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ion in acidic solution causes the labilization of one arm of the 
tren ligand, generating [Cr(trenH)F(H2O),I3+ with a tri- 
dentate tren ligand. The photochemical reaction of [Cr- 
(tren)F2]+ does not fit the pattern predicted by the currently 
available theoretical models of ligand field photochemistry of 

d3 centers but is consistent with the semiempirical photolysis 
rules. 

Registry No. [ Cr(tren)Fz] C104, 28650-58-0; [ Cr(tren)F- 
(HzO)](CIO,),, 73068-68-5; [Cr(trenH)F(Hz0)2]3+, 73017-55-7; 
[Cr(tren)Fz]+, 46140-83-4; [Cr(tren)F(H20)]*+, 73068-67-4. 
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Magnetic susceptibility and isothermal magnetization studies on powdered samples of the layer compound copper(I1) 
oxydiacetate hemihydrate have revealed that the substance undergoes a transition to a ferromagnetic state at 3.3 K. The 
copper(I1) ions within a given layer are exchange coupled, and an exchange coupling constant J = +4.66 cm-I resulted 
from a fit of a series expansion for a Heisenberg two-dimensional system to the magnetic susceptibility data. The out-of-plane 
anisotropy field was estimated to be 250 Oe. and the ratio of interplanar to intraplanar exchange was estimated to be 1.3 
x 10-3. 

Introduction 
Although ferromagnetic interactions leading to ferro- 

magnetism are known in a limited number of ionic, insulating, 
layered solids’ such as bis(benzy1ammonium) tetrachloro- 
cuprate(I1) and bis(methy1ammonium) tetrachlorochromate- 
(11),2 there are very few chelated coordination compounds 
which are ferromagnets. These include K2Cu(C03)2,3 Fe- 
(detc)&!13 (detc- = diethyldithi~carbamate),~” and manga- 
nese(I1) phthalocyanine.’ The absence of ferromagnets in 
this wide range of compounds has stimulated much unpub- 
lished discussion and conjecture concerning the structural and 
electronic features which may be required for the realization 
of ferromagnetism in typical coordination compounds. As a 
starting point for subsequent discussions on this topic, we 
summarize here the guidelines which have been developed up 
to this time for the selection of good candidates for study. 
Structurally, the systems should be highly symmetrical so that 
superexchange pathways can be readily identified and con- 
trolled, and the bridging ligands should promote ferromagnetic 
interactions between neighboring paramagnetic ions. Toward 
this end, low-dimensional systems, especially layered structures, 
are good candidates, because the absence of tightly bonding 
networks between layers moderates the importance of super- 
exchange interactions between the layers. Thus, if ferro- 
magnetic interactions can be assured, then the problem is 
reduced to the determination of the factors which control the 
nature of the three-dimensional ordering. Furthermore, be- 
cause of the more simple mathematical models, there exist a 
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larger body of theoretical results for low-dimensional systems 
than for complex structures,’ and, as a result, properties of 
these substances may be more easily systematized and un- 
derstood. The metal ions should have a low total spin to 
eliminate complications from single ion anisotropy, and of 
course, systems containing such ions are more reflective of a 
quantum solid than those with ions having large, approaching 
classical, spins. These guidelines point to chelate compounds 
of low total spin metal ions in which the ligands are multi- 
dentate and capable of forming a polymeric two-dimensional 
layer. Fortunately, Whitlow and Dave9 have provided us with 
structural data for such an example. We describe here the 
results of our measurements on copper(I1) oxydiacetate hem- 
ihydrate which show that the compound is ferromagnetic and 
suggest that additional substances with this magnetic classi- 
fication may be identified. 
Experimental Section 

Samples of copper(I1) oxydiacetate were prepared by the procedure 
given by Whitlow and Davey.* Excess oxydiacetic acid (diglycolic 
acid, obtained from Aldrich Chemical Co.) was added to basic copper 
carbonate (Fishcer Scientific Co.), and the resultant royal blue 
compound was recrystallized from water to give rectangular platelets, 
which were twinned along the direction perpendicular to the plate. 
Analytical data for carbon and hydrogen obtained from Integral 
Microanalytical Laboratories, Inc., Raleigh, N.C., differed less than 
0.3% from that calculated for [CU(O(CH~CO~)~)]-O.~H~O. 

