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The title compounds have been prepared and characterized by electronic, vibrational, and MBssbauer spectroscopies and by magnetic 
susceptibility measurements. Spectroscopic data indicate that Fe(pyz),(NCS), adopts a 2D pyrazine-bridged lattice with N-bonded 
monodentate NCS- ions in axial positions. Mossbauer spectra show the onset of magnetic hyperfine splitting at a temperature 
of 9.1 f 0.2 K, and there is a maximum in the susceptibility at -8 K, indicating a transition to an antiferromagnetically ordered 
state. The electric field gradient (EFG) is axial, and the electronic ground state is 5B2g, corresponding to an axial compression 
of the FeN4N’2 octahedron. The hf field of 27.7 T (at 1 .SO K) is canted at an angle 0 = 41° with respect to V,, the z component 
of the EFG, and the angle +b is indeterminate due to the axial symmetry. Fe(pyz)(NCO), contains bidentate bridging >NCO- 
ions forming linear chains, which are cross-linked by symmetrically bridging pyrazine ligands. This complex shows a broad 
susceptibility maximum at -38 K, and Mossbauer spectroscopy indicates TN = 27.05 f 0.05 K, with the coexistence of a 
superparamagnetic component persisting to TIT,  = 0.83. The magnetic structure is that of a 2D Ising system, with the hf field 
(18.0 T at 4.2 K) parallel to V,, which is assumed to be the linear chain direction. In the range 0.8 Q T / T N  Q 0.98 the critical 
exponent p = 0.12, in agreement with the theoretical value p = for the 2D Ising model. 

Introduction 
The ability of 1,Cdiazine (pyrazine, pyz) to bridge transi- 

tion-metal ions so as to form one-dimensional linear chains or 
two-dimensional layer compounds is well documented.’-3 Such 
inorganic coordination polymers are of interest both because of 
their low-dimensional  characteristic^^^^ and because of the ca- 
pability of pyrazine to support magnetic superexchange between 
the metal centers. 

The most extensively studied complexes of this type have been 
copper(I1) where it has been found that an im- 
portant factor in determining the nature of the exchange inter- 
actions is the overlap between the copper d orbitals and the py- 
razine x Effective overlap depends on the degree 
of tilting of the pyrazine ring with respect to the xy coordination 
plane. For example, in C ~ ( p y z ) ( N 0 ~ ) ~ ~  this angle is 48’ and 
orbital overlap between the pyrazine x system and the copper Ix2 
- y 2 )  ground state results in an effective route for magnetic 
exchange. However, in Cu(pyz)(hfac), (hfac = hexafluoro- 
pentane- 1 ,4-dionate),lZ a linear-chain structure results from py- 
razine bridging between the square-planar Cu(hfac)z units, with 
pyrazine coordinating along the z direction. There is no effective 
d-x overlap, and no exchange interactions are 0b~erved . l~  

A particularly interesting example that appears to incorporate 
both of these features is the recently reported” C u ( p y ~ ) ~ -  
(CH3S03)2. The structure is made up of parallel sheets, each 
consisting of a square array of copper(I1) ions bridged by two types 
of bidentate pyrazine ligands. The equatorial plane around each 
copper ion contains two pyrazine nitrogen atoms (Cu-N( 1)  = 
2.058 A) and two oxygen atoms from monodentate methane- 
sulfonate groups (Cu-0 = 1.956 A); the axial coordination sites 
are occupied by bridging pyrazine groups with substantially longer 
Cu-N bond lengths (Cu-N(2) = 2.692 A). The equatorial py- 
razine rings are canted at an angle of 28.5O to the xy plane, while 
the axially bound pyrazine rings lie in the xz plane where there 
is no effective d s  overlap. The complex shows antiferromagnetic 
behavior with a susceptibility maximum at  about 6.2 K, and the 
exchange coupling is probably best described in terms of a linear 
chain involving the equatorial pyrazine ligands. 

The magnetic properties of several other transition-metal-py- 
razine complexes have also been investigated. For example, the 
cobalt(I1) pyrazine halides Co(pyz),X, (X = CI, Br) gave no 
evidence of magnetic exchange down to 1.8 K,I4 although at lower 
temperatures both complexes order antiferromagnetically,1s*16 with 
N&el points of 0.85 and 0.66 K, respectively. The nickel(I1) 
derivatives Ni(pyz),X, (X = C1, Br, 1)’’ showed temperature- 
independent magnetic moments between 300 and 90 K, but they 

‘University of British Columbia. 
‘National Research Centre “Demokritos”. 

do not appear to have been studied a t  lower temperatures. Ev- 
idence for magnetic exchange has been found in the silver(I1) 
complex Ag(pyz)&08, where the moment is only 1.27 kB at  80 
K.18 

We have reported very recently spectroscopic and magnetic 
measurements on the iron(I1) bis(pyrazine) halides F e ( p y ~ ) ~ X ~  
(X = C1, Br, I) and the mono(pyrazine) complex F e ( p y ~ ) C l ~ , ~ ~  
some of which had been studied previously.2w23 Similar but less 
extensive measurements on the bis(pyrazine) derivatives have been 
reported independently by Rachlewicz et al.24 From susceptibility 
measurements between 300 and 4.2 K [and to 1.9 K for Fe- 
(pyz)Clz], we could find no conclusive evidence for exchange 
coupling in these complexes. The Mbssbauer spectra of Reiff and 
c o - w o r k e r ~ ~ ~  show that both Fe(pyz),Clz and Fe(pyz)C12 are 
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Table I. Pyrazine Vibrational Bands in the Free Ligand and Iron(1I) Complexes‘ 
infrared freq, cm-’ 

2973 w 1418 vs 1148 vs 1048 vw 804 vs 752 vw 417 m 

compd 
pyrazineb 3066 w 1490 s 1178 m 1067 vs 926 vw 823 vw 789 w 597 w 

1125 w 1032 vw 700 vw 
1110 m 1022 m 

1006 w 
Fe(pyz)ANCS)2 3110 m 1489 m 1161 s 1083 w 982 w 779 s 461 s 

3090 m 1415 s 1125 s 1051 s 972 w 790 s 
3040 m 1112 m 970 sh 

Fe(pyz)(NCO)2 3100 m 1487 m 1171 m 1062 s 798 s 467 s 
1416 s 1120 s 

“Abbreviations: s, strong; m, medium; w, weak; v, very; sh, shoulder. bFrom ref 34. 

