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Hydrothermal Synthesis and Characterization of Two Mixed
Valence Piperazine`Vanadium Phosphates:
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(C4H12N2)[(VO)(VO2)2(H2O)(PO4)2]
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Two new phases, (C4H12N2)(H3O)[(VOPO4)4(H2O)H2PO4] '
3H2O (1) and (C4H12N2)[(VO)(VO2)2(H2O)(PO4)2] (2) have
been synthesized hydrothermally and characterized by single
crystal X-ray di4raction, thermogravimetric analysis, and mag-
netic susceptibility. Compound 1 has an open-framework struc-
ture and is closely related to (VO)2(PO4)2H2PO4 'N2C2H10,
whereas compound 2 has layered structure containing discrete
trinuclear [V3O13(H2O)] corner-sharing units. In both structures
the V atoms are mixed-valence, VIV and VV, with octahedral and
trigonal bipyramidal geometry. Crystal data: (C4H12N2)(H3O)
[(VOPO4)4(H2O)H2PO4] ' 3H2O 1, monoclinic, space group P2/n
(No. 13), a 59.6448(7) A_ , b 5 8.8770(7) A_ , c 5 14.813(1) A_ ,
b591.936(2)3, Z 5 4, R15 0.0717; (C4H12N2) [(VO)(VO2)2(H2O)
(PO4)2] 2, triclinic, space group P11 (No. 2); a 5 6.1650(5) A_ ,
b 510.8206(9) A_ , c 511.854(1) A_ , a566.598(1)3, b576.008(2)3,
c5 83.439(2)3, Z 5 2, R1 5 0.0467. ( 2000 Academic Press

Key Words: hydrothermal synthesis; piperazine; vanadium
phosphate; mixed valence.

INTRODUCTION

Vanadium phosphate phases have been intensively
studied due to the wide diversity of their structural chem-
istry and because of their potential applications in catalysis,
adsorption, and ion exchange (1}4). A large number of
vanadium phosphates incorporating organic species such as
monoammonium and diammonium cations are known. De-
pending on the charge, shape, and size of the organic cation,
structures with rings/cages, cavities, or layers are formed (5).
Several vanadium phosphates containing diprotonated
piperazine (pipz-VPOs) have been previously reported.
Examples include layered structures closely related to the
structure of a-VOPO

4
)2H

2
O and framework structures
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with tunnels occupied by diprotonated piperazine cations
(6}10).

In this paper, we report the hydrothermal synthesis and
characterization of the "rst examples of mixed-valence
pipz-VPO compounds. Compound 1 (C

4
H

12
N

2
)

(H
3
O)[(VOPO

4
)
4
(H

2
O)H

2
PO

4
] )3H

2
O has a framework

structure based on the a-VOPO
4
)2H

2
O structure and

(C
4
H

12
N

2
)[(VO)(VO

2
)
2
(H

2
O)(PO

4
)
2
] 2 is a layered com-

pound that contains a unique trinuclear arrangement of
vanadium cations.

EXPERIMENTAL

Synthesis of (C
4
H

12
N

2
)(H

3
O)

[(<OPO
4
)
4
(H

2
O)H

2
PO

4
] )3H

2
O (1)

The reactants V
2
O

3
(0.0525 g, 0.35 mmol), H

3
BO

3
(0.0868 g, 1.0 mmol), H

3
PO

4
(0.096 mL, 85 wt% solution in

H
2
O, 1.37 mmol), piperazine (0.0151 g, 0.025 mmol), and

Na
2
CO

3
(0.0093 g, 0.09 mmol) were added to 2 mL

(166 mmol) water. The initial pH was 2.94. The reaction was
carried out in a 23-mL capacity Te#on-lined stainless steel
Parr hydrothermal bomb. The starting materials were
heated at 1453C for 3 days. Afterward, the reactor was
cooled to room temperature over a 1-day period ("nal pH
3.12). The product was recovered by vacuum "ltration and
washed with distilled water. Dark green rod-shaped crystals
(&30% yield based on V) were obtained together with
a second phase identi"ed as the known phase
[VO(H

2
O)

3
][VO(H

2
O)](VO)

2
(PO

4
)
2
(HPO

4
)
2

(C
4
H

8
N

2
H

4
)

(10). The crystals of 1 were stable in water and in air.
Subsequently, 1 was prepared under the same reaction con-
ditions but omitting the H

3
BO

3
and Na

2
CO

3
.

