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Abstract 

The compounds M(HCONH& [H(C6H5)P02] 2 
where M = Co (I), Cd (2) and Mn (3) were synthe- 
sized and characterized using single crystal X-ray 
diffraction, differential scanning calorimetry, infrared 
spectroscopy and magnetic susceptibility (2 to 80 K) 
studies. The three compounds are isomorphous, their 
structures consisting of polymeric chains, propagating 
along the crystallographic b axis, in which two 
phosphinate ligands form double bridges between 
adjacent metal atoms. Two formamide molecules are 
coordinated via oxygen to each metal atom, com- 
pleting an octahedral geometry. Compounds 1 and 3 
are antiferromagnetic exhibiting maxima in their h 
versus T plots at 6.3 and 5.8 K respectively. The 
magnetic data for the Mn(l1) compound have been 
successfully analyzed according to the Weng and 
Wagner-Friedberg Heisenberg models for linear 
chains with exchange coupling constants of -0.47 
and -0.51 cm-’ respectively. Magnetic suscepti- 
bilities for the Co(l1) compound have been compared 
to values calculated using five different theoretical 
models. Suitable fits over the range 2 to 80 K were 
not obtained; however, the data below 30 K agree 
reasonably well with both lsing and Heisenberg 
models employing an effective spin S’ = l/2. 

change propagated via the bridging phosphinate 
groups. Some correlation between the nature and 
magnitude of exchange with structure has been found 
as, for example, in the case of the dialkylphos- 
phinates of copper(l1) where both ferromagnetic 
and antiferromagnetic behaviour have been observed. 
These compounds have compressed tetrahedral 
stereochemistries (DZd local symmetry about copper) 
and the nature of the exchange has been correlated 
with the degree of compression of the CuO,, chromo- 
phore [2]. The local environment about copper in 
the polymeric diphenylphosphinate derivative on the 
other hand, is square planar [3] and ferromagnetic 
exchange was observed for this material [4]. Com- 
pared to copper little has been reported on magneto- 
structural correlations in phosphinates of manganese- 
(11) and cobalt(l1). The structure of Mn(H20)2- 

KCWJ’0~1~ involves square planar Mn04 units 
formed by bridging phosphinate groups with water 
molecules bonded axially and completing octahedral 
coordination about manganese. Studies to 4.2 K gave 
no conclusive evidence for magnetic exchange in this 
compound; upon dehydration, however, it shows 
relatively strong antiferromagnetic exchange [S] . 
Some synthetic, spectroscopic, and limited magnetic 
studies have been reported on a few other manganese- 
(11) and cobalt(l1) phosphinates [6]. 

Introduction 

A large number of metal phosphinate compounds 
have been reported, mos,t of which are polymeric, 
typically exhibiting a structure in which chains of 
metal atoms are linked by double phosphinate 
bridges [l]. Where a paramagnetic metal is involved, 
magnetic susceptibility studies are of particular 
interest because of the potential for magnetic ex- 

We describe here the synthesis and structure deter- 
mination of polymeric formamide adducts of some 
metal monophenylphosphinates with the composition 
M(HCONH& [H(C6H5)P0,]2, where M = Co (l), 
Cd (2) and Mn (3). Some spectroscopic and thermal 
analysis data are reported as are the magnetic suscep- 
tibilities (-80 to 2 K) of 1 and 3. 

Experimental 

Synthesis 

*Authors to whom correspondence should be addressed. 

Crystals of 1, 2 and 3 suitable for X-ray structural 
studies were obtained by dissolving the appropriate 
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metal salt (CoC12*6Hz0, 120 mg; Cd(NOs)2*4HzO, 
150 mg; Mn(C10&*6Hz0, 130 mg) and 140 mg of 
H(C6Hs)P02H in a mixture of 2 ml of formamide 
and 20 ml of acetone and allowing the solution to 
concentrate by evaporation in an open beaker. Larger 
quantities of 1 and 3, required for the magnetic 
studies, were obtained as follows. H(C6Hr,)P02H 
(1.71 g) was added to a solution of CoC12*6Hz0 
(1.11 g) in acetone (150 ml) and formamide (16.6 
ml). The solution was concentrated to approxi- 
mately 10% of its original volume by evaporation 
in air over a period of about one week. The light 
purple powder (with some crystals) was washed 
with acetone and air dried. Anal. Calc. for CoC,.+Hrs- 
06NzPz: C, 39.00; H, 4.21; N, 6.50. Found: C, 
38.80; H, 4.35; N, 6.65%. H(&Hs)PO?H (0.926 g) 
was added to a solution of Mn(C104)2*6Hz0 (0.832 
g) in acetone (1.35 ml) and formamide (13.5 ml). The 
solution was stirred in an open beaker for about 20 h 
and the precipitate which formed was washed with 
acetone and air dried overnight. Anal. Calc. for 
MnCr4H1s06NZPZ: C, 39.36; H, 4.25; N, 6.56. 
Found: C, 39.20; H, 4.42; N, 6.78. 