fast-relaxing paramagnets in zero field down to 0.52 K. Below 
0.5 K, however, the bis(pyrazine) complex shows relaxation 
broadening and hyperfine structure arising from incipient magnetic 
ordering, whereas the spectrum of the mono(pyrazine) derivative 
remains a symmetric quadrupole doublet down to 0.33 K.26 The 
absence of any Zeeman splitting in the Mossbauer spectra of 
Fe(pyz)C12 at  the lowest temperatures studied could conceivably 
result either from a fortuitous cancellation of the various com- 
ponents that comprise the internal hyperfine field or from a 
substantial zero-field splitting that produces a nonmagnetic 
(singlet) ground state. Interestingly, both Ni(pyz)C12 and Mn- 
(pyz)C12 exhibit antiferromagnetic susceptibility maxima at about 
10 and 2.5 K, respectively.26 

We wish to report now the synthesis and characterization, by 
electronic, vibrational, and Mbsbauer spectroscopies and magnetic 
susceptibility measurements, of two pyrazine-bridged pseudohalide 
complexes of iron(II), F e ( p y ~ ) ~ ( N c S ) ~  and F e ( p y ~ ) ( N C 0 ) ~ .  The 
thiocyanato derivative was reported p r e v i ~ u s l y ~ ~  but the synthetic 
procedure was not given and the complex was incompletely 
characterized. Both complexes exhibit susceptibility maxima 
indicative of antiferromagnetic exchange, and Mossbauer spectra 
reveal magnetic phase transitions. A preliminary report on some 
of this work has recently appeared.28 
Experimental Section 

Materials and Physical Measurements. All chemicals were at least of 
reagent grade quality and were obtained from commercial sources. 
Methanol was dried by refluxing in the presence of magnesium meth- 
oxide. Water was degassed immediately prior to use by several freeze- 
pump-thaw cycles. Manipulations were carried out either in a nitrogen 
atmosphere drybox or by using standard Schlenk techniques. Elemental 
analyses were performed by P. Borda of UBC. 

Electronic spectra were obtained by using equipment and procedures 
described previ~usly.~~ Infrared spectra were recorded on samples 
mulled in Nujol sandwiched between KRS-5 plates. A Perkin-Elmer 598 
spectrophotometer was used in the range 250-4000 cm-’. All spectra 
were calibrated with use of a polystyrene film. 

Magnetic susceptibility measurements between 4.2 and 130 K em- 
ployed a vibrating-sample magnet~meter,’~ and between 80 and 300 K 
the Gouy technique was used.29 Susceptibilities at room temperature 
were also measured with a Faraday magnetic balance3’ at three different 
values of HdH/dx No field dependence was observed. Molar magnetic 
susceptibilities were corrected for the diamagnetism of the metal ion and 
ligands as follows (in units of IO“ cm3 mol-’): Fe2+, -13; C4H4N2, -45; 

57Fe Mossbauer spectra were recorded in transmission mode, with 
constant-acceleration spectrometers of conventional design. The Doppler 
velocity scale was calibrated with an iron-foil absorber, and isomer shifts 

NCO-, -21; NCS-, -35. 
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are quoted relative to the centroid of the iron-foil spectrum. Spectra in 
the paramagnetic region were fitted by least-squares techniques to Lor- 
entzian line shapes. In the antiferromagnetic regime, the hyperfine-split 
spectra were simulated by using a static molecular field model based on 
the method of Kiir~dig.~~ 

Syntheses. Bis(pyrazine)iron(II) Thiocyanate, Fe (py~)~(NCs) , .  
Iron(I1) sulfate heptahydrate (0.672 g, 2.24 mmol) and potassium thio- 
cyanate (0.470 g, 4.84 mmol) were separately dissolved in water (10 and 
5 mL, respectively). The potassium thiocyanate solution was added to 
the iron(I1) solution, and the mixture was filtered directly into a solution 
of pyrazine (0.535 g, 5.57 mmol) dissolved in water (10 mL). An or- 
ange-brown precipitate resulted; the solution was stirred for 0.75 h, and 
the prduct was isolated by filtration and washed with water and meth- 
anol (67% yield). Anal. Calcd for FeCloH8N6S2: C, 36.18; H, 2.43; N, 
25.31. Found: C, 35.82; H, 2.30; N, 25.10. 

(Pyrazine)iron(II) Cyanate, Fe (py~) (NC0)~ .  Iron(I1) sulfate hepta- 
hydrate (1.079 g, 3.88 mmol) was dissolved in water (5 mL). To this 
solution was added an aqueous solution (5 mL) of potassium cyanate 
(0.644 g, 7.94 mmol). The resulting solution was filtered directly into 
an aqueous solution (IO mL) of pyrazine (0.645 g, 8.05 mmol). A dark 
purple solid formed instantly, and the mixture was stirred for 2 h. The 
product was isolated in 77% yield after filtration and washing with small 
quantities of water and methanol. Anal. Calcd for FeC6H4N402: C, 
32.76; H, 1.83; N, 25.47; 0, 14.55. Found: C, 32.69; H, 1.89; N, 25.31; 
0, 14.62. 

Results and Discussion 
Although essentially identical preparative routes were employed 

for the cyanate and thiocyanate complexes, compounds of different 
stoichiometries were obtained. Attempts to prepare F e ( p y ~ ) ~ -  
(NC0)2 using pyrazine:iron ratios substantially greater than 2:l 
still resulted in isolation of the mono(pyrazine) complex. 

Both of the present complexes are extremely insoluble and were 
obtained in the form of fine powders. Attempts to grow single 
crystals suitable for X-ray diffraction studies were unsuccessful, 
and our structural conclusions are based on spectroscopic evidence. 
These data, although indirect, leave little doubt concerning the 
correct formulation of tKe structures of the complexes. 

Infrared Spectra. Electron diffraction studieP have shown the 
free pyrazine molecule to be planar (Dzh point group), and infrared 
assignments have been made on this basis by Lord et al.34 When 
both nitrogen atoms of pyrazine coordinate equivalently to metal 
centers in a bridging mode, DZh symmetry is retained; however, 
when only one nitrogen atom is coordinated in a unidentate 
fashion, the symmetry is reduced at least to C2, and vibrational 
bands forbidden under Du, become active in the infrared spectrum. 
Bands assigned to the internal vibrations of the pyrazine ligand 
are listed in Table I, and the infrared spectra of the complexes 
are illustrated in Figure Sl.35 

Upon coordination, most of the pyrazine absorption bands 
exhibit shifts. The most coordination-sensitive of these bands, 
at 417 cm-’ in the uncoordinated ligand,34 is shifted by 40-50 cm-l 
to higher frequency on complex formation. The infrared activity 
of the pyrazine vibrations in the present complexes is similar to 
that found in known pyrazine-bridged c ~ m p l e x e s ’ ’ ~ ~ ~  but very 
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different from that in complexes where pyrazine bonds in a 
unidentate mode.36 In particular, infrared spectra of the latter 
complexes, and the Raman spectrum of free p y r a ~ i n e , ~ ~  show 
bands at  about 1230, 920, and 750 cm-', whereas the present 
complexes have no absorption bands in these regions. It is thus 
clear that the pyrazine groups in both complexes are functioning 
as bridging ligands between iron(I1) ions, with retention of DZh 
symmetry. 