Magnetic Measurements. Magnetic susceptibility and magnetization 
data were collected by using either a Princeton Applied Research 
Model 155 vibrating sample magnetometer (VSM) or a supercon- 
ducting quantum interference device susceptometer, SQUID (Model 
A-401 SQUID sensor, and Model A-201 magnetometer electronics 
console: Superconducting Technology, Inc. (SCT), Mountain View, 
CA). The vibrating sample magnetometer was operated from zero 
field to 10 kOe. The VSM magnet (Magnion H-96), power supply 
(Magnion HSR-1365), and associated field control unit (Magnion 
FFC-4 with a Rawson-Lusch Model 920 MCM rotating-coil 
gaussmeter) were calibrated against NMR resonances (‘H and 3Li) 
over the field range 0.35-10 kOe and found to be linear to within better 
than 1% over the entire range. The field set accuracy is within &0.3% 
at 300 G and better than 0.15% at 10 000 G. Fields below 0.35 kOe 
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Figure 1. Magnetic susceptibility data collected by using the vibra- 
ting-sample magnetometer at 5 Oe on a powdered sample of copper(I1) 
oxydiacetate hemihydrate. 

were measured with a Hall probe (RFL, Inc., Model 505). Long-term 
stability at very low fields (10 Oe) was found to be excellent over the 
course of low field susceptibility runs. Magnetization data were always 
collected point by point with the magnet being placed in the regulated 
mode for the collection of each data point. The superconducting 
solenoid of the SQUID system was energized to the fields required 
for these experiments by supplying the desired current with a precision 
constant current source (Keithley Model 227, resolution better than 
5 FA). The desired magnet flux was “trapped” in the sensor coils 
by heating a NbTi superconducting shield encasing the coils to the 
normal state while the magnet was energized and allowing the shield 
to cool back through the superconducting transition (SCT Suscep- 
tibility System Manual). The SQUID had been calibrated in elec- 
tromagnetic units by the manufacturer by measuring the moment 
induced by a known current in a tiny precision wound coil. The 
magnetometers were initially calibrated against H~CO(NCS),,,~ and 
the calibrations were checked against a sample of (NH,),Mn(S- 
04)2.6H20.10 The results using these two standards agreed to within 
2%, and it is felt that this represents the upper limit to the uncertainty 
in the measurements of the magnetic susceptibility with the VSM 
since the field is known to a much higher degree of accuracy, and 
in the measurements with the SQUID susceptometer because of the 
much higher inherent sensitivity of the SQUID. Powdered samples 
of the calibrants and compounds used in this study were contained 
in precision milled Lucite sample holders. Approximately 150 mg 
of each were used. Diamagnetic corrections for the constituent atoms 
were made by using Pascal’s constants, and a correction for tem- 
perature-independent paramagnetism was estimated from tabulated 
data.”-13 

Temperature Measurement and Control. The temperature of the 
sample was measured by using a Ga/As diode’, in conjunction with 
a constant current supply and a Dana Model 4700 4.5-place digital 
voltmeter. 

A PAR cryogenic temperature controller along with the regulation 
of gas flow through the sample zone was used to vary the temperature 
in the VSM. When liquid helium was the cryogen, temperatures 
between 1.8 and 4.2 K were achieved by using standard pumping 
procedures along with the temperature controller, and temperatures 
between 4.2 and 90 K were obtained by using the proper combination 
of gas flow and heating. Temperature stability, using these methods, 
was routinely maintained to better than hO.01 K. Comparable 
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Figure 2. Fit of the Baker expansion for a two-dimensional Heisenberg 
system to the magnet susceptibility data collected at 10 kOe. 

techniques were used with the SQUID system for temperatures greater 
than 4.2 K. 