Elemental analyses were performed by P. Borda, 
Microanalytical Laboratory, Department of Chemis- 
try, University of British Columbia. 

Infrared Spectra 
Infrared spectra over the range of 4000 to 200 

cm-’ were obtained using a Perkin-Elmer 598 infrared 
spectrometer. The samples were mulled in Nujol and 
pressed into a thin film between KRS-5 plates 
(Harshaw Chemical Co.). Frequencies reported are 
considered accurate to +5 cm-’ for broad bands and 
+2 cm-’ for sharp bands. 

TABLE 1. Crystallographic data 

Compound 1 

Differential Scanning Calorimetry (DSC) 
DSC studies were made using a Mettler DSC 20 

cell and a Mettler TC 10 TA processor. 

Magnetic Susceptibilities 
Magnetic susceptibilities from 80 to 2 K were 

measured using a PAR model 155 vibrating sample 
magnetometer as described previously [7]. Measure- 
ments were made at a field of 7501 G. The diamag- 
netic corrections used were: -14, -12, -22 and 
-78 X 1O-6 cm3 mol-’ for Mn*+, Co2+, HCONH2 and 
H(C6Hs)Po2- (and H(C6H,)Po2H) respectively. 

X-ray Crystallography 
Data were collected at 20 * 2 “C on a Philips PW 

1100 four-circle diffractometer. MO Ko (A = 0.7 1069 
A) radiation with a graphite crystal monochromator 
in the incident beam was used. The unit cell dimen- 
sions were obtained by a least-squares fit of 20 
reflections in the range of 12”< 0 < 16’. Data were 
measured by using 0-20 motion. Crystallographic 
data and other pertinent information are given in 
Table 1. For each crystal Lorentz and polarization 
corrections were applied. The heavy atom positions 
in structure 1 were obtained by using the results of 
SHELX 86 direct method analysis. Compounds 1, 
2 and 3 are isomorphous, their structures were 
refined* in space group P2r/c to convergence by 
using anisotropic thermal parameters for all non- 
hydrogen atoms and isotropic ones for the hydrogen 
atoms in 1 and 2. The positional parameters of all 

*All crystallographic computing was done on a CYBER 
855 computer at the Hebrew University of Jerusalem, using 
the SHELX 1977 structure determination package. 

2 3 

Formula 
Formula weight 

Space group 

a (A) 
b (A) 

c (A) 

P 0 

v (A3) 
2 

peate (.g cmP3) 

cc (cm-‘) 
Range of 28 (“) 
No. unique data 

Data with Fo2 > 30(Fo2) 

R 

RW 

c 14H 18C”N206P2 cd &db%P2 c 14H 1dfnN206P2 

431.18 484.65 427.19 

pz l/C p2llC P2 1/c 
10.453(l) 10.490(2) 10.456(2) 

5.539(l) 5.756(l) 5.650(l) 

14.587(2) 14.792(2) 14.674(2) 

96.47(2) 96.45(2) 96.21(3) 

839(l) 887(l) 862(l) 
L 

‘! L L 

1.706 1.813 1.646 

11.68 13.21 9.11 
4-55 4-55 4-55 

1889 1980 1987 

1457 1431 1360 

0.050 0.036 0.047 

0.053 0.040 0.049 
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hydrogen atoms in 1, 2 and 3 and a common thermal 
parameter for all phenyl and formamide hydrogen 
atoms in structure 3 were included in the least- 
squares refinement cycles. 

