.
interaction cannot be averaged to the isotropic value of zero  Structural Relations among Poly[oxofluoromolybdates-
under these conditions and affect the shape and position of(VI)]. The novel ring-shaped [M®:sFs]®~ anions are
the resonance lines. Therefore, we quote in Table 9 the closelyrelatedto-octamolybdate8aswellasto [lEIMMogO54)™
position of the maximum rather than its true chemical shift. (M = Al, Cr, Zn, Cu, Co, Ni, Pt, etc.) hexamolybdate¥
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8(”Na) / ppm — 3(‘“05) / ppm

Figure 9. Left: Solid-state 132.3-MHZ3Na MAS NMR spectra of Na
CsM0gO1gF5-6H,0, N@(NH4)4M05013:6'I']H20, and t-NdNMe4)3MO7022F3'
6H,0 (from top to bottom) recorded at a spinning frequencigsof 10,

10, and 8 kHz, respectively. Note that distinct Na sites are not clearly
resolved. Right: Solid-state 65.6-MH23Cs MAS NMR spectra of Lt
CsM0gO1gF6-6H,0 and NaCsiMogO1gF6-6H20 (from top to bottom)
recorded at a spinning frequeney; of 10 kHz. Two independent Cs sites
are clearly distinguishable.

of the Andersor-Evans typel*? The latter anion with
idealizedD34 symmetry consists of a central M©Octahedron
that is surrounded by six edge-sharing Mo(nits. Six

and sodium) to the fluorine atoms is essential to the stability
of the [MosO15F6]®~ anion (Figure 10c).

Recently, an interesting new type of “zero-dimensional”
telluromolybdates, MoeTe;,0,4:6H,0 (A = Rb, K), has
been reported. These poly(oxomolybdates) contain flat,
hexagonal MgO,4 rings that are capped by tellurium on both
sides so that they can be derived from the Anderdovans
compounds as wett:

Given that the AndersonEvans-type clusters readily
incorporate a variety of transition-metal heteroatoms, we have
attempted to generate their fluorinated analogues by intro-
ducing N#* and C&" in our solvothermal protocol (compare
the Experimental Section). However, all experiments failed
to generate the desired compounds of theMA0sO1g]*~
type (M= Co, Ni). As outlined above, single crystals of the
type 2a hexafluorohexamolybdates are extremely difficult
to obtain. Surprisingly, the presence of €ocand NP*
improved the crystallinity of the type 2a compounds without
any incorporation reactions or even residual amounts to be
detected in the final product so that the according metal
fluoride particles might provide additional crystal seeds.

Apart from the AndersonEvans compounds, the-oc-
tamolybdate aniony-[MogO,¢]*~, also bears a close resem-
blance to both new anion types because of its planar ring of
six edge-sharing Mo@octahedra that is bicapped by two
MoOQ, tetrahedra (Figure 104) The [M0;0,,F3]°>~ anion can

hydrogen atoms are attached to the central oxygen atomsherefore be derived from the-[MogO.¢*~ anion via the

coordinating the metal ion (Figure 10d).

substitution of one Mo@tetrahedron by three fluorine atoms

The incorporated heterocation is essential to the stability capped by a sodium atom (Figure 10b).

of the six-membered ring, and an emptytbeO.4)®~ cluster
has never been reported. Instead, the nonplanas@Mp~

Structure —Synthesis Relationships among the Novel
Poly[oxofluoromolybdates(VI)]. The narrow parameter

Lindgvist-type anion represents the stable arrangement ofwindows for the formation of the novel [M®:sFs] and

six MoOs octahedra into a symmetrical cluster with a 6-fold-
coordinated oxygen atom in the centéiThe newly syn-
thesized [M@O1sFg]®~ ring can be described as an empty

[M07022F3] poly(oxofluoromolybdates) were tracked down
through a hydrothermal strategy based on our previous
studies on the formation of new (M,}§MogOz6F, (M, M’

Andersor-Evans cluster with the central OH units replaced = K—Cs, NH,) difluorooctamolybdates. They have revealed

by fluorine atoms (Figure 10c). To the best of our knowledge, that the combination of two different cations (especially Cs/M

this anion is the closest derivative of the hypothetical planar pairs) triggers the arrangement of the clusters into new
[HeM06O24]®~ cluster that has been reported up to now. packing motifs> This cationic templating potential has been

Nevertheless, the coordination of small alkali cations (lithium explored in a three-step sequence.