Electron Paramagnetic Resonance. EPR spectra were obtained 
from a Varian E-3 X-band spectrometer (-9.5 GHz). The magnetic 
field of the E-3 was calibrated by using an NMR gaussmeter (Magnion 
Model G-502) and a Hewlett-Packard precision frequency counter 
(Model 5340A). In addition, the klystron frequency was measured 
directly with the frequency counter. The free radical DPPH (g  = 
2.0036) was used as a field marker in all cases. Powder data were 
collected at room temperature or liquid-nitrogen temperature (77 K). 
Results 

Data  collected with the vibrating-sample magnetometer at 
5 Oe on a powdered sample in the temperature range 1.94-7.2 
K are plotted in Figure 1, where a well-defined transition to  
the  ferromagnetic s ta te  may be seen. T h e  very large values 
of the susceptibility near the  transition temperature and the  
abrupt  rise in susceptibility as the temperature decreases are 
characteristics of the temperature dependence of the magnetic 
susceptibility of a ferromagnetic substance. The transition 
temperature  of 3.3 K was determined from these d a t a  by 
taking the temperature at which the  inflection occurred im- 
mediately below the  rapid increase in susceptibility. 

Curie-Weiss Parameters. Magnet ic  susceptibility data 
collected at 1 kOe in the temperature range 12 K (Le., -4TJ 
to 75 K were found to fit the  Curie-Weiss law 

x = C / ( T -  9) 

(where C = N? pB2S(S + 1)/3k and 0 is the Weiss constant) 
yielding the parameters g = 2.1 17 (30) and  0 = 8.57 (23) K. 
However, parameters obtained by fitting da ta  f rom a wider 
range of temperatures or obtained at a higher external mag- 
netic field were somewhat different from the  magnetic pa- 
rameters given here. The  reasons for the discrepancies include 
uncertainties in the experimental measurements as well as the 
intrinsic field dependence of the magnetic susceptibility of 
magnetically condensed low-dimensional compounds. The 
value of these parameters may  be supported by the  fact that  
a positive Weiss constant, as expected for a ferromagnetic 
substance, does obtain for a realistic value of g for copper(I1). 
In addition, this is the same g value obtained for the fit of the 
10  kOe da ta  to  the  BakerI5 expansion as described below. 

Intralayer Exchange. The intralayer exchange constant was 
obtained from a 10-kOe da ta  set obtained in the temperature 
range 25-75 K. This  set was selected for the  calculation 
because of the higher accuracy of magnetic susceptibility data  
collected a t  high applied field strengths. In addition, at 25 
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Figure 3. Isothermal magnetization data collected at 1.86 and 2.55 
K by using the vibrating-sample magnetometer: (+) 1.86; (0) 2.55. 

K and above, no field dependence of the magnetic susceptibility 
could be detected, although the magnetic susceptibility was 
field dependent below 25 K. 

The 1 1-term quadratic layer series expansion for S = l / z  
developed by Baker et al.,ls eq 1, was fit to the data above 25 

K by using the Simplex nonlinear fitting routine with the 
criterion of best fit being the minimum value of the function 
(l /n)C(xPbd - x ~ " ~ ~ ) ~ / , , O ~ ~ .  As shown in Figure 2, an ex- 
cellent fit of the series expansion to the data was obtained with 
J = +4.66 cm-' and g = 2.12. In the fitting process, the only 
adjustable parameters, J and g, were allowed to vary freely, 
and the best fit g value that was obtained agrees reasonably 
well with the observed average g value of 2.161 determined 
from EPR measurements. 

