
946 Inorg. Chem. 1988, 27, 946-948 

I 
OC2H5 

Figure 3. Pseudochelate ring formation between the acetate ester car- 
bonyl group and the coordinated water molecule. 

(4) The lanthanide complex formation constants of ligands 2-4 
are sometimes greater for the lighter and middle lanthanide ions 
as compared to those of EDDA (6) ,  even though the protonation 
constants are smaller for ligands 2-4. This further substantiates 
the size selectivity of the macrocycles toward the lighter and middle 
lanthanide ions. On t h e  o ther  hand, the lanthanide complex 
formation constants of ligand 5 are always greater than t h e  
corresponding ones of EDDA ( 6 ) ,  despite the facts that the 
protonation constants  of ligand 5 are 2-3 orders of magni tude  
smaller and both ligands do not  possess macrocyclic rings. 

This probably can be explained by the possibility of pseu- 
dochelate ring formation pictured in Figure 3 between the acetate 
ester carbonyl groups and coordinated water molecules for Ln- 
ligand 5 complexes. This kind of pseudochelate ring formation 
may add additional thermodynamic stability to  the complex 
forma tion. 

In summary ,  the crown ether-like behavior for lanthanide 
complexes, Le., selectivity toward the lighter or middle lanthanide 
ion, is also seen for macrocyclic ligands with ionizable functional 
pendant arms in aqueous solution. This seems to be true regardless 
of where the ionizable functional groups are located in t h e  
macrocycle ring. However, with the addition of electron-with- 
drawing or electron-donating groups, t h e  complexation ability of 
the macrocyclic ligands can be fur ther  modified. 
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0.5H2O3 might  be formed by elimination of water  from t h e  tet- 
rahydrate .  In t h e  same month, Garbassi e t  aL4 reported a mi- 
crocrystalline compound (phase P2) with composition and prop- 
erties similar to VOHP04*4H20, which they assumed to  be  
(V0)2P207-9H20. Earlier, Poloiko and Teterevkov5 reported 
limited character izat ion d a t a  for a compound with t h e  same 
empirical formula. In addition, an identical composition was 
disclosed in a 1984 US. Patent,6 which described a process for 
the manufac ture  of maleic anhydride by n-butane selective oxi- 
dat ion on VPO catalysts.’ 

As part of a s tudy of vanadium phosphates, various VOHP04 
hydrates were prepared as precursors to  (V0)2P207. In this note, 
I report a high-yield synthesis of single-phase VOHP04.4H20 and 
present vibrational spectral, bulk magnetic susceptibility, a n d  
thermal  data for this compound. A method for the quantitative 
conversion of this hydrate  t o  V O H P 0 4 - 0 . 5 H 2 0  is described. 

Experimental Section 
Materials. Johnson Matthey Puratronic grade V205, obtained from 

Alfa, was used as received. D,PO, (85% in D20),  DI (53% in D20), and 
D 2 0  (99.8 atom % D) were obtained from Sigma. All other chemicals 
were ACS reagent grade from Fisher. 

Instrumentation. Magnetic susceptibility data were collected from 4 
to 300 K by using a George Associates force magnetometer system. The 
magnetic field gradient was measured by using a National Bureau of 
Standards cylindrical Pt  susceptibility standard. Field intensity was 
measured with a calibrated Hall probe. GaAs thermometry was used to 
measure sample temperature, which was controlled to better than f0.08 
K from 4.2 to 50 K. Replicate susceptibility measurements of HgCo- 
(NCS), from 4.2 to 300 K were fit to the Curie-Weiss law with C = 
2.358 f 0.003 and 0 = -1.92 f 0.04 K, in essential agreement with 
accepted values8 of 2.351 f 0.001 and -1.86 f 0.01 K, respectively. The 
magnetic susceptibility of [(CH3)2NHCH2CH2NH(CH,),1CuC14 was 
also measured from 4.2 to 50 K to give C = 0.439 and 0 = -0.15 K, in 
close agreement with published values8 of 0.433 and -0.07 K, respectively 
(Na  = -217 X 10” cgsu and xdla = 60 X lo4 cgsu). Susceptibility data 
were fit to appropriate theoretical expressions by using a local computer 
program that incorporated the Simplex minimization a l g ~ r i t h m . ~  
Vacuum desiccation of VOHPO4-4H20 during susceptibility measure- 
ments was minimized by sealing samples in poly(tetrafluoroethy1ene) 
cylinders with threaded closures. 

