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The hydrothermal reactions of FPO;H, with vanadium oxides
result in the incorporation of fluoride into V-P-O frameworks
as a consequence of metal-mediated hydrolysis of the fluoro-
phosphoric acid to produce F~ and POj~. By exploiting this
convenient source of F~, two 3-dimensional oxo-fluorovan-
adium phosphate phases were isolated, [H,N(C,H,),NH,]ys
[(VO),V(HOP,)(PO,),F,(H,0),) - 2H,0 (1 - 2H,0) and K,[(VO);
(PO,),F,(H,0)] - H,O (2 - H,0). Both anionic frameworks con-
tain (VVO)-F~-phosphate layers, with confacial bioctahedral
{(V"0),FO¢} units as the fundamental motif. In the case of 1,
the layers are linked through {V"O,} octahedra, while for 2
the interlayer connectivity is provided by edge-sharing {(V'VO),
F,0O¢} units. Crystal data arel -2H,0, CHwFNO s01:P,V, 5, mono-
clinic C2/m, a = 18.425(4) A, ¢ = 8.954(2) A, B = 93.69(2)",
V = 1221.1(4) A3, Z = 4, Dy = 2423 g ecm™; 2 - H,0,
H4F2K2013P2V3, triclinic P1, a = 7.298(1) A b = 8 929(2) A
¢ = 10.090(2) A, a = 104.50(2)", B = 100.39(2)", & = 92.13(2)",
V = 623.8(3) A3,Z =2,Dy = 2.891gcm™,
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The contemporary interest in the vanadium phosphate
system derives from the catalytic applications of the vana-
dyl pyrophosphate, [(VO),P,0O5], in the selective oxidation
of butane to maleic anhydride (1-5). In recent years, a
number of “naked” oxovanadium phosphate phases (6—
14), as well as V-P-O materials incorporating a variety
of heterometal cations and exhibiting one- (15-19), two-
(20-28), or three-dimensional structures (29-52), have
been characterized. The extensiveness of the chemistry
of the M""—V-P-0 system reflects the versatility of the
vanadium centers in adopting different oxidation states
and coordination geometries and the ability of the phos-
phate group to exhibit different protonated forms and vary-
ing numbers of pendant {P=0} subunits.

It has also been demonstrated that the structural diver-
sity of the V-P-O system may be further enhanced by
introducing organoammonium cations as templates for the
preparation of microporous materials (53—61). In this re-
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spect, it has been noted for the well-documented micropo-
rous frameworks derived from the AIPO, and GaPO, fami-
lies that partial substitution of oxo-groups by fluoride
anions results in even more varied coordination types (62—
64). This observation led to the discovery of the first
microporous  fluorovandophosphate,  (H;NCH,CH,
NH;)[(VO,),F(PO,)], by Riou and Férey (65).

In the course of our investigations of the V-P-O system,
we sought to incorporate fluoride into the anionic frame-
work as a potential means of enhancing the thermal stabil-
ity of these materials. While introduction of fluoride by
employing HF in our syntheses proved relatively unsatis-
factory, we have found that the metal-mediated hydrolysis
of FPO;H, provides a means of facile incorporation of
F~ into V-P-0O frameworks. In this paper, we report the
syntheses and structures of two unusual fluorovanado-
phosphates, the mixed valance V(III)/V(IV) material
[HoN(C,H,),NH,][(VO),V(HPO,),(PO,),F,(H,0),] - 2H,O
(1 - 2H,O) and the V(V) species K,[(VO)3(PO,),
F»,(H,O)] - H,O(2 - H,0).

EXPERIMENTAL

Experimental procedures. Reactants were purchased
from commercial sources and used without further purifi-
cation. All syntheses were carried out in Teflon-lined Parr
acid digestion bombs under autogenous pressure. The re-
actants were stirred briefly before heating. The reaction
vessels were filled to approximately 40% volume capacity.

