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FERROMAGNETISM, ANTIFERROMAGNETISM AND 
PARAMAGNETISM IN VANADIUM PHOSPHATES PREPARED 
FROM HYDROTHERMAL CONDITIONS 

YOUNG-SOOK LEE,a JON ZJBIETA,b ROBERT HAUSHALTER,C and 
CHARLES J. OCONNOR,a 
aDepartment of Chemistry, University of New Orleans, New Orleans, Louisiana 
70148; bepartment of Chemistry, Syracuse University, Syracuse, New York 
13244; CNEC Research Institute, Inc., Princeton, New Jersey, 08540 

Abstract: Several metal phosphate solids have been prepared from hydrother- 
mal reaction methods that involve vanadium and either alkali metal ions or 
organic amine templating agents. A variety of magnetic behavior is observed, 
depending on the structures of the solids that are isolated. Binuclear 
[(VO)~C~~(H~O)~(P~ASO~H)~P~~PC~], hinuclear [(C2H5NH3)2(V0)3H20- 
(C2H5P03)6], hexanuclear [(~2~5>4~2(vO)6(H2~)~(~~~~~~)61, 16-atom 
cluster [V16020(OCH2CCH20)8(H20)4] and polymeric [AVOP04, A= Na, 
NH3] materials have been prepared. Some materials exhibit long range antifer- 
romagnetic phase transitions that result from strong lattice interactions between 
magnetic centers. Ferromagnetic behavior is also observed in 
[H3N(CH2)gMI3(V0)3(0H)2(H20)2(P04)2] with a ferromagnetic phase 
transition at Tc=5K. The magnetic data are interpreted in terms of the molecu- 
lar and crystallographic data. 

INTRODUCTION 
Hydrothermal methods utilize water under pressure and at temperatures above its 

normal boiling point as a means of speeding up reactions between solids. Such 
hydrothermal methods are finding increasing applications in material science and solid 
state chemistry. They are technologically important, both as a method of crystal growth 
and for the synthesis of new materials with useful properties. As a synthetic route to new 
structures, it is especially valuable for those structures which do not have high tempera- 
ture stability. 

Hydrothermal synthetic techniques have proven to be an extremely valuable proce- 
dure in the chemistry of microporous solids. Recent developments in the chemisay of 
polyoxovanadium clusters reflect their relevance to bioinorganic geo- 
chemistry,45 sol-gel chemistry,d7 and catalysis and materials science. 

Several transition metal phosphate clusters have been prepared from hydrothermal 
reaction methods that involve vanadium and either alkali metal ions or organic amine 
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80/[736] Y . 4 .  LEE et al. 

this complex 1 consists of two 
[vgog ((4o,cH2)3c~2oH)4 
(H20)2] units connected 
through four 0x0 groups. There 
are several Merent vana- 
dium(IV) environments in the 
crystalline material. Two pairs of 
V centers have very close con- 
tacts at 2.671 and 2.684 A com- 
pared to a range of 3.03-3.30 A 
for the distance between other 
V-v pairs.12 MOX details about 
crystal structure analysis of this 
complex are available in refer- 
ence 12. Variable temperature 
magnetic susceptibility data were 
recorded on a 17 mg polyays- 
talline sample of (1) over the 
temperature range of 2 to 300 K. 

templating agents. Binuclear, trinuclears, hexanuclear, decahexanuclear, and polymeric 
materials have been prepared. Some materials exhibit long range antiferromagnetic phase 
transitions that result from strong lattice interactions between magnetic centers. Ferro- 
magnetic behavior is also observed. In this report, we describe several vanadium metal 
and vanadium metal phosphate complexes. A variety of magnetic behavior has been 
observed for these complexes, depending on the structures of the solids that are isolated. 
The magnetic data is interpreted in terms of the molecular and crystallographic data. 

Figun 1. x-ray strucm diagram of (1) 

~ 

EXPERIMENTAL 
Synthesis: 
Several different starting precursor materials were mixed and placed in a 23 ml Teflon- 
lined Pan acid digestion bomb and heated at soft chemistry temperatures (T 2000C) 
with autogeneous pressure for around 48 hours depending on each sample. After allow- 
ing the resultant mixture to cool slowly to room temperature, crystalline product was 
filtered. 
Magnetism: 
Two instruments were used for the magnetic measurements: the Quantum Design, Inc. 
model MPMS-5S superconducting SQUID susceptometer, and the S.H.E. Corp. VTS- 
50 superconducting susceptometer. The magnetic susceptibility data were recorded on 
polycrystalline samples over the 2-300 K tem erature region. Measurement and calibra- 
tion techniques have been reported elsewhere. P1 
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[737]/8 1 MAGNETISM IN VANADIUM PHOSPHATES 