The discrepancy indices R = ZIF,I - IFJ/ClF,,I 
and R, = [Zw(lF,,I - IF,I)2/EwlF,,(2]1’2 are listed 
in Table 1. 

Results and Discussion 

Crystal Structure Analysis 
Compounds 1, 2 and 3 are isomorphous. Tables 2, 

3 and 4 present their positional parameters, respec- 
tively, and Table 5 presents important bond distances 
and angles. Figure 1 shows the structure of 1 and 

TABLE 2. Positional parameters and e.s.d.s for la 

Atom 

co 
P 

O(1) 

O(2) 

O(3) 

C(1) 

C(2) 

C(3) 

C(4) 

C(5) 
C(6) 

x Y 

0.000 0.000 
0.1585(l) 0.4935(2) 
0.0970(3) 0.2618(6) 

0.0993(3) 0.7255(6) 

0.1540(3) -0.0184(7) 

0.3274(4) 0.4873(g) 

0.4009(5) 0.2895(g) 

0.5334(5) 0.290(l) 

0.5917(5) 0.479(l) 
0.5195(5) 0.673(l) 
0.3873(4) 0.6782(g) 

z Atom X Y Z 

0.000 
0.05239(7) 
0.0831(2) 

0.0816(2) 
-0.0888(2) 

0.0936(3) 

0.0705(3) 

0.0957(4) 

0.1451(4) 

0.1702(4) 

0.1429(3) 

C(7) 
N 

H(1) 

H(2) 

H(3) 

H(4) 

H(5) 

H(6) 

H(7) 

H(8) 

H(9) 

0.1576(4) 

0.0748(5) 

0.158(4) 
0.352(4) 

0.584(S) 

0.689(6) 

0.563(6) 

0.341(5) 
0.226(5) - 

0.088(S) 

0.012(5) 

0.0464(8) 

0.190(l) 
0.478(g) 

0.159(9) 

0.15(l) 

0.50(l) 

0.80(l) 

0.83(l) 

-0.00(l) 

0.21(l) 

0.27(l) 

-0.1703(3) 

-0.2166(3) 

-0.041(3) 

0.036(3) 

0.080(4) 

0.163(4) 

0.204(4) 

0.162(3) 

-0.209(3) 
-0.267(4) 

-0.189(4) 

ae.s.d.s in the least significant digits are shown in parentheses. 

TABLE 3. Positional parameters and e.s.d.s for 2a 

Atom x Y Z Atom x Y Z 

Cd 0.000 0.000 0.000 
P 0.1639(l) 0.4959(3) 0.05763(7) 

O(1) 0.1026(4) 0.2751(7) 0.0880(3) 

O(2) 0.1068(4) 0.7202(7) 0.0883(3) 

O(3) 0.1629(4) -0.017(l) -0.0950(3) 

C(1) 0.3332(4) 0.485(l) 0.0946(3) 

C(2) 0.4047(5) 0.297(l) 0.0729(4) 

C(3) 0.5360(5) 0.291(l) 0.0979(4) 

C(4) 0.5954(5) 0.473(2) 0.1469(4) 

C(5) 0.5255(6) 0.660(l) 0.1696(5) 

C(6) 0.3938(5) 0.672(l) 0.1430(4) 

ae.s.d.s in the least significant digits are shown in parentheses. 

C(7) 0.1612(5) 0.0484(8) -0.1751(4) 

N 0.0757(6) 0.187(l) -0.2167(4) 

H(1) 0.155(4) 0.49(l) -0.031(3) 

H(2) 0.362(4) 0.17(l) 0.046(4) 

H(3) 0.583(5) 0.16(l) 0.081(4) 

H(4) 0.687(6) 0.45(l) 0.165(4) 

H(5) 0.560(6) 0.79(l) 0.201(5) 

H(6) 0.347(5) 0.80(l) 0.157(4) 

H(7) 0.225(6) -0.03(l) -0.214(4) 

H(8) 0.092(5) 0.21(l) -0.273(4) 

H(9) 0.002(9) 0.23(2) -0.183(6) 

TABLE 4. Positional parameters and e.s.d.s for 3a 

Atom x Y Z 

Mn 0 .ooo 0.000 0.000 
P 0.16134(g) 0.4959(2) 0.05448(7) 

O(1) 0.0996(3) 0.2687(6) 0.0836(2) 