Magnetization Measurements. Isothermal magnetization 
measurements were made as a function of field at  1.86 and 
2.55 K on the magnetically ordered phase of copper(I1) oxy- 
diacetate hemihydrate. In Figure 3 we have plotted the total 
magnetic moment (defined as M = NgP(S)) vs. applied field 
for the data taken from 0 to 15 000 kOe. Although only a 
limited number of data are plotted in Figure 3, the magne- 
tization behavior was visually followed continuously as a 
function of field by means of the magnetometer output, and 
no unusual features were observed. It may be seen from the 
data in Figure 3 that the saturation moment is 1.05 as expected 
for a S = 1/2 pB copper(I1) system with g = 2.12. These data, 
which are characteristic of ferromagnetically ordered states, 
confirm the conclusion reached above, based on the temper- 
ature dependence of the magnetic susceptibility, that cop- 
per(I1) oxydiacetate hemihydrate undergoes a phase transition 
to a ferromagnetic state at T, = 3.3 K. 

Electron Paramagnetic Resonance Spectrum. The EPR 
spectrum of copper(I1) oxydiacetate hemihydrate was recorded 
a t  X-band a t  room temperature. The general features of the 
spectrum given in Figure 4 are similar to those frequently seen 
for copper(I1) ions in 4 + 1 + 1 coordination environments. 
The values of gll = 2.194 and g, = 2.144, obtained from the 
polycrystalline sample, are good approximations of the prin- 
cipal g values. In view of the low symmetry of the ligand 
environment about copper ion and the arrangement of these 
units in the crystal structure, a determination of the molecular 
principal g values would require an extensive study of sin- 
gle-crystal rotational data. Since these data are not necessary 
for the present study, we have not elected to pursue that 
problem. However, it is of interest to note that the g values 
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Figure 4. EPR spectrum of a powdered sample of copper(I1) oxy- 
diacetate hemihydrate at X-band, temperature = 298 K. 

Figure 5. An ORTEP drawing of a projection of the layer structure 
on the ac plane. Note that this is a nine-formula unit segement of 
an infinite two-dimensional array. 

do not differ very much from one another and that both are 
relatively large. This is very uncommon for copper(I1) com- 
plexes and reflects the low symmetry of the coordination 
sphere. 
Discussion 

The crystal and molecular structure of copper(I1) oxydi- 
acetate hemihydrate has been determined by Whitlow and 
Davey,* and an O R T E P ~ ~  drawing which shows a view along 
the b axis is given in Figure 5 .  It may be seen that the copper 
ion is coordinated by two carboxyl oxygens (Cu-0 bond 
distance of 1.95 A) and the ether oxygen (Cu-0 bond distance 
of 2.49 A) of a given oxydiacetate ligand. The coordination 
sphere of the copper(I1) ion is completed by bondin to car- 

separate adjacent moieties, and 50% of the time a water oc- 
cupies the sixth coordination position (Cu-0 bond distance 
of 2.73 A). The two-dimensional polymeric array arises from 
the bidentate bonding of the carboxyl groups to two copper(I1) 
ions. There are no chemical bonds between atoms in adjacent 
layers, and, as a result, these layers are held together only by 
van der Waal's forces. A projection onto the ab plane of nine 
formula units in adjacent planes which illustrates the sepa- 

boxyl oxygens (Cu-0 bond distances of 1.94-1 -95 x ) from 
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5) Cu distance of 2.95 A. In view of the distance, it is unlikely 
that this pathway is important in the exchange processes. 

The Hamiltonian for the two-dimensional system is given 
by19 

7f = -2JC(S;S,1+ ,$‘:St + $?yS)’) - 2J’CSk*S/ 
ij k l  

where 0 < E ,  7 1, the St (q  = x, y ,  z )  are the components 
of the spin operators along the Cartesian coordinates, J and 
J’are the intra- and interlayer exchange constants, and 4‘ and 
rl are constants which account for anisotropy in the intralayer 
exchange. The Heisenberg case arises when 5 = 11 = 1. When 
z is taken as the easy axis of magnetization then the exchange 
anisotropy is Ising-like when 4‘ = 7 < 1 and is XY-like when 
f =  1 a n d v <  1. 