Synthesis of (C
4
H

12
N

2
)[(<O)(<O

2
)
2
(H

2
O)(PO

4
)
2
] (2)

The compound was synthesized by a two-step reaction. In
the "rst step, V

2
O

5
(9.094 g, 0.05 mol) was slowly added to
4



TABLE 2
Atomic Coordinates (]104) and Equivalent Isotropic Displacement

Parameters (A_ 2]103) for 1 and 2

x y z ;
%2

a

1
V(1) 9355(1) !21(2) 1513(1) 6(1)
V(2) 11685(2) !5002(2) !1068(1) 20(1)
P(1) 10080(2) !2527(2) 47(1) 8(1)
P(2) 7500 2531(3) 2500 8(1)
P(3) 7500 !2477(3) 2500 9(1)
P(4) 12500 1046(4) 2500 12(1)
O(1) 10469(5) !1617(6) 882(4) 12(1)
O(2) 11357(6) !3504(6) !167(4) 15(1)
O(3) 10349(5) 1573(6) 778(4) 11(1)
O(4) 8818(5) !1545(6) 2437(4) 12(1)
O(5) 8803(6) 1607(6) 2383(4) 14(1)
O(6) 12710(6) !6502(6) !1654(4) 16(1)
O(7) 12797(6) !3552(6) !1662(4) 14(1)
O(8) 11186(6) !6439(6) !198(4) 14(1)
O(9) 7976(5) !93(7) 885(4) 17(1)
O(10) 10296(6) !4933(8) !1668(4) 27(2)
O(11) 11214(5) 110(6) 2401(3) 10(1)
O(12) 12594(6) 2114(7) 1659(4) 22(1)
O(13) 13856(12) !5100(15) !246(8) 31(4)
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a mixture of oxalic acid (4.502 g, 0.05 mol), H
3
PO

4
(13.65 mL, 85 wt% solution in H

2
O, 0.2 mol), and 250 mL

distilled water at 703C. The blue solution was boiled over-
night in a 500-mL #ask. At this point no crystallization had
occurred. The resulting blue solution (solution A) was used
as a reagent in the second step of the synthesis. A mixture of
solution A (10 mL: V, 3.7 mmol; P, 7.4 mmol), H

3
BO

3
(0.155 g, 2.5 mmol), and piperazine (0.108 g, 1.25 mmol) was
heated at 1453C for 4 days in a Parr hydrothermal reactor.
The initial pH was 2.12. Afterward, the reactor was cooled
to room temperature over a 1-day period ("nal pH 1.74).
The product was washed with water and brown plate-
shaped crystals (&42% yield based on V) were obtained
together with unidenti"ed pale green powder.

Characterization

The crystal structures of 1 and 2 were determined by
single-crystal X-ray di!raction methods. Preliminary exam-
ination and data collection were performed on a SMART
platform di!ractometer equipped with 1 K CCD area de-
tector using graphite-monochromatized MoKa radiation at
TABLE 1
Crystallographic Data for 1 and 2

1 2

Empirical formula C
4
H

25
N

2
O

29
P
5
V

4
C

4
H

14
N

2
O

14
P
2
V

3
Formula weight, amu 923.68 528.93
Space group P2/n (No. 13) P11 (No. 2)
a (A_ ) 9.6448(7) 6.1650(5)
b (A_ ) 8.8770(7) 10.8206(9)
c (A_ ) 14.813(1) 11.854(1)
a (deg.) 90 66.598(1)
b (deg.) 91.936(2) 76.008(2)
c (deg.) 90 83.439(2)
< (A_ 3) 1267.5(2) 704.0(1)
Z 4 2
¹ (K) 297(2) 297(2)
j (A_ ) 0.71073 0.71073
l (mm~1) 1.876 2.264
o (calc.) (g cm~3) 2.392 2.495
Crystal size (mm3) 0.20]0.04]0.04 0.10]0.06]0.02
No. of unique re#ections 2231 2992
No. of parameters 197 228
Goodness-of-"t on F2 1.195 1.100
R

1
[I'2p(I)]a 0.0717 0.0467

wR
2

(all data) 0.1497b 0.0996c

(*o)
.!9

; (*o)
.*/

(e/A_ 3 ) 1.707; !0.910 0.618; !0.600

aR
1
"+DDF

0
D!DF

#
D/+DF

0
D.

bwR
2
"[+w(DF

0
D!DF

#
D)2/+wDF

0
D2]1@2; w"1/[p2 (F2

0
) #(0.0010)2#

24.33P]; P"[Max(F2
0
, 0)#2F2

#
]/3.

cR
8
"[+w(DF

0
D!DF

#
D)2/+wDF

0
D2]1@2; w"1/[p2(F2

0
)#(0.0129P)2#4.47P];

P"[Max(F2
0
,0)#2F2

#
]/3 (all data).

N 5129(7) 215(9) 938(4) 19(2)
C(1) 4413(9) !1139(11) 581(6) 22(2)
C(2) 4991(10) 1525(11) 332(6) 25(2)
OW1 2500 7066(17) 2500 93(5)
OW2 4157(18) 4850(17) 1562(10) 56(6)
OW3 3362(29) 5226(26) 1119(17) 78(11)