O(2) 0.1027(3) 0.7235(6) 0.0845(2) 

O(3) 0.1564(3) -0.0166(7) -0.0929(2) 

C(1) 0.3306(4) 0.4902(3) 0.0939(3) 

C(2) 0.4027(5) 0.2941(9) 0.0712(3) 

C(3) 0.5346(5) 0.290(l) 0.0966(4) 

C(4) 0.5934(4) 0.477(l) 0.1459(3) 

C(5) 0.5223(5) 0.667(l) 0.1704(3) 

C(6) 0.3905(4) 0.6767(g) 0.1432(3) 

ae.s.d.s in the least significant digits are shown in parentheses. 

Atom x Y Z 

C(7) 0.1577(4) 0.0483(g) -0.1734(3) 

N 0.0763(5) 0.1933(9) -0.2170(3) 

H(1) 0.157(4) 0.483(g) -0.039(3) 

H(2) 0.372(5) 0.16(l) 0.038(4) 

H(3) 0.584(5) 0.16(l) 0.078(4) 

H(4) 0.684(5) 0.48(l) 0.162(3) 

H(5) 0.558(5) 0.80(l) 0.205(4) 

H(6) 0.350(5) 0.81(l) 0.164(4) 

H(7) 0.224(5) -0.02(i) -0.213(3) 

H(8) 0.084(5) 0.23(l) -0.269(4) 

H(9) 0.014(5) 0.26(l) -0.175(4) 
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numbering scheme in all three compounds. Figure 2 
shows a stereoscopic view of a section of the poly- 
meric chain in all three compounds. 

TABLE 5. Bond distances (A) and bond angles (“) 

Structure M = Co(l) M = Cd(2) M = Mn(3) 

M--o(l) 

M--O(2)’ 

M--O(3) 

0(1)-M-0(2)’ 

-O(2)” 

-O(3) 
-O(3)’ 

O(2)‘-M-0(3) 

-O(3)’ 

2.079(3) 2.247(4) 

2.128(3) 2.286(4) 

2.179(3) 2.333(4) 

90.2(l) 90.4(2) 

89.8(l) 89.6(2) 

92.0(l) 92.5(2) 

88.0(l) 87.5(2) 

92.7(l) 

87.3(l) 

91.8(2) 

88.2(2) 

2.149(3) 

2.201(3) 

2.241(3) 

89.8(l) 

90.2(l) 

92.1(l) 

87.9(l) 

91.8(l) 

88.2(l) 

Fig. 1. View of CO(HCONH&[H(C~HS)PO~]~ showing the 

numbering scheme in 1, 2 and 3 and the coordination about 
the cobalt atom. 

Fig. 2. Stereoview of a section of M(HCONH2) 

Structures 1, 2 and 3 consist of polymeric chains, 
propagating along the crystallographic b axis, in 
which two phosphinate ligands form double O-P-O 
bridges between adjacent metal atoms. The bridging 
phosphinates form square planar MO4 units and six- 
coordination about the metal is achieved by axially 
O-bonded formamide ligands. The intrachain distance 
between metal atoms in 1, 2 and 3 are 5.539(l), 
5.756(l) and 5.650(l) A, respectively. Intramolecular 
hydrogen bonds between the NH2 group of the 
coordinated formamide and an oxygen atom of a 
bridging phosphinate, exist in all structures with 
N.. . .0(2) separation of about 2.9 A. The second NH2 
hydrogen atom on each formamide ligand is involved 
in a hydrogen bond with a phosphinate oxygen of a 
neighboring chain with N.. ..O( 1) distance of about 
2.9 A. 

Differential Scanning Calorimetry 
Co(HCONH2), [H(C6Hs)P02]2 (1) exhibits a sharp 

endothermic peak at 137 “C followed immediately by 
a broad endothermic event extending from about 
140 to 170 “C (ALI total for both events = 410 J g-l; 
weight loss measurements confirm loss of two mol of 
HCONH,). A third endothermic event occurs at 
232 “C (AH = 92 J g-‘) due to melting (confirmed by 
visual observation in a melting point apparatus). 
Onset of exothermic decomposition occurs at about 
265 “C. Both 2 and 3 show similar two-component 
endotherms corresponding to loss of the two 
formamide ligands. For 3 the events are at 140 and 
-190 “C (lur= 256 J g-’ for both events) and for 2 
they occur at 150 and -180 “C (Af?= 307 J g-’ for 
both events). Both 2 and 3 oxidatively decompose 
without melting with the process beginning at about 
220 and 270 “C respectively. 