Powder X-ray diffraction patterns were obtained by using a Sintag/ 
Seifert automated powder diffractometer with an EG&G Ortec germa- 
nium crystal energy dispersive detector. Cu Ka, radiation (154.051 pm) 
was used to index the patterns. Laser Raman spectra were recorded on 
a Ramanor U-1000 spectrophotometer a t  Washington University, St. 
Louis, MO. The laser (514.532 nm) was operated at  100-mW power. 
Thermal analysis curves were obtained by using a Mettler TA-1 thermal 
analyzer. 

Syntheses. VOHP04-4H20. Caution! This synthesis liberates iodine 
vapor. All operations should be conducted in a hood. 

A mixture of 85% H3P04 (28 g) and V205 (20 g) in distilled water 
(70 mL) was stirred at 80 OC for 30 min to give the hydrate of VOPO,. 
This mixture was heated to 90 OC and treated dropwise with 57% 
aqueous HI (50 9). After this addition, the mixture was stirred at 90 
OC for 1 h. Water was added to maintain a volume of 150 mL. The 
product mixture was suction filtered to remove 1,. The dark green filtrate 
was boiled with a subsurface N2 purge until I2 evolution ceased. The dark 
blue solution was diluted to 150 mL, filtered, and stirred at room tem- 
perature for 20 h to precipitate a blue solid. The solid was collected, 
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In 1985, Leonowicz e t  al.’ reported t h e  single-crystal s t ructure  
of a polymeric oxovanadium(1V) orthophosphate hydra te  with 
empirical formula V 0 H P O 4 . 4 H 2 0 .  They observed its transfor- 
mat ion t o  (VO)2P2072 a t  773 K a n d  suggested t h a t  VOHP04. 
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Results and Discussion 
The structure' of VOHP04.4H20 coordination polymer is 

composed of the two-vanadium unit shown in Figure 1 .  These 
dimers are connected by bridging monohydrogen phosphate groups 
to form a double chain of PO4 tetrahedra and VOs octahedra that 
is parallel to the a crystallographic direction. Two water molecules, 
Ow, are coordinated to vanadium. The other water molecules are 
held in the lattice through a series of rather complex hydrogen- 
bonding networks. 

X-ray powder diffraction patterns of VOHP04-4H20 samples 
made by the aqueous H I  method are indexed with unit cell pa- 
rameters a = 637.9 pm, b = 892.1 pm, c = 1346.2 pm, a = 79.95', 
fl  = 76.33", and y = 71.03O.' Observed and calculated d spacings 
for a freshly ground, representative preparation of VOHP04-4H20 
are given in Table SI1 (supplementary material). Of 68 observed 
reflections below 45" in 28, only one weak reflection at d = 6.722 
A is not indexed with these unit cell parameters. Ground samples 
of this compound change color from blue to green after several 
days exposure to ambient air. This color change is accompanied 
by a change in the relative intensity of the 01 1 and 002 reflections. 

Room-temperature IR and laser Raman spectra of VOHP- 
04.4H20 are shown in Figure 2. The envelope of 0-H stretching 
absorptions, centered at about 3400 cm-', is composed of at least 
three bands at 3520, 3370, and 3040 cm-'. Substitution of H with 
D shifts these absorptions to 2590, 2490, and 2320 cm-I, re- 
spectively. Likewise, the H-O-H bending mode at  1640 cm-' 
in VOHP04.4Hz0 moves to 1500 cm-' in VODP04.4D20. The 
convolution of absorptions centered at about 1100 cm-' contains 
PO4 and V=O vibrations. Although a sharp absorption at  987 
cm-I was assigned4 to the V=O stretch, considerable overlap of 
bands in this region in the IR make this assignment doubtful. A 
laser Raman spectrum (Figure 2 insert) of VOHP04.4H20 shows 
prominent absorptions at 1080,998, and 982 cm-l that are assigned 
to u1(P04), v(V=O), and u3(P04), respectively. 