2
V(1) 2644(1) 6941(1) 3909(1) 9(1)
V(2) 7990(1) 7488(1) 8717(1) 10(1)
V(3) 4781(1) 4079(1) 8242(1) 10(1)
P(1) 3021(2) 6393(1) 9368(1) 9(1)
P(2) 2172(2) 4009(1) 6268(1) 9(1)
O(1) 6013(6) 5336(3) 7061(3) 19(1)
O(2) 1626(5) 5446(3) 5419(3) 12(1)
O(3) !337(5) 6948(3) 3560(3) 13(1)
O(4) 9326(6) 6318(4) 7660(3) 19(1)
O(5) 2169(5) 3988(3) 7580(3) 14(1)
O(6) 2815(5) 5021(3) 9322(3) 15(1)
O(7) 5207(5) 7076(3) 8445(3) 13(1)
O(8) 5603(5) 6503(3) 4310(3) 13(1)
O(9) 3815(5) 7380(3) 2339(3) 12(1)
O(10) 11086(5) 7335(3) 8895(3) 16(1)
O(11) 6871(5) 7637(3) 10083(3) 12(1)
O(12) 7024(5) 3694(3) 9313(3) 14(1)
O(13) 2249(5) 8287(3) 4205(3) 16(1)
O(14) 8165(6) 9006(3) 7690(3) 18(1)
N(1) 9719(7) 11354(4) 9128(4) 16(1)
N(2) 14686(9) 8617(5) 5864(5) 35(1)
C(1) 7740(8) 10503(5) 9928(5) 19(1)
C(2) 11689(9) 10512(5) 8860(4) 18(1)
C(3) 16913(10) 9094(7) 5034(6) 36(1)
C(4) 13401(10) 9735(7) 6150(5) 37(2)

a;
%2

is de"ned as one-third of the trace of the orthogonalized;
ij

tensor.



TABLE 3
Selected Bond Lengths (A_ ) and Angles (3) for 1 and 2

1a

V(1)}O(9) 1.599(5) V(2)}O(10) 1.583(6)
V(1)}O(4) 2.004(6) V(2)}O(6) 1.887(6)
V(1)}O(5) 2.019(6) V(2)}O(8) 1.888(6)
V(1)}O(1) 2.026(6) V(2)}O(7) 1.907(6)
V(1)}O(3) 2.045(6) V(2)}O(2) 1.917(6)
V(1)}O(11) 2.191(5) V(2)}O(13) 2.39(1)
P(1)}O(1) 1.513(6) P(2)}O(5)3 1.514(6)
P(1)}O(3)1 1.531(6) P(2)}O(5) 1.514(6)
P(1)}O(2) 1.550(6) P(2)}O(7)1 1.558(6)
P(1)}O(8)2 1.550(6) P(2)}O(7)4 1.558(6)
P(3)}O(4) 1.521(6) P(4)}O(11) 1.496(5)
P(3)}O(4)3 1.521(6) P(4)}O(11)6 1.496(5)
P(3)}O(6)2 1.555(6) P(4)}O(12)6 1.573(6)
P(3)}O(6)5 1.555(6) P(4)}O(12) 1.573(6)
N}C(2) 1.47(1) N}C(1) 1.48(1)
C(1)}C(2)7 1.53(1) C(2)}C(1)7 1.53(1)
N}H0A2O(5) 2.934(9) N}H0A2O(11) 2.819(8)
N}H0A2O(9) 2.764(9)
O(4)}V(1)}O(5) 88.1(2) O(6)}V(2)}O(8) 89.2(3)
O(4)}V(1)}O(1) 89.8(2) O(6)}V(2)}O(7) 87.3(2)
O(5)}V(1)}O(3) 89.0(2) O(8)}V(2)}O(2) 86.7(2)
O(1)}V(1)}O(3) 88.4(2) O(7)}V(2)}O(2) 87.8(3)
O(9)}V(1)}O(11) 178.5(3) O(10)}V(2)}O(13) 176.5(4)
O(1)}P(1)}O(3)1 114.2(3) O(5)3}P(2)}O(5) 114.5(5)
O(1)}P(1)}O(2) 106.8(3) O(5)3}P(2)}O(7)1 106.0(3)
O(3)1}P(1)}O(2) 109.9(3) O(5)}P(2)}O(7)1 110.8(3)
O(1)}P(1)}O(8)2 111.9(3) O(5)3}P(2)}O(7)4 110.8(3)
O(3)1}P(1)}O(8)2 104.4(3) O(5)}P(2)}O(7)4 106.0(3)
O(2)}P(1)}O(8)2 109.5(3) O(7)1}P(2)}O(7)4 108.7(5)
O(4)}P(3)}O(4)3 114.2(5) O(11)}P(4)}O(11)6 112.5(5)
O(4)}P(3)}O(6)2 110.7(3) O(11)}P(4)}O(12)6 110.0(3)
O(4)3}P(3)}O(6)2 106.3(3) O(11)6}P(4)}O(12)6 109.1(3)
O(4)}P(3)}O(6)5 106.3(3) O(11)}P(4)}O(12) 109.1(3)
O(4)3}P(3)}O(6)5 110.7(3) O(11)6}P(4)}O(12) 110.0(3)
O(6)2}P(3)}O(6)5 108.7(5) O(12)6}P(4)}O(12) 105.8(5)
N}H0A2O(5) 121 N}H0A2O(11) 156
N}H0A2O(9) 162