In summary 1,2 and 3 all undergo stepwise loss of 
formamide ligands in the 130 to 190 “C temperature 
range yielding the corresponding non-ligated metal 
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phosphinate derivative. Of these, only the cobalt 
compound melts without decomposition. 

Infrared Spectra 
The infrared spectra of 1, 2 and 3 are virtually 

indistinguishable as would be expected for isostruc- 
tural compounds. The compounds exhibit broad, 
medium intensity, structured absorptions centred 
around 3180 cm-’ (maxima at -3240 and 3120 
cm-‘) due to NH2 stretching and a strong broad band 
at 1670 cm-’ (shoulder at -1690 cm-‘) due to CO 
stretching. This compares with corresponding bands 
at approximately 33 10 and 1680 cm-’ in pure 
HCONHz and the greater shift in u(NH,) compared 
to the shift in v(C0) shows that in spite of the fact 
that formamide is coordinated through oxygen a 
greater perturbation is caused by the hydrogen 
bonding involving the NH2 groups. The PO2 antisym- 
metric stretching vibrations appear as strong broad 
bands at 1130 cm-’ and the symmetric stretching 
modes are of medium intensity at 1040 (1 and 2) 
and 1046 (3) cm-‘. These band frequencies are com- 
parable to those observed for CU[(C~H~)~PO~]~ [4] 
and the dialkylphosphinates of copper(H) [2] and are 
consistent with the relatively symmetrical phos- 
phinate bridging in these compounds. Relatively 
sharp medium intensity bands ascribed to P-H 
stretching vibrations occur at 2402, 2390 and 2380 
cm-’ for 1,2 and 3 respectively. 

Magnetic Susceptibilities 
Magnetic susceptibility and magnetic moment data 

for 1 and 3 are recorded in Table 6. The 6A, ground 
state of the Mn(I1) compound, 3, leads to a relatively 
clear interpretation of its magnetic properties. The 
h versus T plot shows a maximum at 5.8 K (Fig. 3) 
behaviour typical for an antiferromagnetically 
coupled system. The intrachain metal-metal distance 
is too large to allow for direct exchange and a super- 
exchange mechanism involving the bridging phos- 
phinates is almost certainly involved here. The data 
were analyzed as described previously [5] using the 
scaling model of Wagner and Friedberg [8] and the 
interpolation scheme developed by Weng [9] em- 
ploying the equations and coefficients given by Hiller 
et al. [lo]. The best fit values for the exchange 
coupling constant J are -0.47 cm-’ for the Weng 
model (F= 0.0402) and -0.51 cm-’ for the Wagner 
and Friedberg model (F= 0.0436). In both fits the 
value of g was set at 2.00. The fitting function, F, 
is defined in ref. 5. It is interesting to compare these 
fits to those obtained previously for Mn[(CH,),- 
POZIZ [5]. As in the previous study, the fit em- 
ploying the Weng model is slightly better than that 
employing the other model, as judged by the relative 
magnitudes of F. However, again as before, the Weng 
model does not reproduce the position of the 
rounded maximum in the h plot as well. The com- 

TABLE 6. Magnetic data 

Mn(HCONH&- CO(HCONH~)~- 

[H(C6Hs)f’%12 [H(C.SHS)P~~IZ 

T(K) lo3 X Xm Pb’B) T(K) lo3 x Xm !‘(PB) 
(cm3 molpL) (cm3 mol-‘) 

2.21 159 1.68 
2.50 200 2.00 
3.31 202 2.33 
4.12 209 2.62 
4.38 211 2.72 
4.93 212 2.89 
5.61 214 3.10 
5.84 214 3.16 
6.12 213 3.39 

7.55 210 3.56 
7.67 209 3.58 
8.00 207 3.64 
9.56 199 3.90 

10.6 193 4.04 
11.2 188 4.11 
13.6 174 4.35 
14.6 167 4.42 

16.1 159 4.52 
17.5 152 4.62 
21.3 135 4.80 
24.0 125 4.90 
26.0 118 4.95 
28.5 111 5.03 
30.4 106 5.08 
35.9 93.3 5.17 
40.1 84.9 5.22 
46.4 75.8 5.30 
53.1 67.5 5.36 