Synthesis — of  [HN(CyHi),NHy]os[(VO),V(HPO,),
(P04)2F2(H20)4] . 2H20 (1 . 2H20) A mixture of V205
(0.030 g), piperazine (0.071 g), FPOs;H, (0.12 mL, 70%;

= 1.830 g/mL), and water (3 mL) in the mole ratio
1.00:5.01:9.33:1001 was heated at 200°C for 44 h. Light
blue plates of 1 were collected in 67% yield based on
vanadium. IR (KBr pellet, cm™): 3484 (m), 3186 (m),
1609 (m), 1435 (m), 1135 (s), 1051 (s), 960 (m), 579 (m),



Crystal Data and Details of the X-Ray Data Collections of
[H:N(C,Hy)NH,]o5 [V(VO)(HPO,),(PO,),F,(H,0)] - 2H,0 (1 -

TABLE 1

2H,0) and K;[(VO),(PO,).F, (H;0)] - H;O (2 - H,0)

2H20

Empirical formula

CZH IONO.SO 13P2V2.5

H4013F,P:K, V3

Formula ugt. 459.4 543.0
Space group C2/m P1
a (A) 18.425(4) 7.298(1)
b (A) 7.417(1) 8.929(2)
c(A) 8.954(2) 10.090(2)
a (%) — 104.50(3)
B(©) 93.69(2) 100.39(3)
v (°) — 92.13(3)
V (A% 1221.1(4) 623.8(1)
V4 4 2
D calc (g cm™) 2.499 2.891
T (K) 296 295
Wavelength 0.71073 (MoKa) 0.71073 (MoKa)
Scan mode 26 26
Scan rate 4.0 to 12.0°/min 4.0 to 12.0°/min
Absorption coefficient 22.39 25.01
(em™)

Absorption correction -scans -scans
Tnax! Tiin 1.03/0.86 0.97/0.82
F(000) 880 526
Crystal dimensions 0.34 X 0.22 X 0.20 0.12 X 0.13 x 0.11
(mm)
26 range (°) 4.0 to 45.0 4.0 to 60.0
hkl range 0=h=25 -10=h =10
0=k=10 0=k=12
-12=1=12 -14=1[1=13
Reflections collected 1908 3853
Reflections used (/y = 892 2786
3a(lo)
Number of parameters 104 199
Final Fourier residuals —1.16 to 1.15 —0.78 to 1.38
Goodness of fit 1.54 1.88
Ry 0.063 0.044
R, 0.067 0.051

532 (m). Anal. caled. for C,H,oNOxF,P,Vs: V, 28.1.

Found: 28.0.

Synthesis of Ky)[(VO);(PO,),F,(H,0)] - H,O (2 -
A mixture of KVO; (0.023 g), dimethylamine (0.13

H,0).

mL, 40% in H,O), FPO;H, (0.07 mL, 70% in H,O) and
H,0) and H,O (3 mL) was heated at 200-C for 48 h. Light
blue plates of 2 - H,O were collected in 73% yield based
on vanadium. IR(BKr pellet, cm™): 3474 (m), 1648 (w),
1099 (s), 1023 (m), 948 (s), 804 (m). Anal. calcd. for
H4013F2P2K2V3: V, 28.2. Found: V, 28.3.

X-ray crystallographic studies. Structural measure-
ments for complexes 1 - 2H,0 and 2 - H,O were performed
on a Rigaku AFCS5S diffractometer with graphite mono-
chromated MoK radiation [A(Mo-Ka) = 0.71073 A]. The
data were collected at a temperature of 20 * 1°C using
the w-26 scan technique.

Crystallographic data for these compounds are listed
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in Table 1. The intensities of three standard reflections
measured after every 150 reflections remained constant
throughout the data collections. An empirical absorption
correction using the program DIFABS was applied to all
data [66], and the data were corrected for Lorentz and
polarization effects. The structures were solved by direct
methods [67]. Vanadium, phosphorus, and oxygen atoms
were refined anisotropically. Neutral atom scattering fac-
tors were taken from Cromer and Weber [68] and the
anomalous dispersion correction was taken from those
of Creagh and McAuley [69]. All calculations were per-
formed using the SHELXTL [70] crystallographic soft-
ware package.

For phosphate 1 - 2H,0, the piperazinium cation sites
were present at half occupancies, with the carbon back-
bones disordered about two positions in equal occupancies.
Successful refinement of the positional and thermal param-
eters of the piperazinium group and the absence of anoma-
lous bond distances and of excursions of electron density
confirmed the adequacy of the model. Oxygen atoms OS8
and O9 are also disordered about the 2/m site occupied
by V2. Attempts to refine the structure as an ordered
model in the acentric space groups C2 or Cm produced
unrealistic thermal parameters and large correlation coef-
ficients. The model reported was considered appropriate.