The infrared spectra also provide insight into the coordination 
modes of the anions in these complexes. We consider first Fe- 
( p ~ z ) ~ ( N C s ) ~ .  Infrared criteria to determine the mode of co- 
ordination of the thiocyanate ion have been Several 
possibilities exist: coordination to the metal through nitrogen only 
(thiocyanato-N), coordination through sulfur only (thiocyanato-S), 
or bridging two metal ions to form M-NCS-M' units. These three 
types of coordination are ~ e l l - k n o w n , ~ ~  and other modes of 
bridging such as >NCS- or >SCN- are also possible. 

The vibrational modes of the NCS- ion are appreciably mixed 
but can be designated: v 1  as vCN, v2 as ijNCS, and v3 as vcs. The 
infrared spectrum of the free anion in KNCS4I shows three bands, 
which have been assigned as follows (values are in cm-I): v 1  2053 
s; v2 486 m, 471 m; v 3  746 m. The splitting of v2 is attributed 
to a solid-state effect. The anion bands in the spectrum of Fe- 
( p y ~ ) , ( N c S ) ~  (see Figure Sl) are assigned as follows (cm-I): v I  
2060 s, 2000 sh; v2 493 m; v3 824 m. All three bands can be used 
to diagnose the thiocyanate coordination mode.39 

The intense C-N stretching vibration, v,, at 2060 cm-' is similar 
to the value of 2065 cm-I observed in the thiocyanato-N complex, 
Fe(py)4(NCS)?2 (py = pyridine). It has been found39 that 
thiocyanato-N coordination results in little change in the position 
of v 1  from the free-ion value, while thiocyanato-S bonding results 
in a shift to approximately 2100 an-'. In bridging (-NCS-) 
thiocyanate complexes v I  occurs well above 2100 cm-1.39 The u1 
value of 2060 cm-' observed for Fe(pyz)2(NCS)2 is consistent with 
the presence of a terminally N-bonded NCS- anion. 

For v3, frequencies in the 700-cm-' region are taken as indicative 
of S-bonding, while those at  approximately 800 cm-I indicate 
N - b ~ n d i n g . ~ ~  The infrared spectrum of Fe(pyz),(NCS), lacks 
absorption bands in the 650-750-cm-I region, so that S-bonding 
is not suspected. There are three bands near 800 cm-l, two of 
which are assigned to pyrazine; the third band at 824 cm-I is 
assigned to the v3 anion mode. This value compares favorably 
with that of 810 cm-' found in F ~ ( ~ Y ) ~ ( N C S ) ; ~  and further 
supports an N-coordination mode for the anion. 

A single sharp v2 band in the region of 480 cm-I is indicative 
of N-bonding, whereas the presence of several bands of low in- 
tensity near 400 cm-' indicates S - b ~ n d i n g . ~ ~  The spectrum of 
Fe(pyz)z(NCS)2 shows two sharp bands of medium intensity in 
the 450-500-cm-' region. Pyrazine is expected to show one ab- 
sorption in this range, and assignment of these bands is difficult. 
However, both bands are well above the range observed for S- 
bonded thiocyanate. The band at 493 cm-' is tentatively assigned 
to the u2 anion mode. 

To summarize these infrared data for F ~ ( ~ ~ Z ) , ( N C S ) ~ ,  the 
pyrazine groups retain the D2h symmetry of the free ligand by 
functioning as bidentate bridging ligands. This results in a layered 
polymeric structure 1, as found by X-ray crystallography for 
Co(pyz),C12,' with mondentate thiocyanato-N anions above and 
below the poly-Fe(pyz), plane completing the pseudooctahedral 
coordination sphere around the iron(I1) center. 

Turning now to the question of anion bonding in Fe(pyz)- 
(NCO)2, previous r e ~ e a r ~ h ~ ~ , ~ ~ , ~ ~ * ~ ~  on the nature of NCO- co- 

Haynes et  al. 
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1 
ordination suggests several posibilities including terminal bonding 
through either nitrogen or oxygen and bridging, either as M- 
NCO-M' or M-N-M'. Infrared criteria have been established 
for determining some of these coordination modes.38*39s43 

The three normal vibrational modes of the linear NCO- anion 
are the asymmetric stretching vibration v 1  (vCN), the bending mode 
v2 (~Nco),  and the pseudosymmetric stretching vibration v3 (vco). 
In cyanate compounds these modes are appreciably mixed. From 
the infrared spectrum of KNC045 the following assignments 
(cm-') have been made for the free anion: v l  2170; v2 629; v3 1254. 
The value of v3 was calculated from the Fermi resonance inter- 

From the infrared spectrum of Fe(pyz)(NCO)2 (Figure 
S1) we can make the following assignment (cm-I): v l  2200 s, 2100 
sh; v2 658 s, 620 s. The v 1  and v2 modes both appear to be split, 
and v3 was not observed. It has been noted p r e v i o ~ s l y ~ ~ , ~ ~ ~ ~ ~  that 
upon coordination the frequency of v 1  is increased compared to 
the free-ion value. For Fe(pyz)(NCO)2, the value of 2200 cm-' 
falls within the range for either a terminally N-bonded or bridging 
NCO- anion, and this absorption is not useful in distinguishing 
these two coordination modes. 

The magnitude of the splitting of v2 has been found to be a good 
indicator for the presence of bridging NCO- anions.38~39~43 In 
terminally N-bonded cyanate complexes this band is often split, 
but usually by only a few wavenumbers. The v2 splitting of 38 
cm-' in Fe(pyz)(NCO)2 indicates a bridging mode for the anion. 
The >NCO mode of bridging has been demonstrated by X-ray 
crystallography in AgNC0,47 where the v2 vibration is split by 
59 ~ m - I , 4 ~  and is the most common bridging mode for the cyanate 
ion. It seems likely that this mode of anion bridging is present 
in the iron complex. The failure to observe the v3 anion vibration 
in Fe(pyz)(NCO)2 is not unexpected since in other complexes 
containing bridging cyanate groups this band is often of very low 
inten~ity.3~ 

Including the pyrazine vibrations discussed above, the infrared 
data are consistent with either the cross-linked linear chain 
structure 2 (X = NCO) or the cross-linked layer structure 3. 