60.4 60.9 5.42 
70.1 53.7 5.49 
81.7 46.8 5.53 

2.30 78.2 1.20 
2.88 83.1 1.38 
3.08 85.8 1.45 
3.55 93.0 1.62 
4.22 94.9 1.79 
4.93 99.5 1.98 
5.84 103 2.19 
6.30 103 2.28 
6.37 103 2.29 
8.04 103 2.51 

11.1 96.1 2.92 
15.3 85.5 3.23 
16.2 83.2 3.28 
21.2 72.6 3.51 
26.3 64.3 3.68 
31.1 58.1 3.80 
40.2 49.7 4.00 
47.6 44.8 4.13 
54.1 41.3 4.23 
60.0 38.6 4.30 
65.3 36.7 4.38 
69.4 35.2 4.42 
74.2 33.1 4.47 
77.5 32.1 4.50 
81.2 31.6 4.53 

parison between experiment and theory for the 
Wagner-Friedberg model is illustrated in Fig. 3. 

There are important structural similarities between 
3 and the previously studied compound, Mn(H20)2- 
[(CHs)2P02]2 [5]. Both have infinite chains of Mn 
atoms connected by double phosphinate bridges with 
four oxygens from different phosphinates forming a 
square planar array around each Mn. Neutral ligands 
coordinated on either side of the plane complete an 
Mn06 chromophore. Hydrogen atoms on the neutral 
ligands are involved in both intrachain and interchain 
hydrogen bonding to bridging phosphinate groups in 
both compounds. In spite of these similarities the 
magnetic properties of these two materials differ 
significantly. The formamide compound studied here 
is clearly antiferromagnetic whereas no significant 
antiferromagnetic exchange was detected in the aqua 
compound [5]. It is possible that the hydrogen- 
bonding interactions are having a significant damping 
effect on the magnetic exchange in both of these 
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Fig. 3. Magnetic susceptibility vs. temperature plot for 3. 
Line is the best fit to the Wagner-Friedberg model. 

compounds. The anhydrous forms of both Mn- 
[(CH,),POa] a and Mn [H(&Hs)PO,] 2 are antiferro- 
magnetic with maxima in xm versus Tat 34 and 35 K 
and values of J= -2.69 and -2.78 cm-’ (Weng 
model) respectively [5, Ill. The effect of the aqua 
ligands in Mn(H20)a[(CH3)aPOZ12 is to reduce this 
exchange effectively to zero (IJI < 0.02 cm-’ [5]) 
whereas the formamide ligands in Mn(HCONH&- 

WGJW’W~ reduce ]J] to 0.47 cm-‘. The 
hydrogen-bonding interactions in the aqua com- 
pound, particularly the interchain interactions, 
appear to be slightly stronger (O-H.. . .O, interchain 
distance = 2.734(2) A [5]) than those in the 
formamide compound (N-H.. . .O, interchain dis- 
tances = 2.9 A) and this may account for the greater 
damping of exchange in the aqua complex. 

The magnetic moment of Co(HCONH2),[H- 
(C6H5)P02] 2 (1) decreases dramatically from 4.53 pn 
at 81 K to 1.2 /.~n at 2.30 K (Table 6) and the 
magnetic susceptibility exhibits a maximum at 6.3 K 
(Fig. 4). Although the magnetic moment of cobalt(I1) 
(4T,, ground state in 0,) in a distorted octahedral 
environment is expected to be temperature depen- 
dent [12], the magnitude of the temperature depen- 
dence of the moment, and more importantly the 
observation of a maximum in the h versus T plot, 
is not consistent with magnetically dilute cobalt(H). 
The presence of antiferromagnetic coupling propa- 
gated via a superexchange mechanism involving the 
bridging phosphinate ligands (as observed in 3) is 
clearly indicated. 

Fig. 4. Magnetic susceptibility versus temperature for 1: A, 
line is best fit the Wagner-Friedberg S = 3/2 model; B, line 
is best fit to the Weng S = l/2 model with data fitted over the 
2-30 K range only. 