2b

V(1)}O(13) 1.609(3) V(2)}O(14) 1.606(3)
V(1)}O(9) 1.714(3) V(2)}O(11) 1.663(3)
V(1)}O(2) 1.899(3) V(2)}O(7) 1.950(3)
V(1)}O(8) 1.955(3) V(2)}O(10) 1.952(3)
V(1)}O(3) 1.977(3) V(2)}O(4) 2.091(3)
V(3)}O(1) 1.610(3) V(3)}O(5) 1.982(3)
V(3)}O(9)1 1.995(3) V(3)}O(12) 1.999(3)
V(3)}O(6) 2.038(3) V(3)}O(11)2 2.226(3)
P(1)}O(12)2 1.521(3) P(2)}O(8)1 1.527(3)
P(1)}O(6) 1.527(3) P(2)}O(2) 1.531(3)
P(1)}O(10)3 1.539(3) P(2)}O(3)4 1.543(3)
P(1)}O(7) 1.559(3) P(2)}O(5) 1.546(3)
N(1)}C(2) 1.482(6) C(1)}C(2)6 1.516(7)
N(1)}C(1) 1.496(6) C(2)}C(1)6 1.516(7)
N(2)}C(4) 1.477(8) C(3)}C(4)7 1.508(9)
N(2)}C(3) 1.492(8) C(4)}C(3)7 1.508(9)
N(1)}H1A2O(3) 2.932(5) N(1)}H1A2O(9) 2.984(5)
N(1)}H1B2O(12) 2.919(5) N(1)}H1B2O(11) 2.961(5)
N(2)}H2A2.O(13) 2.892(6) N(2)}H2B2O(7) 2.922(6)
O(13)}V(1)}O(9) 108.4(2) O(13)}V(1)}O(2) 108.8(2)

TABLE 3*Continued

O(9)}V(1)}O(2) 142.8(2) O(13)}V(1)}O(8) 95.7(2)
O(9)}V(1)}O(8) 90.5(1) O(2)}V(1)}O(8) 86.22(13)
O(13)}V(1)}O(3) 96.5(2) O(9)}V(1)}O(3) 89.7(1)
O(2)}V(1)}O(3) 85.7(1) O(8)}V(1)}O(3) 166.97(14)
O(14)}V(2)-O(11) 104.9(2) O(14)}V(2)}O(7) 96.4(2)
O(11)}V(2)}O(7) 95.91(14) O(14)}V(2)}O(10) 95.6(2)
O(11)}V(2)}O(10) 95.9(2) O(7)}V(2)}O(10) 160.39(14)
O(14)}V(2)}O(4) 103.9(2) O(11)}V(2)}O(4) 151.2(2)
O(7)}V(2)}O(4) 81.51(13) O(10)}V(2)}O(4) 80.59(14)
O(5)}V(3)}O(9)1 87.01(13) O(9)1}V(3)}O(12) 89.39(13)

(5)}V(3)}O(6) 89.49(13) O(12)}V(3)}O(6) 88.54(13)
O(1)}V(3)}O(11)2 178.0(2)
O(12)2}P(1)}O(6) 112.8(2) O(12)2}P(1)}O(10)3 108.0(2)
O(6)}P(1)}O(10)3 109.9(2) O(12)2}P(1)}O(7) 110.2(2)
O(6)}P(1)}O(7) 109.7(2) O(10)3}P(1)}O(7) 105.9(2)
O(8)1}P(2)}O(2) 111.3(2) O(8)1}P(2)}O(3)4 107.7(2)
O(2)}P(2)}O(3)4 109.7(2) O(8)1}P(2)}O(5) 111.8(2)

(2)}P(2)}O(5) 108.6(2) O(3)4}P(2)}O(5) 107.6(2)
N(1)-H1A2O(3) 150 N(1)}H1A2O(9) 135
N(1)}H1B2O(12) 105 N(1)}H1B2O(11) 137
N(2)}H2A2O(13) 160 N(2)}H0A2O(7) 156

aSymmetry transformations used to generate equivalent atoms: 1,
!x#2, !y,!z; 2, !x#2,!y!1,!z; 3, !x#3