RESULTS AND DISCUSSION

The incorporation of fluoride into the V-P-O frame-
works of 1 - 2H,O and 2 - H,O was accomplished by

TABLE 2
Atomic Positional Parameters (X 10*) and Isotropic Tempera-
ture Factors (A? x 10%) for [H,N(C,H,),NH,],s[(VO),V(HPO,),
(PO,),F(H,0),] - 2H,0 (1 - 2H,0)

x y z U(eq)
V(1) 2286(1) 2052(2) 7454(2) 10(1)
V(2) 5000 0 10000 21(2)
P(1) 3263(2) 0 5073(4) 8(1)
P(2) 3269(2) 0 10106(4) 8(1)
F 1451(4) 0 7325(8) 142)
o(1) 3959(5) 0 6201(10) 15(3)
0(2) 2582(5) 0 5989(9) 10(3)
0(3) 1689(3) 3280(9) 5843(6) 14(2)
O(4) 2597(4) 0 8933(9) 9(3)
0(5) 1745(3) 3289(8) 8971(6) 13(2)
O(6) 3963(5) 0 9241(9) 11(3)
o(7) 3043(3) 3101(10) 7475(7) 20(2)
0O(8) 5050(9) —2462(25) 9192(18) 48(5)
0(9) 4723(8) 995(24) 11893(18) 47(5)
0(10) 4017(5) 5000 9681(11) 26(3)
N(1) 0 1965(35) 5000 20(5)
c(1) 728(10) 822(29) 4739(21) 22(4)
C(1A) 4604(11) 4157(31) 6142(26) 34(6)

Note: Equivalent isotropic U defined as one third of the trace of the
orthogonalized Uj; tensor.
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exploiting the metal-mediated hydrolysis of FPOs;H, to
produce F~ and PO3". While no mechanistic conclusions
can be drawn on the basis of product analysis alone, fluor-
ophosphoric acid does not undergo appreciable hydrolysis
under hydrothermal conditions in the absence of a vana-
dium source. This observation confirms a role for the vana-
dium in mediating the hydrolysis process and suggest that
fluoride coordination to the vanadium sites is one conse-
quence of this reaction. While the use of HF and H;PO,
in place of FPO3;H, in the reactions does allow isolation
of 1 and 2, the yields are considerably diminished, in the
5-20% range. This observation suggests that the metal-
mediated hydrolysis of FPO3;H, produces F~ in close prox-
imity to the V(IV) sites, thereby forming a repository of
fluoride-bonded vanadium sites.

The appearance of bands in the 3100-3500 cm™! range
for 1 - 2H,O confirmed the presence of water in the solid.
The bands in the 1000-1200 cm™! range are attributed to
v(P-0) of the phosphate, while the sharp feature at 960
cm™! is associated with »(V=0). The infrared spectrum
of 2 - H,O exhibits similar characteristics features: 3474
cm™!, »(O—H); 1099 and 1023 cm™!, »(P-O); and 948
cm L, »(V=0).

X-ray structural analysis of 1 - 2H,0O revealed a complex
three-dimensional structure with cavities occupied by the
organic cations and water molecules of crystallization. The

TABLE 3
Atomic Positional Parameters (X10%) and Isotropic Tem-
perature Factors (A? x 10%) for K,[(VO)y(PO,),F,(H,0)] -
Hzo (2 * H20)