2 

Mossbauer spectra in the magnetically ordered state (vide infra) 
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(46) Decius, J. C.; Gordon, J. J .  Chem. Phys. 1967, 47, 1286. 
(47) Britton, D.; Dunitz, J. D. Acta Crystaiiogr. 1965, 18, 424. 



Magnetic Exchange in pyz-Bridged Complexes 

3 
allow us to rule out 3 as a possible structure. 

Electronic Spectra. Both complexes exhibit broad absorption 
bands in the near-infrared region (4000-1 5 000 cm-'), with band 
splitting being observed in the case of F e ( p y ~ ) ~ ( N c S ) ~  (Table 
11). These spectra are diagnostic of pseudooctahedral high-spin 
iron(I1) complexes and arise from transitions between a ground 
electronic state derived from 5Tzs to excited states derived from 
'Eg in Oh symmetry. If the average ligand field in F ~ ( ~ ~ Z ) ~ ( N C S ) ,  
is represented by taking the average position of the two band 
maxima:, we obtain a value of 11 500 cm-I, essentially identical 
with that for F e ( p y ~ ) ( N C o ) ~ .  The ligand field spectra of these 
complexes are very similar to those reported19 for the halide 
derivatives Fe(pyz),X, (X = C1, Br, I) and Fe(pyz)C12. 

The intense colors of the present complexes, and of the mono- 
and bis(pyrazine)iron(II) halidesI9 are presumably a consequence 
of charge-transfer bands in the visible region of the spectra (Table 
11). Charge-transfer transitions in metal-pyrazine complexes are 
thought to be predominantly from the metal ion to a low-lying 
empty antibonding ?r* orbital of the pyrazine In contrast, 
the tetrakis(pyridine)iron(II) halide and thiocyanate complexes, 
as well as Fe(py)2Clz and F e ( p ~ ) , ( N c o ) ~ ,  are all pale yellow.42 
In these latter compounds the metal-to-ligand charge-transfer 
transitions probably m r  at higher energy in the ultraviolet region. 
This is consistent with the better a-acceptor properties of pyrazine 
compared to those of pyridine. 

It has been notedSo that for complexes containing either an 
FeN4X2 or FeN2X4 chromophore to be intensely colored, the 
combined presence of pyrazine and either a halide or pseudohalide 
was necessary. This suggests that the halide or pseudohalide anions 
also play a role in the charge-transfer process. Because of the 
ease of oxidation of halide and pseudohalide ions, it is likely that 
the role of the anion in the charge-transfer process is ligand to 
metal, which then facilitates metal-to-pyrazine charge transfer. 

Magnetic Susceptibility. Data for magnetic susceptibility and 
magnetic moment as a function of temperature (4.2-300 K) are 
given in Table Sl.3s Both complexes have strongly tempera- 
ture-dependent moments, falling monotonically from about 5.2 
pg at  room temperature to 1.87 and 0.88 pB at  4.2 K for Fe- 
( ~ y z ) , ( N C s ) ~  and F e ( p y ~ ) ( N C 0 ) ~ ,  respectively, and both exhibit 
susceptibility maxima at about 8 and 38 K, respectively. It is thus 
clear that magnetic exchange pathways are operative in both of 
these derivatives and that the exchange is antiferromagnetic. 

Magnetic susceptibility data for F ~ ( ~ ~ Z ) ~ ( N C S ) ,  in the 80-300 
K temperature range were reported by Figgis et ai? some years 
ago. Agreement between the earlier data and those obtained in 
the present study is poor. The data reported here were recorded 
over the temperature range 4.2-300 K on two separate occasions 
by using two independently prepared samples of Fe(pyz)2(NCS)2, 
and agreement between the two sets of data was excellent. In 
the earlier study2' neither the method of preparation nor any 
spectroscopic data were reported, so it is pointless to speculate 
on the reason for the poor agreement. 

The magnetic properties of Fe(pyz),(NCS), reported here are 
quite different from those of the monomeric5' Fe(py),(NCS),, 

(48) Lever, A. B. P. J .  Chem. Educ. 1974, 51, 612. 
(49) Lever, A. B. P.; Lewis, J.; Nyholm, R. S.  J .  Chem. SOC. 1964, 4761. 
(50 )  Haynes, J.  S. Ph.D. Thesis, University of British Columbia, 1985. 
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Table 11. Electronic Suectra of the Complexes 

abs max, cm-' compd 

F ~ ( ~ ~ Z ) ~ ( N C S ) ~  19400 12 900 10 200 
Fe(pyz)(NC0)2 16 000 11 200 

which has a temperature-independent moment of 5.5 M~ between 
90 and 295 K.s2 There are, however, several other thiocyanate 
complexes of iron(I1) that exhibit interesting magnetic phenomena. 
For example, F ~ ( P ~ ) ~ ( N C S ) ,  undergoes a metamagnetic transition 
at  approximately 6 K to a one-dimensional ferromagnetically 
ordered and the susceptibility vs. temperature curve of 
Fe(bpy)(NCS), (bpy = 2,2'-bipyridine) shows a maximum at 
about 18 K.s6 In both of the latter cases, however, the magnetic 
exchange interactions proceed via bridging thiocyanate networks, 
while in F e ( p y ~ ) , ( N c S ) ~  it is the neutral ligands that bridge the 
metal ions and propagate the superexchange. 

More directly comparable to F e ( p y ~ ) ~ ( N c S ) ~  is F e ( t r ~ ) ~ ( N c S ) ~  
(trz = 1,2,4-triazole, 4). X-ray powder photographss7 have shown 

H 

4 

the triazole complex to be isomorphous with C ~ ( t r z ) , ( N C s ) , , ~ ~  
which exists as a two-dimensional sheetlike polymer, formed by 
the triazole ligand using nitrogen atoms N(2) and N(4) to bridge 
adjacent centers. The thiocyanate groups are N-bonded in axial 
positions to complete the pseudooctahedral coordination. This 
is entirely analogous to structure 1 proposed for Fe(pyz),(NCS),. 
For the triazole compound, powder susceptibility datas7 reveal 
a maximum at  a temperature of 8.8 K, while single-crystal 
measurementss9 show a maximum in xM(T) at  12.2 K. In Fe- 
(pyz),(NCS), we find T(xmax) E 8 K, suggesting that, a t  least 
in these complexes, pyrazine and 1,2,4-triazole are roughly com- 
parable in propagating exchange interactions. 