Weight loss and DTA curves for VOHP04.4H20 are shown 
in Figure 3. The weight loss curve is interpreted in terms of two 
processes: loss of lattice and coordinated water below about 180 
OC and loss of water by condensation of HP042- groups from 400 
to about 600 OC. Separate processes due to loss of lattice water 
and loss of coordinated water are not observed in this experiment. 
In static, inert-atmosphere heating experiments, X-ray amorphous 
phases with variable composition are obtained below 600 OC. 
VOHP04-0.5H20 is not observed as a crystalline phase in these 
experiments. A nondiffracting phase with composition V2P209 
is prepared by heating a sample of the tetrahydrate in flowing 
Ar at 650 OC for 15 min. When the same experiment is conducted 
at 800 "C, a sample of well-crystallized (V0)2P207 is obtained. 

Figure 1. Basic structural element of VOHP04.4H20 (bond distances 
in pm) as determined by Leonowicz et al.' 

washed with acetone, and air-dried at room temperature. The average 
yield of VOHP04.4H20 from six preparations was 92.5%. The D-sub- 
stituted compound was prepared as above except that 54 g of 53% DI in 
D 2 0  was used as the reductant. All samples gave required elemental 
analyses. 

VOHP0,.4H20, as prepared by the aqueous HI reduction method, 
was soluble in methanol and ethanol. Attempted recrystallization of the 
tetrahydrate by slow evaporation of the alcohol solvent gave an amorp- 
hous product. Rapid precipitation from solution by water or acetone 
addition gave a mixture of microcrystalline VOHP04.4H20 and 
amorphous material. 

VOHPO4.O.5H20. A dark gray solid was obtained by heating VOH- 
PO4.4H20 in air a t  125 "C for 16 h (15.8 f 0.5% weight loss, average 
of six preparations). A mixture of this gray solid (260 g) and distilled 
water (600 mL) was heated to 150 "C in a sealed, stainless-steel auto- 
clave. The stirred mixture was held at this temperature (*5 "C) for 4 
h. After cooling, the product mixture was dried in air a t  125 "C for 16 
h to give VOHP04.0.5H20 in 96% yield. This product was characterized 
by comparing its powder X-ray diffraction pattern (Table SI, supple- 
mentary material), chemical analysis, and infrared spectrum to that of 
authentic hemihydrate.) 

A direct conversion of VOHP04.4H20 to VOHP04.0.5H20, without 
intermediate partial dehydration, was not observed with the conditions 
above: Unreacted VOHP04.4H20 and an uncharacterized vanadium 
phosphate hydrate were obtained. In addition, various other conditions 
of temperature, pressure, concentration, and time failed to give the 
hemihydrate directly from the tetrahydrate. 
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Figure 2. KBr matrix infrared and laser Raman (insert) room-temperature spectra of VOHP04.4H20. 
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with the Hamiltonian in eq 2. Best fit parameters are J = 4.5 

H = -2JC(S;Sj+Iz + S,XSj+lx + Sj"Sj+l") (2) 
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Figure 3. Thermal analysis curves (weight loss and DTA) for VOH- 
P04.4H20 obtained in flowing He at 10 OC/min heating rate. 
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Figure 4. Magnetic susceptibility data for polycrystalline VOHP04- 
4H20: (a) inverse susceptibility vs T (4-300 K); (b) susceptibility vs T 
(4-50 K); (c) effective magnetic moment vs T (4-50 K). The smooth 
curves represent a fit to the Bonner and Fisher linear-chain model, eq 1, 
with J = -4.5 cm-I and g = 1.98. 

These experiments suggest that the exotherm near 700 "C is 
associated with crystallization of an amorphous precursor to va- 
nadyl diphosphate. The sharp endothermic peak at  1239 K 
corresponds to the melting point of authentic (VO)2P207.'0 A 
small endothermic feature a t  about 1210 K is associated with the 
melting temperature of V'1'2(V02+)(P207)~.'' 