X y z U(eq)
V(1) 351(1) 2277(1) 4587(1) 5(1)
V(2) 3232(1) 3665(1) 9166(1) 8(1)
v(@3) 5558(1) —2436(1) 5422(1) 5(1)
K(1) 1404(2) 4671(2) 2288(1) 17(1)
K(2) 7954(2) 1221(2) 7783(1) 21(1)
P(1) 2988(2) 451(1) 6539(1) 5(1)
P(2) 2801(2) 5431(1) 6516(1) 5(1)
F(1) 3826(4) 5629(4) 10667(3) 11(1)
F(2) 8026(4) —1925(3) 7009(3) 9(1)
o(1) 1181(5) —393(4) 6652(4) 9(1)
0(2) 4591(5) —586(4) 6466(4) 9(1)
0o(3) 2596(5) 1031(4) 5176(4) 6(1)
04) 3629(5) 1796(4) 7811(4) 10(1)
0(5) 4701(5) 6334(4) 6634(4) 8(1)
O(6) 2810(5) 4903(4) 7824(4) 10(1)
o(7) 2520(5) 4032(4) 5191(4) 7(1)
0(8) 1162(5) 6427(4) 6381(4) 10(1)
0(9) —366(5) 2561(4) 6028(4) 11(1)
0(10) 1082(5) 3358(5) 9331(4) 16(1)
o(11) 4043(5) ~2976(5) 3988(4) 13(1)
0(12) 4284(6) 2379(5) 10581(4) 16(1)
0(13) 2402(9) 9267(7) 9610(6) 38(2)

Note. Equivalent isotropic U defined as one third of the trace of the
orthogonalized Uj; tensor.
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TABLE 4

Selected Bond Lengths (A) and Angles (°) for
[H:N(CH,),NH]o5  [(VO),V(HPO,),(PO,),F,(H,0)4] 2H,0
1 - 2H,0)

V(1)-F 2.163(5) V(1)-0(2) 2.104(6)
V(1)-0(3) 1.979(6) V(1)-0(4) 2.074(6)
V(1)-0(5) 1.964(6) V(1)-0(7) 1.596(7)
V(1)-V(1A) 3.044(3) V(2)-0(6) 1.987(8)
V(2)-0(8) 1.969(18) V(2)-0(9) 1.947(17)
P(1)-O(1) 1.582(9) P(1)-0(2) 1.543(9)
P(1)-0(3) 1.522(6) P(1)-O(3A) 1.522(6)
P(2)-O(4) 1.572(8) P(2)-0(6) 1.536(9)
P(2)-O(5) 1.516(6) P(2)-O(5A) 1.516(6)
N(1)-C(1) 1.616(23) C(1)-C(1A) 1.568(30)
F-V(1)-0(2) 70.7(3) F-V(1)-0(3) 85.7(2)
0(2)-V(1)-0(3) 91.93)  F-V(1)-0(4) 71.6(3)
0(2)-V(1)-0(4) 782(3) 0(3)-V(1)-0(4) 157.1(3)
F-V(1)-0(5) 88.5(3) 0(2)-V(1)-0(5) 158.9(3)
0(3)-V(1)-0(5) 903(2)  O(4)-V(1)-0(5) 91.9(3)
F-V(1)-O(7) 1642(3)  O(2)-V(1)-O(7) 95.7(3)
0(3)-V(1)-0(7) 103.2(3) 0(4)-V(1)-0(7) 98.4(3)
0(5)-V(1)-0(7) 104.2(3) 0(6)-V(2)-0(8) 86.6(5)
0(6)-V(2)-0(9) 89.8(5) 0(8)-V(2)-0(9) 133.9(7)
0(6)-V(2)-O(6A) 180.0(1) 0O(8)-V(2)-O(6A) 93.4(5)
0(9)-V(2)-O(6A) 90.2(5) 0(6)-V(2)-0(8) 86.6(5)
0(8)-V(2)-0O(8) 136.109)  O(9)-V(2)-O(8) 89.4(7)
0(6)-V(2)-0(8) 934(5)  P(1)-P(1)-0(2) 108.3(5)
0(1)-P(1)-0(3) 10583)  O(2)-P(1)-O(3) 111.3(3)
0(1)-P(1)-O(3A) 1058(3)  O(2)-P(1)-O(3A) 111.3(3)
0(3)-P(1)-O(3A) 1139(5)  O(4)-P(2)-O(6) 108.0(5)
0(4)-P(2)-0(5) 108.9(3) 0(6)-P(2)-0(5) 108.6(3)
0(4)-P(2)-O(5A) 10893)  O(6)-P(2)-O(5A) 108.6(3)
0(5)-P(2)-0(5A) 113.7(5) V(1)-F-V(1A) 89.5(3)
V(1)-0(2)-P(1) 12573)  V(1)-0Q2)-V(1A) 92.7(3)
P(1)-0(2)-V(1A) 125.7(3) V(1)-0(3)-P(1) 136.9(4)
V(1)-0O(4)-P(2) 126.9(3) V(1)-0(4)-V(1A) 94.4(3)
P(2)-0(4)-V(1) 126.9(3) V(1)-0(5)-P(2) 142.7(4)