As suggested by the proposed structure 1, we have analyzed 
the xM( 7') data for F e ( p y ~ ) ~ ( N c S ) ~  using Lines' high-temperature 
series expansion for a two-dimensional square-planar antiferro- 
magnet in the Heisenberg limit.60 A least-squares procedure 
allowed both J and g to vary so as to minimize the function F: 

where n is the number of data points. The best fit was obtained 
with J = -0.44 cm-' and g = 2.21 ( F  = 0.0655), and the calculated 
and experimental curves are shown in Figure 1. There is con- 
siderable disparity between the two in the vicinity of the sus- 
ceptibility maximum, and the parameters obtained from the fit 
are, a t  best, semiquantitative and should be viewed with caution. 
The discrepancies may be attributed to inadequacies in the model 
as applied to an S = 2 system. It is not usually possible to 
represent the magnetic properties of high-spin iron(I1) complexes 

S~ltofte. I.: Rasmussen. S. E. Acta Chem. Scand. 1967. 21. 2028. 
Gerloch, M.; McMeekin, R. F.; White, A. M. J .  Chem: SOC., Dalton 
Trans. 1975, 2452. 
Reiff, W. M.; Frankel, R. B.; Little, B. F.; Long, G. J. Inorg. Chem. 
1974, 13, 2153. 
Foner, S.; Frankel, R. B.; Reiff, W. M.; Little, B. F.; Long, G. J. Solid 
State Commun. 1975, 16, 159. 
Foner, S.; Frankel, R. B.; Reiff, W. M.; McNiff, E. .I.; Little, B. F.; 
Long, G. J. AIP Conf. Proc. 1975, No. 24, 363. 
Dockum, B. W.; Reiff, W. M. Inorg. Chem. 1982, 21, 391, 1406. 
Haasnwt, J. G.; Groeneveld, W. L. Z .  Naturforsch., B Anorg. Chem., 
Org. Chem. 1977, 328, 553. 
Engelfriet, D. W.; den Briken, W.; Verschoor, G. C.; Gorter, S. Acta 
Crystallogr., Sect. B Struct. Crystallogr. Cryst. Chem. 1979, 835, 
2922. 
Engelfriet, D. W.; Groeneveld, W. L.; Nap, G. M. Z .  Naturforsch., A:  
Phys., Phys. Chem. Kosmophys. 1980, 3SA, 852. 
Lines, M. E. J .  Phys. Chem. Solids 1970, 31, 101. 
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Figure 1. Temperature dependence of the magentic susceptibility for 
Fe(pyz),(NCS)*. The solid line was generated from the two-dimensional 
Heisenberg model of ref 60, with J = -0.44 cm-I and g = 2.21. 

accurately by using either a pure isotropic (Heisenberg) or an- 
isotropic (Ising) model (and there is no solution available for a 
two-dimensional k ing  model applicable to spin S = 2). In ad- 
dition, the model neglects zero-field-splitting effects and also 
ignores any extended three-dimensional order. In fact, it has been 
pointed out that Lines' model is not of quantitative value below 
the ordering temperature;60 accordingly, calculations were also 
done by employing the high-temperature data only ( T  > 8.0 K). 
An excellent fit to these data was obtained with J = -0.36 cm-' 
and g = 2.12 ( F  = 0.0112). 

For Fe(pyz)(NCO)* the susceptibility maximum is a t  ap- 
proximately 38 K, indicating substantially stronger magnetic 
interactions in this case. Spectroscopic data show both bridging 
pyrazine and bridging cyanate anions, and it is likely that both 
types of bridging groups contribute to some extent to the su- 
perexchange between metal centers. The presence of such a 
complex bridging network renders analysis of the susceptibility 
data more difficult. The exchange mechanisms are expected to 
be different through the pyrazine .rr system and through the 
(probable) >NCO bridge. In the extreme case where one path 
is dominant, the susceptibility may be represented by a one-di- 
mensional linear-chain model. At the other extreme where ex- 
change coupling proceeds equally through both bridging ligands, 
a two-dimensional model is more appropriate. 

We have therefore analyzed the magnetic data for Fe(pyz)- 
( N C 0 ) 2  via both a linear-chain model and a two-dimensional 
model, for S = 2 in the Heisenberg limit. Within this limit there 
are two theoretical approximations for an antiferromagnetic linear 
chain that may be applied to S = 2. Wagner and Friedberg61 
have scaled the exact results of Fisher62 to the series expansion 
results of Rushbrooke and Wood63 to obtain an expression for the 
temperature dependence of xu. The other approximation method 
is an interpolation scheme developed by Weng,& and we have used 
the coefficients generated by Hiller et to reproduce Weng's 
numerical results. 

Both linear-chain models produce similarly shaped curves with 
rather flat maxima. With the ranges of J and g values used, the 
computed curves never gave a satisfactory match to the experi- 
mental data for Fe(pyz)(NCO), over the entire temperature range. 
Employing only the experimental data above the ordering tem- 
perature ( T  > 27 K) and the Weng model, we obtained an ex- 
cellent fit to the high-temperature data with J = -5.18 cm-' and 
g = 2.28 ( F  = 0.0037). These parameters were used to generate 
the solid line in Figure 2a. Lines' two-dimensional model dis- 
cussed above also produced a good fit to the high-temperature 
data with J = -2.12 cm-' and g = 2.31 ( F  = 0.0048). The solid 
line in Figure 2b was generated by using these parameter values. 

Wagner, G. R.; Friedberg, S .  A. Phys. Lett. 1964, 9, 1 1 .  
Fisher, M. E. Am. J .  Phys. 1964, 32, 343. 
Rushbrooke, G. S.; Wood, P. S. Mol. Phys. 1958, I ,  251. 
Weng, C. H. Ph.D. Thesis, Carnegie-Mellon University, 1968. 
Hiller, W.; Strahle, J.; Datz, A.; Hanack, M.; Hatfield, W. E.; Giittich, 
P J Am. Chem. SOC. 1984, 106, 329 
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Figure 2. Temperature dependence of the magnetic susceptibility for 
Fe(pyz)(NC0)2. In (a) the solid line was generated from the linear- 
chain model of ref 64, with J = -5.18 cm-' and g = 2.28. The salid line 
in (b) is based on the 2D Heisenberg with J = -2.12 cm-I, g = 
2.31. 