2
,y,!z#1

2
; 4,

x!1
2
,!y,z#1

2
; 5, x!1

2
,!y!1,z#1

2
; 6, !x#5

2
,y,!z#1

2
; 7,

!x#1,!y,!z
bSymmetry transformations used to generate equivalent atoms: 1,

!x#1, !y#1,!z#1; 2, !x#1,!y#1,!z#2; 3, !x!1,y,z;
4, !x,!y#1,!z#1; 5, x#1,y,z; 6, !x#2,!y#2,!z#2; 7,
!x#3,!y#2,!z#1.
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room temperature. A hemisphere of data (1271 frames at
5 cm detector distance) was collected using a narrow-frame
method with scan widths of 0.303 in u and an exposure time
of 30 s/frame. The "rst 50 frames were remeasured at the end
of data collection to monitor instrument and crystal stabil-
ity, and the maximum correction applied to the intensities
was (1%. The data were integrated using the Siemens
SAINT program (11), with the intensities corrected for
Lorentz factor, polarization, air absorption, and absorption
due to variation in the path length through the detector
faceplate. An empirical absorption correction (program
SADABS) and a t-scan measurement were applied for
1 and 2, respectively (12). The minimum and maximum
transmission factors were 0.85 and 1.0. Additional crystallo-
graphic details are given in Table 1. For 1 the observed Laue
symmetry and the systematic extinction condition (h0l:
h#l"2n#1) were indicative of the monoclinic space
groups P2/n and Pn. The centrosymmetric space group P2/n
was assumed. A satisfactory re"nement con"rmed the
choice of this space group.

The initial positions for all atoms were obtained using
direct methods and the structures were re"ned by full matrix
least squares techniques with the use of the SHELXTL
crystallographic software package (13). For 1 the "nal cycle
of re"nement performed on F2

0
with 2231 unique re#ections

a!orded residuals R
8
"0.1497 and R"0.0717 [based on
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F2
0
'2p (F2

0
)]. All hydrogen atoms bonded to carbon and

nitrogen atoms were included in calculated positions with
isotropic displacement parameters. For 2, the "nal cycle of
re"nement performed on F2

0
with 2992 unique re#ections

gave residuals R
8
"0.0996 and R"0.0467 [based on

F2
0
'2p (F2

0
)]. All of the hydrogen atoms bound to carbon

and nitrogen atoms were included in calculated positions
with isotropic displacement parameters. The other hydro-
gen atoms bound to oxygen atoms were found by di!erence
Fourier synthesis and re"ned isotropically. In both struc-
tures, no unusual trends were found in the goodness of "t as
a function of F2

0
, sinh/j, and Miller indices. Final values of

the atomic parameters and equivalent isotropic displace-
ment parameters are given in Table 2.

Infrared spectra were recorded on a Mattson FTIR 5000
spectrometer within the range 400}4000 cm~1 using the
KBr pellet method. Thermogravimetric analyses were car-
ried out in air at a heating rate of 23C/min, using a high-
resolution TGA 2950 thermogravimetric analyzer (TA In-
struments). Magnetic measurements were made with an
Oxford Instruments Vibrating Sample Magnetometer in the
FIG. 1. View of the structure of 1 along the b axis showing the
[(VOPO

4
)
4
(H

2
O)H

2
PO

4
]3~ framework built from(VOPO

4
)
4
(H

2
O) layers

and bridging H
2
PO

4
units. Hydrogen bonds are shown as dotted lines

between one diprotonated piperazine cation and oxygen atoms in the
[(VOPO

4
)
4
(H

2
O)H

2
PO

4
] framework. Hydronium ions and water molecu-

les are omitted for clarity. Thermal ellipsoids are shown with 50% prob-
ability.

FIG. 2. View of the a-VOPO
4
-type layer in the structure of 1 showing

the ordered arrangement of VIV(1) and VV(2) atoms within each layer. PO
4

groups are shown as tetrahedra, and oxygen atoms as open circles.
temperature range 5 K(¹(290 K with applied magnetic
"eld of 1 T.

RESULTS

Structure Description

Selected bond distances and angles for 1 and 2 are listed
in Table 3. Compound 1 has a [(VOPO

4
)
4
(H

2
O)H

2
PO

4
]3~

framework structure that contains hydronium and dipro-
tonated piperazine cations and water molecules (Fig. 1). The
[(VOPO

4
)
4
(H

2
O)H

2
PO

4
]3~ framework is constructed by

connecting (VOPO
4
)
4
(H

2
O) layers through bridging tet-

rahedral PO
2
(OH)

2
groups. There are two crystallographi-

cally unique VO
6

distorted octahedra, three PO
4

tetrahedra,
and one H

2
PO

4
tetrahedron in the framework. Each VO

6
octahedron has one short vanadyl V"O bond (V(1)}O(9),
1.599(5) A_ ; V(2)}O(10), 1.583(6) A_ ) and four other V}O
bonds intermediate in length. a-VOPO

4
type layers are

formed by linking the VO
6

octahedra to four phosphate
tetrahedra by sharing oxygen atoms. The vanadium atom



FIG. 3. View of the structure of 2 along the a axis showing the [(VO)(VO
2
)
2
(H