overall structure of the anionic framework may be de-
scribed as V-P-F-O layers, containing octahedral V(IV)
binuclear units as the fundamental building blocks, linked
through V(III) octahedra, as shown in Fig. 1. The V(IV)
binuclear motifs are present as face-sharing octahedra
shown in Fig. 2a, rather than the more common edge-
or corner-sharing units. The coordination geometry about
each V(IV) center is defined by a terminal oxo-group, a
bridging fluoride ligand, two phosphate oxygen donors in
a bridging ligation mode, and two terminal phosphate oxy-
gen donors. The bridging fluoride adopts as orientation
trans to the terminal oxo-group, a geometry reflected in
the long V-F distance of 2.163(5) A, resulting from the
strong trans influence of the oxo-groups. Each {V,F,Og}
confacial bioctahedral unit is linked to four adjacent binu-
clear units in the layer through bridging phosphate groups,
as shown in Fig. 2b.

There are two distinct phosphate units, as depicted in
Fig. 3a. The P1 site contributes one oxygen donor to the
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TABLE 5

Ks[(VO)(PO,).Fy(Hy)] - H;02 - H;0)

V(1)-0(3)
V(1)-0(9)
V(1)-0O(1)
V(2)-F(1)
V(2)-0(6)
V(2)-0(12)
V(3)-F(2)
V(3)-0(11)
V(3)-0(5)
K(1)-0(7)
K(1)-F(2)
K(1)-0(6)
K(1)-0(9)
K(1)-O(10A)
K(1)-0(12)
K(2)-0(2)
K(2)-F(1)
K(2)-0(3)
K(2)-0(10)
K(2)-0(13)
P(1)-0(2)
P(1)-O(4)
P(2)-0(6)
P(2)-0(8)

OB3)-V(1)-O(7)
O(7)-V(1)-0(9)
O(7)-V(1)-F(2)
O(3)-V(1)-0(1)
0(9)-V(1)-0(1)
0(3)-V(1)-O(®8)
0(9)-V(1)-O(®8)
O(1)-V(1)-O(8)
F(1)-V(2)-0(6)
F(1)-V(2)-0(10)
0(6)-V(2)-0(10)
0(4)-V(2)-0(12)
0(10)-V(2)-0(12)
0(6)-V(2)-F(1B)
0(12)-V(2)-F(1)
F(2)-V(3)-0(11)
F(2)-V(3)-0(3)
O(11)-V(3)-0(3)
0(2)-V(3)-0(5)
O(3A)-V(3)-0(5)
0(2)-V(3)-0(7)
0(3)-V(3)-O(7)
O(1)-P(1)-0O(3)
O(1)-P(1)-O(4)
O(3)-P(1)-O(4)
O(5)-P(2)-0O(7)
O(5)-P(2)-0(8)
O(7)-P(2)-O(8)
V(3)-F2)-V(1)
V(3)-0(2)-P(1)
V(1)-0(3)-V(3)
V(2)-O(4)-P(1)
V(2)-0(6)-P(2)
V(1)-O(7)-V(3B)
P(2)-O(8)-V(1B)

2.096(4)
1.598(4)
1.986(3)
1.983(3)
1.943(4)
2.106(5)
2.133(3)
1.607(4)
1.998(4)
3.095(4)
2.744(4)
3.098(4)
2.841(4)
3.109(5)
3.381(5)
2.801(4)
3.294(3)
3.102(3)
2.862(4)
2.826(7)
1.519(4)
1.510(3)
1.507(4)
1.523(4)

79.8(1)
98.6(2)
722(1)
93.5(1)
104.9(2)
160.0(2)
102.6(2)
90.1(2)
88.2(1)
96.4(2)
99.0(2)
82.1(2)
93.1(2)
84.2(1)
83.9(2)
166.3(2)
72.9(1)
99.2(2)
90.2(2)
156.2(1)
159.2(1)
79.9(1)
108.1(2)
110.3(2)
110.8(2)
107.7(2)
112.6(2)
108.9(2)
88.8(1)
146.8(2)
91.4(2)
153.0(2)
160.8(3)
91.2(1)
150.9(3)