The differences between the 1D and 2D theoretical predictions 
in Figure 2 are very suggestive.& Both models fit the experimental 
susceptibility data quite well on the high-temperature side of the 
maximum, but they fall in opposite senses on the low-temperature 
side, where the antiferromagnetic exchange interactions are most 
strongly manifested. This suggests that the true situation in 
Fe(pyz)(NCO), corresponds to something intermediate between 
the 1D and 2D Heisenberg models. Indeed, Mossbauer data 
discussed below show that the magnetic interactions are of a highly 
anisotropic 2D character (2D Ising-like), in agreement with this 
idea. It appears that some sort of averaging of the two theoretical 
curves in Figure 2 should be able to reproduce the experimental 
data quite closely. However, as there is no independent way of 
assessing what weighting factors to use in such an averaging 
process, we have not pursued this idea further. 

Comparison of our results for Fe(pyz)(NCO), with those for 
F ~ ( P ~ ) , ( N C O ) , ~ ~  is of interest, as both complexes are thought 
to contain 7 N C 0  ligands that use a one-atom bridge to link the 
metal centers. This results in a linear-chain structure for the 
pyridine complex and a cross-linked linear chain in the pyrazine 
derivative. Despite this structural similarilty, the magnetic 
properties of the complexes are strikingly different. F e ( p y ~ ) ~ -  
(NC0)2  orders antiferromagnetically, whereas Fe(py),(NCO), 
is f e r r o m a g n e t i ~ . ~ ~  The lack of X-ray structural data for both 
complexes makes it difficult to explain this difference in magnetic 
properties, although the following rationale seems reasonable. 
Since Fe(py),(NCO), is ferromagnetic, the orbital overlap through 
the nitrogen atom of the bridging cyanate group must be or- 
thogonal. A similar intruchuin ferromagnetic interaction might 
be expected in Fe(pyz)(NCO)2. The chains in the pyridine de- 
rivative are effectively isolated, whereas in the pyrazine complex 
they are linked by pyrazine bridges. The 7c system of pyrazine 
is likely to present an interchain antiferromagnetic exchange 
pathway, and if neighboring ferromagnetic chains are coupled 
antiferromagnetically, a net antiferromagnetic interaction would 
result. 

57Fe Miissbauer Spectra. At 293 and 78 K both complexes show 
simple quadruple-split Mossbauer spectra, with isomer shift and 
quadrupole splitting values (Table 111) typical of pseudooctahedral 
high-spin iron(l1) compounds. The isomer shifts are very similar 

(66) Papaefthymiou, V., personal communication. 



Magnetic Exchange in pyz-Bridged Complexes 

Table 111. Mossbauer Parameters of the Complexes 
6,' m,, r, 

compd T, K mm s-' mm s-I mm s-' refb 
Fe(pyz)2(NCS)2 293 1.01 2.45 0.32 

78 1 . 1 1  2.63 0.34 
Fe(py~)(NC0)~ 293 1.05 2.04 0.35 

78 1 .17  2.75 0.43 
Fe(py),(NCS)4 RT' 1.05 1.54 0.25 42 

78 1.17 2.01 0.26 
F e ( ~ y z ) ~ ( N C 0 ) ~  RT 1.09 1.54 0.42 42 

78 1.21 2.16 0.42 

'Relative to metallic iron at room temperature. bThis work, unless 
otherwise noted. CRoom temperature. 

to those reported42 for F e ( p ~ ) , ( N c s ) ~  and F e ( p ~ ) , ( N c o ) ~ ,  
presumably a consequence of the identical FeN4N'2 chromophores 
in all four complexes. On the other hand, the quadrupole splittings 
of the pyrazine derivatives are substantially greater than those 
of the pyridine complexes, indicating larger pseudotetragonal 
distortions in the present compounds. The large quadrupole 
splittings in F e ( p y ~ ) ~ ( N C s ) ~  and F e ( p y ~ ) ( N C o ) ~  are diagnostic 
of orbitally nondegenerate ground states,6's6* and as we shall see 
below the ground state in both cases is 5B2g, the same as in the 
two pyridine complexes. 

In view of the susceptibility maxima observed for the pyrazine 
derivatives, detailed low-temperature Mossbauer measurements 
were made in order to study the onset of magnetic ordering. For 
F e ( p ~ z ) ~ ( N C s ) ~  spectra were recorded in the range 1.8-1 2 K, 
and for Fe(pyz)(NC0)2 in the range 4.2-40 K. 

At 9.8 K the Mossbauer spectrum of F e ( p y ~ ) ~ ( N c S ) ~  remains 
a symmetric quadrupole doublet with narrow lines. At slightly 
lower temperatures the doublet begins to broaden asymmetrically 
and magnetic hyperfine structure is apparent a t  9.1 K. At 8.4 
K we observe a fully magnetically split spectrum, although with 
very broad lines that result from relaxation effects that are oc- 
curring within the Mijssbauer frequency window (- lo7 s-l). Line 
broadening persists down to about 7 K, and between 7 and 9 K 
satisfactory simulations of the spectra could not be achieved by 
using a static molecular field 

In a preliminary reportZ8 we tentatively assigned the Ndel 
transition temperatures as TN = 9.1 f 0.2 K, as this is where the 
onset of hyperfine structure is observed, but it now appears that 
this assignment is probably in error. The susceptibility maximum 
occurs a t  -8 K, and as the critical point should correspond to 
the point of maximum slope on a x M  vs. T plot, it is clear from 
Figure 1 that this must occur on the low-temperature side of the 
maximum. In fact, it is quite usual in low-dimensional magnetic 
systems to find TN significantly below T ( x ~ ~ ~ ) . ~ ~  However, our 
inability to simulate the spectra in the 7-9 K region precludes 
an accurate determination of the Ndel point a t  this time. 

The line broadening observed in this temperature range may 
arise either from slow single-ion relaxation effects or from soliton 
(domain wall)  dynamic^.^^-^^ We are undertaking detailed analysis 
of the spectra using methods outlined by de Jongh et al.,72 as well 
as some experiments on samples of Fel,Zn,(pyz)2(NCS)2. This 
work should enable us to distinguish between single-ion and soliton 
effects and to determine the critical point precisely. 