The temperature de- 
pendent magnetic sus- 
ceptibility data for this 
complex is shown in 
Figure 2 as magnetic 
susceptibility plotted 
as a function of tem- 
perature. The high 
temperature magnetic 
susceptibility data (T > 
1OOK) was fitted with 
the expression describ- 
ing Curie-Weiss para- 
magnetism with S=1/2 
for a V(IV)16 system, 
yielding C = 2.028 
emu-K/mole, 8 = -46 
K, and TIP = 0.00528 
emdmole. The elec- 
tron structure of the 
compound coms- 
ponds to one unpaired 
eiecaon per vanadium. 
This results in an aver- 
age Curie-Weiss g- 
value o€ g=1.16 for 

Temperature (K) 

Figure 2. Temperam dependent magnetic 
susceptibility of (1). The c w e  shows the 
best fit of the data as described in the text 

each of the sixteen V(1V) ions in the V16020 cluster. The low g-value supports the 
assignment of two pairs of V(N) binuclear units as strongly coupled and conmbuting 
essentially a diamagnetic component to the magnetic susceptibility. 

At low temperatures an anomaly is observed in the temperature dependence of the 
magnetic susceptibility data. As temperature is lowered to around 50K. the magnetic 
susceptibility of the sample passes through a broad maximum expected for short range 
antiferromagnetic interactions and is consistent with magnetic exchange between a pair 
of vanadium(IV) binuclear units, while the xemabing vanadium(N) centers would be 
expected to show paramagnetic behavior that results from significantly less magnetic 
exchange. 

The behavior expected in binuclear system of the vanadium(TV) cluster complex is 
the Heisenberg isotropic exchange Hamiltonian and may be written as 91 = - 2 J S i . s ~  
where a negative J denotes a singlet ground state (anfifenomagnetism) and positive 3 
indicates a triplet ground state (ferromagnetism). The application of this Spin Hamilto- 
nian and Sl=S2=1/2 system to the Van VIeck equation yields the Bleaney-Bowers equa- 
tion for the magnetic susceptibility 

x = [~g2~~2 /k~3~2e2x l ( l+3e2~)1  (1) 
where x = JkT. Since 8 of the V(W) ions have longer interatomic contacts, these would 
be expected to have weaker exchange interactions than the other V(N) ions. The mag- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
02

 1
8 

Fe
br

ua
ry

 2
01

3 



82/[738] Y.-S. LEE et al. 

netic behavior of the weakly coupled V(1V) centers can be approximated as paramag- 
netic Curie law behavior. The behavior of the two pairs of V(1V) ions and the 8 
paramagnetic V(1V) ions in the V16 cluster can be expressed by 

X = [2Ng2p~2/kTl + [4Ng2p~2/kn.fe "lkt/( 1 +32Jkt)] (2) 
where all V(IV) ions are assumed to have the same g-value, the magnetic susceptibility is 
calculated per 16-V(IV) unit, and all of the parameters have their usual meaning. 

Equation 2 neglects the internuclear magnetic exchange except the binuclear 
exchange parameter J. Although the contact distances are longer for the 8 paramagnetic 
V(1V) ions, it is reasonable to expect that these ions will exhibit weak magnetic interac- 
tions with each other and as well as with the two stronger coupled binuclear units. 

The overall magnetic exchange is therefore quite complicated but a simple approxi- 
mation can be attempted by treating all secondary magnetic exchange with a single 
parameter using the molecular field correction. The equation that describes the effect of 
a molecular exchange field on the magnetic susceptibility is: 

where x' is the magnetic susceptibility of the material in the absence of the exchange field 
(eq.2) and x is the molecular exchange field influenced magnetic susceptibility that is 
actually measured. The exchange field coupling parameter is ZT', where z is the number 
of exchange coupled neighbors. The addition of the molecular field exchange correction 
resulted in a substantial improvement of the fit to the data. 

The results of a least square fit of equation 2 corrected for a molecular exchange 
field (eq. 3) yields the parameters g = 2.2, J/k = -44K, d'/k = -7.1K, and a correction for 
temperature independent paramagnetism TLP = 0.00695 emu/mole. The result of this fit 
is illustrated in Figure 2 as magnetic susceptibility plotted as a function of temperature 
and the smooth curve is the theoretical calculation. 