Magnetic susceptibility data, obtained at  6 kOe and corrected 
for ligand diamagnetism (-95 X lod cgsu), for polycrystalline 
VOHP04.4H20, are shown in Figure 4. A plot of inverse cor- 
rected susceptibility vs temperature (Figure 4a) is linear above 
25 K. The susceptibility curve (Figure 4b) has a broad maximum 
at  about 8 K. The effective magnetic moment (Figure 4c) de- 
creases from 1.78 pB at  about 300 K to 0.75 pa at 4.2 K. Attempts 
to fit these data to the HDVV exchange coupled dimer model gave 
unacceptable values of J and g. A better fit, shown in Figure 4, 
is obtained by using a numerical representation'* (eq 1, where 
x = M/kT)  of the Bonner and Fisher S = 1 / 2  linear-chain modelI3 

(1 .O + 1 . 9 8 6 2 ~  + 0 . 6 8 8 5 4 ~ ~  + 6.0626x3)-' (1) 
XM = (NgZ/ . t~~ /kT) (0 .25  + 0 . 1 4 9 9 5 ~  + 0.30094x2)/ 

(10) Wrobleski, J. T., unpublished observation. 
(11) The compoudd V1112VO(P207)2 was prepared by reaction of VOHP- 

O4.4H20 with water-saturated N2 at 1100 OC. The single-crystal 
structure of this mixed-valent trimer has been determined: Wrobleski, 
J.  T.; Thompson, M. R., manuscript in preparation. 

(12) Hall, J. W. Ph.D. Dissertation, The University of North Carolina at 
Chapel Hill, 1977. 

(13) Bonner, J.; Fisher, M. E. Phys. Rev. A 1964, 135, 640-658. 

cm-' and g = 1.98. Paramagnetic impurity and interchain ex- 
change corrections to eq 1 are unnecessary within experimental 
uncertainty. 

The experimental results for VOHP04.4H20 described above 
are consistent with the single-crystal structure of Leonowicz et 
al.' Repeated attempts to isolate VOHP04.0.5H20 as an in- 
termediate in the VOHP04.4H20 to (VO)zPz07 transformation 
were unsuccessful: VOHPO4.O.SH20 could only be obtained by 
dehydration of the tetrahydrate to an amorphous vanadium 
phosphate followed by hydrothermal reaction (Experimental 
Section). Thus, although the structures of VOHP04.4H20, 
VOHP04.0.5H20, and (VO)2P207 are related, there is no direct 
evidence to support the intermediacy of the hemihydrate in the 
solid-state decomposition of the tetrahydrate to the diphosphate. 
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High-performance liquid chromatography (HPLC)' has been 
used as a standard technique in organic chemistry for many years. 
It has only been in the last few years, however, that HPLC has 
been recognized to be equally useful in inorganic chemistry. A 
number of HPLC separations of neutral mononuclear compounds 
or cluster compounds have been For the separation 
of mononuclear cationic complekes, new techniques such as ion- 
pairing chromatography have been introdu~ed.~- '~  No standard 
methods, however, have been developed for the separation of 
cationic metal cluster compounds. Because our research groups 
have been synthesizing a wide variety of cationic metal clusters 
in the last few we have begun to utilize HPLC for the 
separation and identification of these compounds. A wide variety 
of large cationic metal cluster compounds have been successfully 
separated by this technique. In this report we present some of 
our achievements in this area. 
Experimental Section 

Gold cluster compounds were prepared according to the literat~re.~~-~O 
The osmi~m-gold,~' rutheni~m-gold~~**' rhenium-gold,20122 and plati- 
num-goldz0*32*33 clusters were obtained by procedures previously de- 
scribed. 

Gold Cluster Compounds. The HPLC separations were performed 
with a modular LKB liquid chromatographic system consisting of a 21 50 
HPLC pump, 2152 controller, 2158 Uvicord SD detectot operated at 254 
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