Below 7 K the lines are narrow again and the Mossbauer spectra 
of F e ( p y ~ ) ~ ( N c S ) ~  are accurately reproduced by a static molecular 
field model based on the results of K i i r ~ k i g . ~ ~  In this method the 
parameters employed to calculate a theoretical spectrum are the 
isomer shift 6, the line width r, the magnitude and sign of the 
quadrupole coupling constant e2qQ, the asymmetry parameter 9 

(67) Sams, J. R.; Tsin, T. B. Inorg. Chem. 1975, 14, 1573. 
(68) Haynes, J. S.; Hume, A. R.; Sams, J. R.; Thompson, R. C. Chem. Phys. 

1983, 78, 127. 
(69) de Jongh, L. J.; Miedema, A. R. Adu. Phys. 1974, 23, 1. 
(70) de Groot, H. J. M.; de Jongh, L. J.; Thiel, R. C.; Reedijk, J. Phys. Rev. 

B 1984, 30, 4041. 
(71) Smit, H. H. A.; de Groot, H. J. M.; Thiel, R. C.; de Jongh, L. J.; 

Johnson, C. E.; Thomas, M. F. Solid Srore Commun. 1985, 53, 573. 
(72) de Jongh, L. J.; de Groot, H. J. M.; EIMassalami, M.; Smit, H. H. A.; 

Thiel, R. C. Proc. In?. Con$ Appl. M6ssbouer Eff. 1985, paper INV-9. 
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Figure 3. Mossbauer spectra of Fe(pyz)2(NCS)2 in the antiferromag- 
netically ordered regime. The simulations are based on the hyperfine 
parameters given in Table IV. 

Table IV. Hyperfine Parameters Determined from Simulations of 
Mossbauer Spectra below TN 

param Fe(pyz)ANCS), Fe(pyz)(NCOh 
6, mm s-I 1.14 f 0.01 1.17 f 0.01 
AEQ, mm s-I +2.71 f 0.05 +2.78 f 0.03 
7 0.00 f 0.05 0.47 f 0.01 
8,  deg 40.9 f 0.2 92.0 f 0.3 

Her,, T 27.8 f 0.1' 18.0 f O . O l b  
6 deg 90 f 2 

"At 1.80 K. bAt 4.20 K. 

of the electric field gradient (EFG), the effective magnetic field 
a t  the nucleus ITeff, and the polar angles 0 and 4 that specify the 
direction of the hf field with respect to the EFG axis system. Some 
representative spectra are shown in Figure 3, where the solid lines 
were computed from the parameters given in Table IV and ap- 
propriate values of ITefp These results provide strong support for 
the proposed structure 1 of Fe(pyz)z(NCS)z. 

The EFG is effectively axial, with its principal component V, 
coincident with the N(anion)-Fe-N(anion) axis, Le., normal to 
the p ~ l y - F e ( p y z ) ~ ~ +  sheets. The positive e2qQ indicates a tet- 
ragonal compression of the FeN4N'2 chromophore, with the Fe- 
N(anion) distance somewhat shorter than the Fe-N(pyz) distance, 
and a nondegenerate SB2g ground state ( I x y )  orbital lowest in 
energy). Because of the axial symmetry, all orientations of the 
hf field with respect to the xy plane are equally probable and hence 
the angle 4 is indeterminate. The angle 0 is found to be 41°, 
showing that the internal field is tipped significantly out of the 
xy plane, whereas for structure 1 one might expect 0 = 90'. The 
observed angle may result from a canting of the pyrazine rings 
out of the xy plane so as to maximize overlap between the ap- 
propriate iron d orbitals and the pyrazine T system for propagation 
of the magnetic exchange. Alternatively, it may be that the 
single-ion anisotropy tends to favor the spins along the z direction, 
and the exchange interactions through pyrazine are not sufficiently 
strong to align them in the xy plane. It does not seem possible 
to resolve this question in the absence of an X-ray structure 
determination. 

The saturation value of the hf field a t  the iron nucleus in 
F e ( p y ~ ) ~ ( N c S ) ~  is approximately 28 T. For high-spin iron(I1) 
the Fermi contact term is expected to be about 5 5  T, but this will 
be reduced by covalency, by the anisotropy, and by the opposing 
orbital and dipolar contributions. The orbital term should be 
relatively small in view of the near spin-only moment a t  high 
temperatures and the nondegenerate ground state. On the other 
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Fv 4. Mijssbauer spectra of Fe(pyz)(NCO), near the Nee1 transition. 
For a discussion of the simulated spectra, see the text. 

hand, the dipolar contribution, which is proportional to V,,, is 
probably significant here. When covalency is also considered, the 
observed value of Heff = 28 T seems very reasonable. 

Mossbauer spectra of Fe(pyz)(NCO)z are essentially inde- 
pendent of temperature between 78 and about 31 K. There is 
a slight temperature-independent asymmetry in the intensities (but 
not widths) of the two lines of the quadrupole doublet a t  78 K, 
which persists down to 3 1.4 K and which we attribute to a texture 
effect. Below 31 K the spectrum becomes more asymmetric, the 
low-velocity line broadening more than the high-velocity one 
(Figure 4), probably as a result of residual short-range correlations 
between metal centers. (Note that this is a t  a temperature well 

V E L O C I T Y  / m m  5-1 

I ,  I ,  I I I , I t  I I I I I  

~ K 

I ' I ' I ' I ' I ' I ' I ' I  
-7 -5 - 3  -1 1 3 5 7 

V E L O C I T Y  / m m  5-1 

Table V. Temperature Dependence of the Hyperfine Field and Area 
Ratio for Fe(uvzNNCO), 

4.2 17.9 1 .ooo 25.4 14.7 0.657 
18.2 17.5 1 .ooo 25.8 14.3 0.595 
22.4 16.7 0.952 26.2 13.8 0.522 
23.5 16.2 0.893 26.6 12.7 0.399 
24.4 15.7 0.813 26.8 11.2 0.306 
25.0 15.1 0.722 27.0 6.8 0.163 

Fraction of the total spectral area contributed by the antiferro- 
magnetic phase. 

below the susceptibility maximum.) In this case, however, there 
is no gross broadening such as that observed for the thiocyanate 
complex, and there is no difficulty in identifying the Ndel tem- 
perature a t  TN = 27.05 f 0.05 K. 