2
O)(PO

4
)
2
] layers in the ac plane. Diprotonated piperazine cations

occupy interlayer sites, N and C atoms are shown as striped and hatched circles. The V}O coordination is represented by polyhedra. Thermal ellipsoids
are shown with 50% probability.
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coordination is completed by a long V}O distance trans to
the V"O bond and corresponds to coordination of either
a water molecule (V(2)}O(13), 2.39(1) A_ ) or a phosphate
oxygen (V(1)}O(11), 2.191(5) A_ ). This arrangement results in
FIG. 4. Details of the V(1, 2)O
5

coordination environments in 2. Empty b
are shown with 50% probability.
(VOPO
4
)
4
(H

2
O) layers orientated in the (101) plane (Fig. 2)

that are bridged by H
2
P(4)O

4
units. The O(13) water mol-

ecule coordinated to the V(2) atom is disordered with half
occupancy to minimize O(13)}O(13) interlayer repulsion
onds, V}O; "lled bonds, V"O; empty circles, H atoms. Thermal ellipsoids



FIG. 5. The V
3
O

13
(OH

2
) trinuclear unit in 2 showing the connectivity of [VV}O}VIV}O}VV] and PO

4
tetrahedra. Thermal ellipsoids are shown with

50% probability.
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(d[O(13)}O(13)]"2.31 A_ ). The long bond lengths of the
uncoordinated P(4)}O(12) bonds (1.571(6) A_ ) imply that
they are protonated (BVS"1.09 for O(12)) (14). Bond val-
ence sum calculation assuming V(1)IV}O and V(2)V}O
bonds gives BVS values of 4.07 and 5.09 indicating charge
ordering. Magnetic measurement supports the BVS calcu-
lations for the V atoms (see below).

The hydrogen atoms in water molecules, hydronium,
and diprotonated piperazine ions make hydrogenbonds
to nearby oxygen atoms in the [(VOPO

4
)
4
(H

2
O)H

2
PO

4
]3~

framework (Fig. 1). One crystallographically distinct
diprotonated piperazine cation is located on an inver-
sion center. Hydrogen bonds are formed to four
adjacent oxygen atoms (O(9) and O(11)) coordinated
to V(1).

The structure of 2 contains [(VO)(VO
2
)
2
(H

2
O)(PO

4
)
2
]2~

layers separated by diprotonated piperazine cations (Fig. 3).
One crystallographically distinct VIV(3)O

6
distorted oc-

tahedron, two VV(1,2)O
5

trigonal bipyramids, and two PO
4

tetrahedra are connected by sharing oxygen atoms in each
layer. The V(1)O

5
trigonal bipyramid has two short V"O

bonds (V(1)}O(13), 1.609(3) A_ ; (V(1)}O(9), 1.714(3) A_ ) and
three V}O bonds in the range of 1.899(3)A_ }1.977(3) A_ . The
V(2)O

5
trigonal pyramid has also two short V"O bond

distances (V(2)}O(14), 1.606(3) A_ ; V(2)}O(11), 1.663(3) A_ )
and two intermediate V}O bond distances of 1.950(3) A_ and
1.952(3) A_ . The longest bond distance is to a coordinated
water molecule V(2)}O(4)H

2
(Fig. 4). The V(3)O

6
distorted

octahedron has one short V"O(1) bond (1.610(3) A_ ). One
V}O(11) bond with much longer distance (2.226(3) A_ ) is
trans to V"O and the bond lengths of four other V}O
bonds are in the range 1.982(3) A_ }2.038(3) A_ .

As Zavalij et al. noted, (19) "ve coordinated vanadium
with two vanadyl oxygen atoms will normally have trigonal
bipyramidal geometry. For the ideal case, the three equato-
rial O atoms make O}V}O angles of 1203 (108.4(2),
108.8(2)3, 142.8(2)3 for V(1); 104.9(2)3, 103.9(2)3, 151.2(2)3 for
V(2)), whereas the two apical atoms have the angle of 1803
(167.0(1)3 for V(1); 160.4(1)3 for V(2)) (see Table 2 and Fig. 4).
The V}O bond lengths fall in the range recently noted for
V(V) in [2#3] coordination. (20)

One oxygen atom coordinated to each of the vanadium
atoms, V(1)}O(13), V(2)}O(14) and V(3)}O(1), is terminal.
The two other vanadyl oxygen atoms, O(9) and O(11) are
shared with the V(3)O

6
octahedron. The three independent

vanadium oxygen atom polyhedra, trigonal bipyramidal
V(1) and V(2), and octahedral V(3) are connected by sharing
corners to complete a mixed valence V

3
O

13
(H

2
O) trinuclear

unit with connectivity VV(1)"O}VIV(3)}O"VV(2) (Fig. 5).
Each trinuclear unit is linked by six phosphate anions to
form layers of composition [(V

3
O

5
)(H

2
O)(PO

4
)
2
]2~ in the

ac-plane as shown in Fig. 6. One diprotonated piperazine
cation occupies the interlayer space. Bond valence sum
calculations assuming V(1,2)V}O and V(3)IV}O bonds gives
values of 5.02, 4.96 and 4.12, respectively (14).