V(1)-0(7)
V(1)-F(2)
V(1)-0(8)
V(2)-0(4)
V(2)-0(10)
V(2)-F(1A)
V(3)-0(2)
V(3)-0(3)
V(3)-0(7)
K(1)-F(1)
K(1)-0(5)
K(1)-0(8)
K(1)-0(10)
K(1)-0(11)
K(2)-F(2)
K(2)-0(4)
K(2)-0(1)
K(2)-0(9)
K(2)-0(11)
P(1)-0(1)
P(1)-0(3)
P(2)-0(5)
P(2)-0(7)

O(3)-V(1)-0(9)
OB3)-V(1)-F(2)
O(9)-V(1)-F(2)
O(7)-Vv(1)-0(1)
F(2)-V(1)-0(1)
O(7)-V(1)-O(8)
F(2)-V(1)-0(8)
F(1)-V(2)-0(4)
O(4)-V(2)-0(6)
0(4)-V(2)-0(10)
F(1)-V(2)-0(12)
0(6)-V(2)-0(12)
F(1)-V(2)-F(1A)
0(10)-V(2)-F(1)
F(2)-V(3)-0(2)
0(2)-V(3)-0(11)
0(2)-V(3)-0(3)
F(2)-V(3)-0(5)
O(11)-V(3)-0(5)
F(2)-V(3)-0(7)
O(11)-V(3)-0(7)
O(5)-V(3)-O(7)
0(2)-P(1)-0(3)
0(2)-P(1)-O(4)
O(5)-P(2)-0(6)
0(6)-P(2)-O(7)
O(6)-P(2)-O(8)
V(2)-F(1)-V(2A)
P(1)-O(1)-V(1C)
V(1)-O0@3)-P(1)
P(1)-0(3)-V(3)
P(2)-0(5)-V(3)
V(1)-O(7)-P(2)
P(2)-O(7)-V(3B)

2.079(3)
2.135(3)
1.946(4)
1.943(4)
1.627(4)
2.180(3)
1.955(4)
2.074(4)
2.097(4)
2.857(4)
3.103(4)
2.775(4)
2.882(4)
2.787(4)
2.726(3)
3.221(4)
3.054(4)
2.795(5)
2.900(5)
1.531(4)
1.571(4)
1.549(4)
1.561(3)

95.5(2)
72.5(1)
165.7(2)
156.2(2)
84.0(1)
89.0(2)
88.4(2)
159.2(1)
94.6(2)
103.5(2)
90.9(1)
167.9(2)
73.5(1)
169.3(2)
87.9(1)
103.5(2)
89.7(2)
83.2(1)
104.0(2)
71.8(1)
96.0(2)
92.1(2)
108.8(2)
106.2(2)
109.3(2)
111.9(2)
106.5(2)
106.5(1)
131.7(2)
125.9(2)
125.6(2)
1312(2)
125.6(2)
128.1(2)

FIG. 1.
framework of 1, illustrating the VIVO-F~—phosphate layers linked by
{VIIQ4} octahedra. Vanadium sites are solid black spheres; fluoride sites
are grey spheres.

A ball and stick representation of the structure of the anionic

bridge between two V(IV) sites of a binuclear unit. Two
oxygen donors serve to bridge to each of two adjacent
binuclear units in a monodentate fashion, while the fourth
oxygen is protonated and pendant. The P1-O1 distance
of 1.582(9) A is considerably longer than the average
1.524(8) A of all other P-O distances in 1 - 2H,0O, confirm-
ing its identity on the protonation site and that of the P1
unit as a hydrophosphate, (HPO,)?". The P2 site is present
on a (PO,)*" unit. In a similar fashion to the P1 site, the
P2 tetrahedron contributes one oxygen donor to the bridge
between V(IV) centers of a binuclear unit and utilizes two
oxygen donor to bridge to each of two adjacent vanadium
motifs in the layer. However, in contrast to P1, the fourth
oxygen is used to bond to the V(III) center which serves
to bridge the V-P-F-0 layers.