Figure 10. Structural relationships between thejMogO,¢*~ anion (a), the new [MgD,2F5]>~ and [MasO1gF6]~ anions (b and c), and the Andersen
Evans clusters (d).
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Step 1: Extensive hydrothermal screenings of CsF com- Conclusions
bined with the fluorides of the smallest alkali cations (LiF
and NaF) brought forward the M’ ;M060;8Fs:6H,O (M =
Li, Na; M' = Cs) hexafluorohexamolybdates (types 1 and
2).

Step 2: The formation of the type 2a hexafluorohexamo-
lybdate series (NdM4sM0gO18F6-NH20; M = K, Rb, NH,)
indicated that not only cesium but also sodium is essential
for the formation of new fluoromolybdates.

Step 3: Consequently, the combination of sodium with
cations larger than cesium was scanned, and the NaR/Me
system brought forward the t/m-NalMe,)sMo70,F3-6H,0 -
trifluoroheptamolybdates. However, the templating potential the AndersorrEvans-type hexamolybdates giMocOz4™
of the countercations must be balanced carefully to access 4M = ({ransition-) metal cation)]. The degree of fluorination
new structure type: when the slightly larger organic NEt of the Mo/O framework can be reduced in the presence of a

cation is employed, its tendency toward the stabilization of PUIKy organic cation. This results in the formation of the t-
nonfluorinated clusters is more pronounced. and m-Na(NMe;)sMo70,F3-6H,0 moadifications. Both modi-

The type 3 fluoromolybdates [(N@NMes),MogO1sFs: fications contain the new [M@::F3]°> anion that can be
10H;0);_x(Nag(NMez),M070,5F5*9H;0)x (0.06 < X < 0.44)] understood as a [M@14F6]®~ anion with one fluorinated face
demonstrate how the Mo/O/F framework adopts to the 'eplaced by a capping MaQetrahedron.

Two new classes of fluoromolybdates(VI) have been
accessed through hydrothermal parameter studies investigat-
ing the reaction of a molybdenum(VI)-based precursor
material in alkali and tetramethylammonium fluoride solu-
tions. The alkali fluoride-based systems brought forward
three different types of (M,M2M0gO18Fs-nHO (M = Li,

Na; M' = K—Cs, NH;; n = 2—6) hexafluorohexamolybdates.
They have the planar [M®:1sF]®~ anion in common: its
fluorinated faces are capped by the smaller M cation, and it
can be interpreted as a cored and fluorinated derivative of

changing polarizability of the cationic environmenk Two main synthetic guidelines can be derived from the
increases with the NME&/NaF ratio in the initial composition  hydrothermal screening experiments:
of the starting materials. (a) The structure-directing effect of cation combinations

Furthermore, the structure of the molybdenum-based with a noticeable difference in ionic radii can be combined
precursor must be taken into consideration. Generally, theith the “chemical scissors” features of fluorine anions. This

layered precursor materials, such as Ma@d MoQ-2H0, approach is useful for the directed synthesis of new molyb-
have proven more effective in the synthesis of the new gate frameworks.

fluoromolybdates than the cluster-containing educt am-
monium heptgmolybdate. Whereas the layered starting rial, time, and temperature) may still be required to target
materials readily afford all types of the new fluoromolyb- S

dates, the heptamolybdate precursor inhibits the formationthe narrow synthetic windows of the novel compounds.

of the' [M0/OF3]5 heptamolybdates. All'in all, the results illustrate how hydrothermal strategies

Among the remaining synthetic parameters, the MIFM &€ perfectl)_/ suited to track doyvn previously unknown
ratio, as well as the appropriate choice of the reaction tem- COmpounds in molybdate synthesis. Therefore, our ongoing
perature, is of particular importance (e.g., type 3 fluoromo- research on poly(oxofluoromolybdates) is now focused on
lybdates). The reaction time, however, can be more freely mechanistic in situ studies to gather key information for the
chosen, and variations af1 days usually do not affect the ~ first steps toward a real “design” approach.

course of the reaction. Detailed kinetic studies are underway. Acknowledgment. We thank Prof. Dr. R. Nesper (Labo-
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