The magnetic properties of an isolated Co(H) ion 
in a distorted octahedral environment are affected by 
factors such as electron delocalization, spin-orbit 
coupling, distortions from regular stereochemistry 
and the admixture of excited electronic states into 
the ground state by the crystal field [12]. The 
presence of antiferromagnetic coupling in 1 in addi- 
tion to the above factors complicates the interpreta- 
tion of the magnetic properties of this compound. 
The problem is simplified considerably if it is 
assumed that the distortion from Oh symmetry is 
sufficiently strong that the splitting of the 4T,a term 
leaves a well isolated orbital singlet as the ground 
state [13]. Under this assumption the magnetic 
properties may be analyzed according to the Wagner- 
Friedberg model with S = 3/2 [8] or the Weng model 
with the coefficients generated by Hiller et al. [IO] 
for S = 3/2. The best fit parameters utilizing these 
models are given in Table 7. In this case the Wagner- 
Friedberg model not only reproduces the position 
of the susceptibility maximum better than the other 
model it also produces a slightly better fit overall. 
The best-fit curve calculated using the Wagner- 
Friedberg model is shown in Fig. 4. Clearly there is a 
discrepancy between the general shapes of the experi- 
mental and calculated curves; moreover the deviation 
of the g value (2.43) from the spin-only value (2.002) 
shows that the orbital contribution to the suscep- 
tibility cannot be totally ‘quenched’ as is assumed by 
the model. 



TABLE 7. Magnetic parameters for Co(HCONH&[H(C6H5)- 

pw2 

Modela s g -J (cm-‘) Fb 

W 312 2.41 1.35 0.0580 
W-F 312 2.43 1.58 0.0522 
W 112 5.30 5.16 0.0635 
W-F 112 5.43 7.90 0.0522 

z 
112 5.11 6.95 0.0812 

l/2 4.87 4.39 0.0249 
W-FC 112 5.18 7.17 0.0508 
1e l/2 4.60 5.71 0.0297 

aW = Weng (refs. 9 and 10); W-F = Wagner-Friedberg 

(ref. 8). bF = fitting function defined in ref. 5. CData 
fitted over range 2-30 K only. 

An alternative approach to the interpretation of 
the magnetic data for six-coordinate cobalt(II), 
particularly at low temperatures, is to consider that 
spin-orbit coupling splits the 4T,p term in such a 
way that the lowest level, a Kramers doublet, is the 
only thermally occupied level [ 13, 141. Under this 
assumption one needs to consider an effective spin, 
S’ = l/2. The best-fit parameters using the Wagner- 
Friedberg and Weng models for S = l/2 are given in 
Table 7. As indicated by the F values the fits are no 
better than for the S = 3/2 models. Both the Weng 
and the Wagner-Friedberg models employ the iso- 
tropic Heisenberg Hamiltonian. We have also analyzed 
the magnetic data employing the anisotropic Ising 
model of Fisher [15] for S = l/2 (best-fit parameters 
given in Table 7); this gives even poorer agreement 
with experiment. 

In treating this cobalt system as an effective spin 
S’ = l/2, thermal population of excited states above 
the ground Kramers doubled is ignored; hence, the 
models would be expected to work best at the lowest 
temperatures. We therefore examined fits to the low 
temperature data only (2-30 K) utilizing all three 
S = l/2 models. The fits over this limited temperature 
range are better for all three with the best fit 
obtained for the Weng model (Table 7). In addition, 
the g values obtained in the fits to the low tempera- 
ture data are lower than those obtained in the fits to 
all the data and, particularly for the Ising model, 
approach the expected value of -4.3 [13, 141. As 
the temperature increases above 30 K the experi- 
mental susceptibilities become increasingly greater 
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than the calculated ones in all cases; comparison of 
experiment with theory for the Weng S = l/2 model 
is illustrated in Fig. 4. 

In view of the complexities involved in analyzing 
this cobalt system no attempt will be made here to 
speculate on the magnitude of the exchange coupling 
constants. In order to see if the magnetic behaviour 
of 1 is typical for phosphinate bridged linear chain 
compounds of cobalt(H), studies on other phos- 
phinate bridged derivatives are in progress. 

Supplementary Material 

Supplementary crystallographic material is avail- 
able from author A.B. 
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