The structure contains an extended network of O}H2O
and N}H2O hydrogen bonds. The water molecule in the
VO

4
OH

2
trigonal bipyramid forms hydrogen bonds to oxy-

gen atoms in adjacent VO
4
OH

2
groups (Fig. 7). Thus,

V(3)}O(5) ) )H
2
O(4)}V(2), and H

2
O(4)}V(2)2O(1)}V(3)



FIG. 6. [(VO)(VO
2
)
2
(H

2
O)(PO

4
)
2
]2~ layer in 2 viewed perpendicular to the ac plane. Filled, hatched and open circles are vanadium, phosphorus, and

oxygen atoms, respectively.
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bonds alternate along the a axis. The two H
2
pipz2` cations

are hydrogen bonded to the oxygen atoms in the
[(VO)(VO

2
)
2
(H

2
O)(PO

4
)
2
]2~ layers. Two di!erent types of

intermolecular hydrogen bonds link the H
2
pipz2` cations

and the [(V
3
O

5
)(H

2
O)(PO

4
)
2
]2~ layer anions. The two

H
2
pipz cations contain two crystallographically distinct

nitrogen atoms: one nitrogen atom makes hydrogen bonds
with four oxygen atoms in the layers and the other with two
oxygen atoms (Fig. 1).

Characterization

The infrared spectrum of 1 con"rmed the presence of
piperazinium cations and water molecules in the structure,
as evidenced by the bands observed at 3434, 3030, 1636,
1588, 1441, 1385, and 1327 cm~1 (Fig. 8). Additional V"O
and P}O bands are observed in the region 1300}400 cm~1.
The strongest bands in this region are observed at 1124,
1094, 1031, 963, 895, 671, 586, 546, and 507 cm~1. The
spectrum of 2 also shows characteristic absorption bands
due to piperazinium cations and water (3378, 3138, 3030,
1627, 1586, 1456, and 1384 cm~1) and V"O, P}O bands
(1136, 1096, 1028, 994, 957, 862, 763, 598, 577, 484 cm~1)

Magnetic susceptibility data for 1 revealed paramagnetic
behavior over the temperature range 5.4}288 K (Fig. 9). The
data were "tted by using the Curie equation: s

.
"

s
0
#C

.
/¹, s

0
"!1.11]10~3 emu/mol and C

.
"0.7157

emuK/mol. The calculated e!ective magnetic moment
k
%&&

of 2.50 BM is in good agreement with the expected value
of 2.45 BM, assuming that half the vanadium atoms in the
formulae (C

4
H

12
N

2
)(H

3
O)[(VOPO

4
)
4
(H

2
O)H

2
PO

4
] ' 3H2

O
are present as d1 VIV(1).



FIG. 7. Intralayer hydrogen bonds in the [(VO)(VO
2
)
2
(H

2
O)(PO

4
)
2
] layers viewed (a) along the a axis and (b) perpendicular to ac plane. In (b) PO

4
units are omitted for clarity.
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Magnetic susceptibility data for 2 over the temperature
range 4.8}290 K are shown in Fig. 9. The data were "tted by
using the Curie}Weiss equation at higher temperatures
(¹'80 K): s

.
"s

0
#C

.
/(¹!h), s

0
"!9.32]10~5

emu/mol, C
.
"0.3815 emuK/mol and h"!6.55 K. The

e!ective magnetic moment k
%&&

calculated from the Curie
constant 1.75 BM is the value expected for an isolated VIV(3)
(3d1 , S"1/2, k

%&&
"1.73 BM) in the formula

(C
4
H

12
N

2
)[(VO)(VO

2
)
2
(H

2
O)(PO

4
)
2
]. The data indicate

the onset of antiferromagnetic ordering at &20 K.
The thermal decomposition of 1 occurs in several steps.

The "rst step at 25}&2253C corresponds to the loss of the
three water molecules (weight loss: calc., 5.85%; obs.,
6.04%). The evolution of piperazine and water molecules
and condensation of the PO

2
(OH)

2
group is complete at
&6503C (weight loss: calc., 22.20%; obs., 22.79%). At this
temperature, a small weight increase is observed corre-
sponding to the oxidation of VIV. Thermogravimetric analy-
sis of 2 shows that the evolution of piperazine and water
molecules occurs in the range &200}6003C in several steps.
Assuming that the glassy residue corresponds to 3/2V

2
O

5
and P

2
O

5
, the overall observed weight loss of 21.83% is in

good agreement with that calculated for the composition
(C

4
H

12
N

2
)[(VO)(VO

2
)
2
(H

2
O)(PO

4
)
2
] (21.58%).