At lower temperatures, the experimental data deviates slightly from the calculated 
values although Curie Weiss behavior is still followed. The deviation at the lowest 
temperature is expected since a variety of different weak magnetic interactions are ail 
represented by only one parameter, ZT'. The overall prediction of our model is quite 
good, especially when one considers the simplicity of the model. The theoretical model 
gives excellent agreement with the magnetic data from room temperature to tempera- 
tures below the maximum in the magnetic susceptibility. Since the behavior of the mag- 
netic susceptibility is so well predicted in the vicinity of the maximum, the fined value of 
the binuclear coupling parameter (J) is an excellent representation of the coupling 
between these magnetic centers. 

~ b 2 ~ 6 ~ 7 ( ~ ~ ) 3 ~ ~ ~ ~ ~ 2 ) 3 ~ ~ ~ 3 ~ 3 ~  (2) 
A new organically templated vanadium complex of the formula (2) has been prepared 
and consists of octahedral VIV units as shown in Figure 3. The temperature dependent 
magnetic susceptibility data for this complex is shown in Figure 4 plotted as a function of 
temperature. As the temperature is lowered to around 40K, The magnetic susceptibility 
of the sample passes through a broad maximum and begins to decrease a lower tempera- 
tures. This behavior is expected for short-range antifemmagnetic exchange and is 
consistent with magnetic exchange between the six vanadium(IV) ions occupying the 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
02

 1
8 

Fe
br

ua
ry

 2
01

3 



MAGNETISM IN VANADIUM PHOSPHATES [7391/83 

0.00 

0.02 

0.01 

0 100 20( d Tempera ture  (Kelv in)  

Figure 3. X-ray structure diagram of Figure 4. Temperature dependent 
the hexameric complex (2). magnetic susceptibil;ity of (2). The 

curve shows the fit of the data using 
the isotropix hexameric spin 
Hamiltonian. 

comers of an octahedron. Within the context of the crystal structure of this material, the 
exchange from this spin Hamiltonian may be propagated via an isotropic octahedral six 
atom cluster magnetic exchange interaction. Since the hexamer may be approximated as 
an octahedron, a summation may be taken over all possible V-V interactions within the 
cluster and all J values are restrained to be same. 

The behavior of the totally isotropic and symmetric six atom spin S=1/2 magnetic 
exchange may be described by the following magnetic susceptibility equation 

x =  

where the magnetic susceptibility is calculated per hexamer unit and x=J/kT. 
The magnetic susceptibility data recorded at the lowest temperatures indicates the 

presence of a paramagnetic impurity. The magnetic susceptibility data were fit over the 
entire temperature region to the isotropic, symmetric hexamer magnetic exchange model 
corrected for the presence of the paramagnetic impurity. The fitted parameters are 
g=1.88, J/k=-32.1, and TIP= 0.00329 emulmole, with 1.2% paramagnetic impurity. The 
smooth line drawn through the data points in Figure 4 is the theoretical curve calculated 
from eq4 with the parameters indicated. 

(4) 
Ng2PB2 56e2x+200e6x+196e 12x+60emX 

kT 14+ 84e2x+ 1 OOe6X+496e l2X+9e20X 

(C2HSNH3 )2 [V303(H2 o)(Pw03 14 (3) 
The organically-templated vanadium-oxide organophosphonate phase (3) was prepared 
and the structure analysis of this complex shows an alternating inorganic and organic 
layered structure. The layered solid material consists of altematin organic and inor- 

13-f5 ganic domains and exhibit useful sorptive and catalytic properties . 
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84/[740] Y . 4 .  LEE et nl. 

The magnetic susceptibility data were recorded on a 13.42 mg polycrystalline 
sample of this complex over the 1.7-300 K temperature region. The high temperature 
magnetic susceptibility data (D2OK) exhibit Curie-Weiss paramagnetism with C=1.075 
emu.Wmole, 8 = -14K, and TIP = 0.00036 emdmole as shown in Figure 5. The 
electron structure of (3) corresponds to one unpaired electron per vanadium(IV)ion with 
spin S=1/2. This results in an average Curie-Weiss g-value of g=1.95 for each of the 
V(IV) ions. 

The large negative Weiss constant indicates that there is a substantial amount of 
antiferromagnetic exchange in this complex. At lower temperatures the magnetic 
susceptibility begins to deviate from Curie-Weiss law, but there is no characteristic 
magnetic anomaly to allow a precise determination of the strength and nature of the 
magnetic coupling. 