The effective intralayer exchange field may be calculated 
from the equationz0 

He, = 2zJs/gPB 

where 2 is the number of nearest neighbors in the layer. Using 
the magnetic parameters determined in this study, we find the 
intraplanar exchange field, He, = 1.89 X los Oe. With data 
from a powdered sample, it is not possible to determine the 
in-plane anisotropy. Assuming axial symmetry, we may es- 
timate the out-of-plane anisotropy from the magnetization 
data. By plotting the ratios of small differences A M / A H  vs. 
field,21 this was determined to be about 250 Oe. For com- 
parison, we note that the out-of-plane anisotropy field of 1140 
Oe was determined by measurements on a single crystal of 
the ferromagnetic layer compound bis(benzy1ammonium) 
tetrachlorocuprate(II),2 which has an ordering temperature 
of 8.0 f 0.5 K and an exchange coupling constant of 24.6 cm-’. 
An out-of-plane anisotropy field (which is largely the interlayer 
exchange field) of 5400 Oe was estimated for Na2Cu(C03)2 
from powder susceptibility data.ls This much greater value 
of HAF in Na2Cu(C03), reflects the short interlayer copper- 
copper separation of 5.64 (2) Azz and accounts for the much 
larger ratio of J’/J observed in N a 2 C ~ ( C 0 3 ) 2  than in copper 
oxydiacetate hemihydrate, where we have found that Jinta/Jhm 

In conclusion, we note that in recent years a great deal of 
progress has been made in the experimentally controlled design 
and synthesis of materials with desired physical properties. If 
one important outstanding problem were solved, it appears that 
it would be possible to produce insulating ferromagnets fol- 
lowing the set of guidelines set out in the Introduction. This 
problem concerns the ultimate nature in the three-dimensional 
ordering of layered compounds which exhibit ferromagnetic 
intralayer exchange. The determination of the structural and 
electronic factors which control the ordering (ferromagnetic 
or antiferromagnetic) of these layers will continue to be the 
focus of systematic research. 
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Figure 6. A projection onto the ab plane of nine formula units which 
illustrates the separation between the layers and the relative orien- 
tations of the carboxylate coordination planes to the bridging car- 
boxylate group. 

ration between the layers is shown in Figure 6. 
In a given layer the superexchange network linking adjacent 

copper ions is of the type shown in Figure 6, where only the 
carboxylate bridge is important in transmitting spin-spin in- 
teractions. The magnetic susceptibility data show that these 
interactions are ferromagnetic in nature with an exchange 
constant J = +4.66 cm-’ resulting from a fit of the Baker 
expansion for a quadratic Heisenberg spin system to the 
magnetic susceptibility data. 

There are potentially two superexchange pathways con- 
necting the largely metal-based unpaired electrons which are 
in Q* (dXz+) orbitals on copper. One of these involves the 
orthogonal Q orbitals of the -COz- group, while the second 
pathway involves the n-electron system of the carboxylate, 
Although the structural data emphasize the low symmetry of 
the superexchange pathways, which could suggest antiferro- 
magnetic interactions since the orbitals in the pathways are 
not orthogonal, it is known that the carbonate ion transmits 
ferromagnetic interactions in Na2Cu(C03)2,18 and the -C02- 
pathways are comparable in some respects in Na2Cu(C03)z 
and the present compound. The intralayer exchange-coupling 
constant J is +4.1 f 0.7 in Na2Cu(C03)2,18 a value which is 
comparable to the exchange-coupling constant found here. 

The angle between the planes which are defined by the 
carboxylate oxygen atoms coordinated to copper ions in ad- 
jacent formula units, which is designated 7 in Figure 6, was 
calculated by using a computer program” and found to be 
119.8O. This angle may understood in terms of the sp2 hy- 
bridization of the exocyclic carboxylate oxygen atom. In 
high-symmetry cases, orthogonal orbital pathway may ac- 
company this kind of geometry, and it is likely that the dom- 
inant terms in the exchange intergral, the positive ones, are 
a result of this geometry, since the observed intralayer coupling 
constant is positive and the intralayer exchange is ferromag- 
netic in nature. 

There is an additional reasonably short oxygen to next 
neighbor copper ion separation, that being the 01 (see Figure 
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