The V(III) sites adopt a tetragonally distorted, axially
elongated octahedral geometry. Each V(III) site bonds to
two phosphate oxygens, one from each of two adjacent
layers, in a trans orientation. The equatorial plane is de-
fined by four aquo ligands. The V(III) oxidation state as-
signment is consistent with valence sum calculations (71)
and with the charge requirements of the material. Thus,
the gross structure of 1 - 2H,O is reminiscent of that pre-
viously observed for (H;NCH,CH,NH3;), 5 [V(VO)s(OH),
(HPO,)PO,)4(H,0),] - 2H,O (56), which exhibits a struc-
ture constructed from V-P-0O layers linked by V(III) octa-
hedra.

The piperazinium cations and water molecules of crystal-
lization occupy the void spaces between the layers and the
V(III) buttresses. There is considerable hydrogen bonding
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(a) A view of the expanded asymmetric unit of the anionic framework of 1, showing the confacial bioctahedral vanadium core of the

layers and the atom-labeling scheme. (b) A polyhedral representation of the (V!VO)-F-—phosphate layers of 1.

interaction between the cations, waters of crystallization,
V(III) bound aquo ligands, and pendant {P-OH} groups of
the layers. The presence of potentially labile aquo ligands
suggests incipient vacant coordination sites within a micro-
pore, whose properties appear to be dictated by a balance
of hydrophilic/hydrophobic interactions which determine
the manner in which such organic-inorganic solids can
crystallize (72).

As shown in Fig. 4a, phosphate 2 - H,O adopts a three-
dimensional framework similar to that observed for 1 -
2H,0, constructed from a layer motif identical to that of

1 but with binuclear {(VIVO),F,Oq} bridges replacing the
{VO¢} groups of 1. The overall structure may be de-
scribed in terms of edge- and face-sharing V(IV) binuclear
units linked through phosphate tetrahedral into a three-
dimensional anionic framework, providing interconnect-
ing tunnels occupied by K* cations and water molecules
of crystallization.

An unusual feature of the structure is the presence
of two distinct V(IV) binuclear units and of three different
V(IV) environments. One binuclear motif, Type 2a, is
similar to that observed for 1 - 2H,0, consisting of a

FIG. 3.

(a) A view of the structure of 1, normal to the (V!VO)-F —phosphate layers, showing the distinct phosphorus sites, P1 and P2. (b) A

similar view of the structure of 2, illustrating that the layer motif is identical to that of 1 and showing the substitution of the {V!Og4} unit of 1 by

{(VIVO),F,0,} bridges in 2.
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FIG. 4.

(a) A view of the structure of 2, illustrating the (V!YO)-F —phosphate layers, bridged by {(V!VO),F,O¢} units. (b) A view of the structure

of 2 along the ¢ axis, showing the channels occupied by the K* cations. Vanadium atoms are solid black spheres; fluoride sites are small grey spheres;

potassium cations are large grey spheres.

confacial bioctahedral unit. Each V(IV) site of this unit
coordinates to a terminal oxo-group, a bridging fluoride
ligand, two bridging phosphate oxygen atoms from each
of two phosphate groups, and two oxygen donors in a
terminally bonding mode from two additional phosphate
groups, as illustrated in Fig. 5. The second binuclear
motif, Type 2b, consists of an edge-sharing unit, with
each V(IV) geometry defined by two bridging fluorides,
a terminal oxo-group, two terminal phosphate oxygen
donors, and an aquo ligand.

It is noteworthy that the fluoride of the confacial

FIG. 5.
work of 2, showing the two distinct binuclear sites and the atom-label-
ing scheme.

A view of an expanded asymmetric unit of the anionic frame-

bioctahedral unit is trans to both terminal oxo-groups,
resulting in a symmetrical bridging interaction with V-F
distances of 2.133(3) and 2.135(3) A. In contrast, the
fluoride bridges of the second binuclear site are trans
to a single oxo-group, producing an unsymmetrical bridge
with V-F distances of 1.983(3) A and 2.180(3) A. The
geometries adopted by the binuclear units of 1 - 2H,0
and 2 - H,O are compared to those of the prototypic
material of this class (H;NCH,CH,NH3)[(VO,),(PO,)F]
(59) in Table 6. The structural versatility exhibited by this
limited set of V-P-F-O materials is quite remarkable.