" 
0 120 200 300 

Tzmp erztur z (Ke!vin) 

Figure 5. Temperature dependent - 
p d  and X-l ( i t )  for (3). The data 
show Curie-Weiss behavior. 

0.08 
0.08 ' , I 

I I 1 

n nn I I -.-" 
0 100 200 300 

Temperature (K) 

Figure 6. Temperature dependent 
magnetic susceptibility of (4). The 
inset shows an expansion of the 0 - 20 
K region. 

1 ~ 2 ~ 2 ~ ~ 2 ~ ~ 2 ~ ~ 2 ~ ~ ~ ~ 3 ~ ~ 2 1 t ~ h q ~ ~ ~ 1 2  (4) 
From the hydrothermal method, compound (4) was synthesized and X-ray structure 
analysis was obtained. The magnetic susceptibility data were recorded on 37.13 mg 
polycrystalline sample of 6 over 1.7-300 K temperature region. The magnetic data are 
shown in Figure 6 as molar magnetic susceptibility plotted as a function of temperature. 

The high temperature magnetic susceptibility data (T>100K) exhibit Curie-Weiss 
paramagnetism with C= 0.786 emuWmole, 8 = -9.OK, and TIP= 0.000267 emu/mole. 
The electron structure of compound 4 corresponds to one unpaired electron per vana- 
dium. This results in an average Curie-Weiss g-value of g=2.04 for each of the 
V(IV)ions. As the temperature is lowered to below lOK, the magnetic susceptibility of 
the sample passes through a broad maximum and begins to decrease. The broad maxi- 
mum is expected for short range antiferromagnetic exchange and is consistent for vana- 
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MAGNETISM IN VANADIUM PHOSPHATES [741]/85 

dium(IV) binuclear units. Although the contacts are longer for the inter-binuclear 
distances as opposed to the intra-binuclear distance, there is a bonding pathway through 
the phosphate bridges that allows for inter-binuclear magnetic exchange. 

The analysis with the binuclear model corrected for a molecular exchange field 
yields the parameters g=1.95, J/k = -3.6, zJ'/k = -2.0 K. The result of this fit is illustrated 
in Figure 6 as magnetic susceptibility plotted as a function of temperature and the 
smooth curve is the theoretical calculation. 

(cH2)3NH3[(vo)3(oH)2(H2o)2(po4)2l (5) 
The magnetic susceptibility data of (5) have been recorded and display interesting and 
complicated magnetic properties. The high temperature magnetic susceptibility data 
(T>50K) exhibit Curie-Weiss paramagnetism with C= 0.9751 emuWmole and 8 = 
20.7K. This results in an average g-value of g=1.86 for each of the three V(1V) ions the 
V3O3 cluster. At room temperature the V atoms display an effective magnetic moment 
near 3 consistent with three nor 

As the sample is tooled, 
deviation from Curie-Weiss 
behavior become apparent 
below 50K and the magnetic 
moment begins to decrease. 
Studies of the susceptibility 
of this complex as a function 
of temperature and applied 
measuring field are shown in 
Figure 7. The decrease in x 
below 50 K manifests itself as 
a broad local maximum near 
6.5 K, as shown in Figure 7b, 
suggesting short range 
antifemmagnetic ordering 
possibly attributable to the 
antifemmagnetic coupling of 
the spins between the trimers. 
Near 5.2 K the material 
undergoes an ordering into a 
weakly ferromagnetic state. 

iteractina S = 1/2 V W )  centers. :::v\ 0.17 

0 1 2 3 4 5 6 7 8 9 1 0  

0 . q  *.5 i- 

Figure 7 . Figures A. B. and C show the dc- 
magnetic data of (5) measured at several 
magnetic field strengths. D shows the data 
for the zero field cooled experiment. 

The transition is extremely sensitive to the magnitude of the measuring field and x below 
the ferromagnetic transition is initially suppressed as the field is decreased as shown m 
Figure 7a,b, but this trend is reversed as the measuring field is increased above 2.5 kG, 
the lower temperature susceptibility once again begins to increase (Figure 7c) and 
continues increasing at the highest fields (ca. 20 kG). When samples are cooled in 
cooling fields near zero and then measured upon warming in smaU applied fields (Figure 
7d), there are indications of a still more complicated magnetic phase diagram. 

An interesting question is the nature of the longer range interactions developing, 
even though the magnetically active trimmers are separated from one another by the 
insulating phosphate groups. In the crystal structure, the vanadyl oxygen atoms of the 
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86/[742] Y.-S. LEE et al. 

octahedral V06 at both end of the tximers have contacts at 2.81 8, which is essentially 
the van deer Wads radius for oxygen. Polarization of the electrons of the V=O groups 
could provide a possible exchange pathway for the longer range interactions. 