DISCUSSION

(C
4
H

12
N

2
)(H

3
O)[(VOPO

4
)
4
(H

2
O)H

2
PO

4
] ' 3H

2
O, 1, is

a member of a family of compounds that contain MOXO
4

layers that are bridged by XO
4
H

/
groups. The structure of



FIG. 8. Infrared spectra for 1 (a) and 2 (b).
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1 is most closely related to that of (VO)
2
(PO

4
)
2
H

2
PO

4 '
N

2
C

2
H

10
(15). The VOPO

4
layers, each with

V(IV)/V(V)"1, have similar average in plane and interlayer
dimensions (1, 4.438]4.419]7.956 A_ ; (VO)

2
(PO

4
)
2

H
2
PO

4 '
N

2
C

2
H

10
, 4.446]4.509]7.986 A_ ). The mole ra-

tios of layer to H
2
PO

4
is 4:1 for 1 compared to 2:1 for

(VO)
2
(PO

4
)
2
H

2
PO

4 '
N

2
C

2
H

10
. In the latter, the additional

bridging H
2
PO

4
unit replaces the coordinated water mol-

ecules. The dissimilarities in the space "lling and hydrogen
bonding requirements of diprotonated piperazine and
ethylenediamine cations are responsible for the structural
di!erences.

The structure of 1 is also related to that of
Na

3
VO(PO

4
)(HPO

4
) (17). In Na

3
VO(PO

4
)(HPO

4
) the

HPO
4

tetrahedra do not connect the V(IV)OPO
4

layers.
Each tetrahedron shares an oxygen atom with one
vanadium atom to form in"nite layers of composition
[VO(PO

4
)(HPO

4
)]3~. The layer to interlayer phosphate

ratio is 1:1. The in-plane dimensions of the layers,
4.531]4.429 A_ are similar to those of 1. Mixed valence
VIV, VO

6
/PO

4
layers are also found in the structure of

(NH
4
)
0.5

VOPO
4 '

H
2
O (18).

In several VIV pipz-VPOs, [N
2
C

4
H

12
]
0.5

[VOPO
4
],

[N
2
C

4
H

12
][(VO)

4
(OH)

4
(PO

4
)
2
], and [N

2
C

4
H

12
]
2
[(VO)

3
(HPO

4
)
2
(PO

4
)
2
] 'H2

O layers structurally related to
VOPO

4
were observed (6}8). In [N

2
C

4
H

12
]
0.5

[VOPO
4
]

the VOPO
4

layers are built up from VO
5

trigonal bi-
pyramids and PO

4
tetrahedra. In [N

2
C

4
H

12
]

[(VO)
4
(OH)

4
(PO

4
)
2
] the layers can be constructed by the

insertion of VO(OH)
2

units into VOPO
4

layers at each



FIG. 9. Inverse molar magnetic susceptibility of 1 (a) and 2 (b) vs
temperature.
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vanadium site. In [N
2
C

4
H

12
]
2
[(VO)

3
(HPO

4
)
2
(PO

4
)
2
] '

H
2
O, octahedral site vacancies in VOPO

4
give defect layers

of composition [(VO)
3
(HPO

4
)
2
(PO

4
)
2
]4~.

The coordination environments of the vanadium atoms
in the structure of (C

4
H

12
N

2
)[(VO)(VO

2
)
2
(H

2
O)(PO

4
)
2
], 2,

are unusual. Bond valence sums clearly show charge local-
ization resulting in two VVO

5
trigonal bipyramids and

a distorted VIVO
6

octahedron. In the related compounds
H

3
N(CH

2
)
3
NH

3
[(VO)

3
(OH)

2
(H

2
O)

2
(PO

4
)
2
] (21) and

V
3
P
2
O

13
(H

2
O)

2
, H

3
N(CH

2
)
3
NH

3
(22), discrete trinuclear

[V
3
O

11
(OH)

2
(OH

2
)
2
] corner-sharing units are also ob-

served. The trimers are formed by one VO
5

square pyramid
and two VO

6
octahedra connected to six PO

4
tetrahedra by

sharing corners. V
3
P

2
O

13
(H

2
O)

2
H

3
N(CH

2
)
3
NH

3
is a mix-

ed valence compound that is better formulated as H
3
N(CH

2
)
3

NH
3
[(VO)

3
(OH)2!xOx

(H
2
O)

2
(PO

4
)
2
], whereas H

3
N(CH

2
)
3

NH
3
[(VO)

3
(OH)

2
(H

2
O)

2
(PO

4
)
2
] contains only VIV. A range

of di!erent average oxidation states are possible for this
structure type depending on synthesis conditions and the
structural data indicate that the charge is delocalized over
the three vanadium sites (23). The central square pyramid is
connected to the octahedra through V}(OH,O)}V bonds. In
contrast, in 2 charge localization occurs at a speci"c VV/VIV

ratio and the central octahedron in the V
3
O

13
(H

2
O) trimer

is linked to the trigonal bipyramids through V}O"V bonds
(1.995 and 1.714 A_ ; 2.226 and 1.663 A_ ).
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