Each phosphate group provides an oxygen atom to
bridge the vanadium sites of the confacial bioctahedral
unit. Of the remaining three oxygen atoms, one is em-
ployed as a donor to a neighboring corner-sharing binu-
clear unit and two link to each of two adjacent Type
2a units. In this fashion, as illustrated in Fig. 3b, the

FIG. 6. The hydrogen-bonding network observed for 2. Relevant
distances (A): A, 2.797; B, 2.708; C, 2.81; D, 2.911.
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TABLE 6
Comparison of Selected Structural Parameters for the Vanadium Sites of Oxo-fluorovanadium Phosphate Phases*
Valence
Vanadium V-O(phosphate),
Compound Vanadium motif sites V-0(oxo0) ave.’ V-0O(aquo)® V-F Sum
[H;NCH,CH,NH;][(VO,),(PO4)F]  Chains of corner-sharing ~ V(oct) 1.607(5)  2.011(4)(X3) 2.393(4) 472
{VOsF} octahedra and 1.713(4)
{VO,F} tetrahedra V(sq. pyp) 1.614(4) 1.959(4)(xL) 1.924(4) 5.03
1.676(4)
[HoN(C,H,)NH,][V(VO)4(HPO,), Isolated V(III) octahedra  V(III) 1.987(8) (xL) 1.96(2)(x4) 3.12
(PO,),F»(H,0),] - 2H,0 and confacial bioctahe-
dral V(IV) binuclear V(IV) 1.596(7)  2.030(7)(x4) 2.163(5) 4.07
units
K5[(VO);(PO,),F>(H,0)] - H,O One confacial bioctahe- V(IV), 1.598(4)  2027(4)(x4) 2.135(33) 412
dral V(IV) binuclear Type2a  1.607(4) 2.031(4)(x4) 2.133(3) 4.04
unit (Type 2a) and one
edge-sharing bioctahe-  V(IV), 1.627(4)  1.943(4)(X2) 2.106(5) 1.983(3), 4.12
dral unit (Type 2b) Type 2b 2.180(3)

“Bond lengths in A.

b (xn): n refers to the number of bonds of the given type associated with the vandium site.

¢ Ref. (71).

phosphorus tetrahedra serve to bridge each Type 2a
binuclear unit to one Type 2b and four Type 2a neighbors.

When viewed along the crystallographic a axis as in Fig.
4a, this complex connectivity pattern produces channels
defined by a 10-polyhedral ring. The water molecules of
crystallization occupy those channels, and the aquo li-
gands of the Type 2b sites project into the cavity, resulting
in significant hydrogen bonding between the various
water molecules. When the structure is projected down
the b axis, as in Fig. 4b, a second set of channels is
revealed. These intersect the first set and the location
of K* cations within these tunnels is clearly observed.
A 12-polyhedral ring defines the perimeter of this latter
set of tunnels. As shown in Fig. 6, there is significant
hydrogen bonding between the phosphate oxygens, aquo
ligands, and water molecules of crystallization. It is also
noteworthy that the interiors of the channels in 2 contain
chains of fluoride-bridged K* cations with K-F distances
of 2.78 A; this distance may be compared to that of
2.67 A in KF.

CONCLUSIONS

The metal-mediated hydrolysis of fluorophosphoric acid
provides a convenient and effective method for introducing
fluoride into the anionic framework of V-P-F-O phases.
These oxyfluoridevanadophosphate materials exhibit a re-
markable structural diversity, which reflects the flexibility
of coordination polyhedron available to the vanadium
sites, the variable oxidation states accessible to vanadium,
and the multifarious connectivity patterns which may be

adopted by corner-, edge-, and face-sharing polyhedra. By
combining the chemical stability of an oxide framework
and the enhanced mechanical thermal stability endowed
by fluoride incorporation, with the presence of incipiently
coordinatively unsaturated transition metal sites, a new
class of potentially microporous materials has emerged
which may provide access to synthetic routes to de-
signed materials.

Tables of experimental conditions for the X-ray studies,
atomic positional parameters, bond lengths and angles and
observed and calculated structure factors for 1 - 2H,O and
2 - H,O are available from the authors upon request.
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