NaVOPO4 (6) and NHqVOPO4 (7) 
Two vanadyl phosphates have been pre- 
pared by hydrothemal technique. The X- 
ray crystal analysis for these complexes 
have been conducted showing linear chain 
structures of comer sharing V06 octahedra 
in Figure 8. The temperature dependent 
magnetic susceptibility data for these com- 
plexes are shown in Figure 9a and 9b for 6 
and 7, respectively, as magnetic suscepti- 
bility plotted as a function of temperature. 
The high temperature magnetic susceptibil- 
ity data (T>100K) for NaVOP04 (6) and 
(T>25K) for MIqVoPo4 (7) exhibit Curie- 
Weiss paramagnetism with C = 0.416 emu- 
Wmole, 8 = -31 K for complex 6 and C = 
0.417 emuWmole, 8 = -4.72 K for 
complex 7. The electron structure of both 
complexes corresponds to one unpaired 
electron per VO formula unit with spin S = 
1/2. This results in an average Curie-Weiss 
g-value of g = 2.1 for each of the V(1V) 
ions in the cluster. The large negative 
Weiss constants indicate that there are 
substantial amounts of antiferromagnetic 
exchange in these materials. 

(7) 

Figure 8. X-ray structure of the linear 
chain compounds AVOW4. 

At lower temperatures the magnetic susceptibility data show temperature dependent 
behavior that begins to deviate from Curie-Weiss law. At around 20 K for the 
NaVOPO4 complex, the magnetic susceptibility of the sample passes through a broad 
maximum and begins to decrease a lower temperatures (Figure 9a). The behavior is 
expected for short-range antiferromagnetic exchange. The magnetic exchange for this 
complex is the isotropic Heisenberg spin Hamiltonian. Within the context of the crystal 
structure of this material, the exchange from this spin Hamiltonian may be propagated 
via a one dimensional magnetic exchange interaction along the structural chain axis. The 
Bonner-Fisher Heisenberg linear chain calculation was done for this antiferromag- 
netically coupled one dimensional vanadium complex, and gives the fitted parameters as 
g=2.00, Jk=-l8.6, TIP=0.00009 emdmole, and 2% paramagnetic impurity. The smooth 
line drawn through the data points in Figure 9a is the theoretical curve with the parame- 
ters indicated. 

The Bonner-Fisher calculation was not as successful for the NH4VOPO4 complex 
which shows an abrupt deviation of the magnetic susceptibility data at about 3.71K ( 
Figure 9b). This can be explained by the structure analysis. Both materials are structural 
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MAGNETISM IN VANADIUM PHOSPHATES [743]/87 

L 
3 100 290 2 

T,orr?perzture (Keivin) 
I 

Figure 9. Temperature dependent magnetic data for (a) NaVOPO4 (6) and (b) 
NHqVOPO4 (7). The curves represent the best fits of the data to the linear 
chain model as described in the text. 

near chains that are propagated along comet sharing V 0 6  bonding pathway. However 
the complex 6 exhibits only trans coordination within the chain while the complex 7 
exhibits alternating cis-trans coordination along the chain. 

The molecular field corrected to the linear chain model was used to approximate the 
effect of inter-chain magnetic interaction, and gives the fitted parameters as g=2.10, J/k= 
-3.26, zJ'/k=-2.1K for 7. The model shows excellent agreement of the calculated values 
with the measured magnetic susceptibility data until the onset of long range order at T= 
3.71K. 

CONCLUSION 

Several vanadium complexes have been prepared from hydrothermal techniques. 
Magnetic measurements were conducted in the SQUID magnetometer for these com- 
plexes showing either a variety of magnetic . In these vanadium complexes, direct 
exchange is not important because most of the these vanadium complexes are linked with 
oxygen ligand which promotes a superexchange mechanism. The magnetic models that 
were used to analyze the data were developed fmm consideration of the molecular 
structure and bonding obtained from the crystal structure analysis. The vanadium oxide 
coordination sphere and three dimensional crystal contacts promote the onset of 
magnetic phase transitions in several of the complexes. 

ACKNOWLEDGMENTS: CJO wishes to to acknowledge support from a grant from 
the Louisiana Educational Quality Support Fund administered by the Board of Regents 
of the state off Louisiana for the purchase of the SQUID magnetometer. 
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