Between TN and 22.4 K the Mossbauer spectra consist of two 
components, a magnetic hfs pattern and a quadrupole doublet 
arising from a superparamagnetic (SPM) phase. As can be seen 
in Figure 5, the contribution of the SPM component (most evident 
in the line at -+2.5 mm s-l) gradually decreases as the tem- 
perature is lowered, and below 22 K only the hfs pattern is de- 
tected. This critical SPM behavior may be due to the presence 
of a fairly broad distribution of domain sizes resulting from the 
very rapid precipitation of the complex from solution. 

All the Mossbauer spectra of Fe(pyz)(NCO)z at  T < 27.0 K 
were well similated with the parameters quoted in Table IV and 
the hf fields and SPM fractions in Table V. These simulations 
were found to be very sensitive to the angles 0 and 4 and to the 
asymmetry parameter 1. The parameters in Table V allow one 
to rule out 3 as a possible structure of the complex. As is the case 
with 1, structure 3 would give an axially symmetric EFG (7 = 
0), and the angle 4 would be indeterminate. On the basis of 
structure 2, however, an entirely plausible interpretation of the 
parameters can be given. 

The much higher TN found for Fe(pyz)(NC0)2 than that of 
Fe(pyz)z(NCS)z ( 6 8  K) indicates that exchange interaction 
through the >NCO bridges is considerably stronger than that 
through the pyrazine rings. The simulations require that 8 = 4 
= 90°, so that He, is essentially parallel to V,,,,. Accordingly, we 

-7 -5 - 3  -1 1 3 , 5  7 
V E L O C I T Y  / m m  s- 

Figure 5. Mossbauer spectra of Fe(pyz)(NC0)2 below the Nee1 point. The simulations employed the parameters given in Tables IV and V. For the 
spectrum at 22.4 K, the upper simulation assumes only an antiferromagnetic phase, while the lower one includes a small superparamagnetic contribution. 
Both components are included in all spectra at T > 22.4 K. 
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Figure 6. Double logarithmic plot of the hf field of F e ( ~ y z ) ( N C 0 ) ~  as 
a function of reduced temperature in the critical region. The straight 
lines were constructed by linear regression and give the critical exponents 
indicated in the figure. 

take Herr and t h e y  axis of the EFG to be along the linear-chain 
direction in 2. Although the EFG z axis might be taken either 
parallel to the pyz-Fe-pyz direction or normal to the sheets of 
cross-linked linear chains, the latter choice seems the more rea- 
sonable. Since e2qQ > 0 and 11 = 0.47, an axially compressed 
structure with inequivalent x and y directions is required. Such 
a structure would result if, as expected, the Fe-N(anion) bonds 
were shorter than the Fe-N(pyz) bonds and the x axis of the EFG 
lies along the pyz-Fe-pyz direction. 

The hf field data in Table V indicate that Hen saturates rapidly 
below TN, much more rapidly than a Brillouin function.2* This 
temperature dependence provides additional support for the low- 
dimensional nature of this system. In the critical region the 
sublattice magnetization, M( T), is given by69 

M ( T ) / M ( O )  = B(l  - T / T N ) @  (2) 
where M(0)  is the saturation magnetization, B the amplitude of 
the singularity, and p the critical exponent. With the usual 
assumption that the hf field is proportional to the magnetization, 
a plot of In [H(T)/H(O)] vs. In (1 - T / T N )  should yield a straight 
line whose slope is 0. For 3D lattices 0 is about whereas the 
2D Ising model gives p = 1/8.’3 (A 2D Heisenberg system cannot 
support spontaneous magnetization at  a finite temperature.) It 
was therefore of interest to evaluate /3 from the data in Table V. 
In the range 0.8 6 T/TN S 0.98 we find /3 = 0.12 and B = 1.14, 
although closer to TN there is an apparent change in the slope 
and 6 rr, 0.3 (see Figure 6 ) .  Such crossover in the’value of the 
critical exponent has been reported previously in K2MnF474 and 
Rb2FeF4,75 and there are at least two possible explanations of this 
behavior. 

In Fe(pyz)(NCO)2 there are in fact three possible magnetic 
interaction pathways: the intrachain coupling J via the >NCO 
bridges; the interchain coupling J’ through the pyrazine ?r system; 
and an interlayer interaction J” between the sheets. From the 
fact that the hf field lies along a particular direction (V,), we 
conclude that IJI >> IJ1, so that the magnetic structure within the 
layers is 2D Ising-like. For the sake of the present argument we 
can therefore ignore J’ and think of J as an intralayer coupling 
constant. The observation of long-range 3D ordering in the 
Mossbauer spectra shows that Jr’ # 0, but as TN is well below 
T(xmax), it is clear that IJ’1 << 14. In such a case, as de Jongh 

(73) Fisher, M. E. Rep. Prog. Phys. 1967, 30, 615. 
(74) Ikeda, H.; Hirakawa, K. J .  Phys. SOC. Jpn. 1972, 33, 393. 
(75) Birgenau, R. J.; Guggenheim, H. J.; Shirane, G. Phys. Reu. B 1970,1, 

2211. 

Inorganic Chemistry, Vol. 26, No. 16, 1987 2637 

and Miedema have discussed,69 the temperature dependence of 
the spontaneous magnetization over a considerable range of 
temperature should be that of a 2D Ising system, except very near 
the critical p i n t  where the influence of J”wil1 become apparent, 
since any system with J” # 0 is ultimately 3D in character. This 
is in accordance with the universality hyp~thesis,’~,~~ which states 
that close enough to the critical point the value of p should be 
independent of the ratio I J ” / J I ,  except when J” = 0, where it 
should change discontinuously from the 3D to the 2D value. One 
could therefore define a crossover temperature P, below which 
the system behaves two-dimensionally with /3 = whilst in the 
range TN-P the system behavior is three-dimensional with @ 

the range TN-T* depending on the ratio IJ”/JI. 
On the other hand, Birgenau et al.78 have pointed out that such 

an apparent change in the value of p can also result from a small 
spread in the critical temperature, a possibility we cannot rule 
out in the present case. We have therefore not attempted to 
estimate lJ”/JI. However, it should be mentioned that the value 
1.14 for the amplitude B is close to the 2D Ising value of 1.24 
but very different from the 3D king prediction ( B  N 1.52).69 
Thus, the 2D Ising characteristics of F e ( p y ~ ) ( N C o ) ~  have been 
clearly demonstrated. 

A somewhat different situation is encountered in Fe(pyz)- 
(CF3S03)2, where the linear chains in 2 are formed by bidentate 
bridging CF3S03- ions.28,50 The exchange coupling is again of 
an antiferromagnetic nature, with a susceptibility maximum at  
4.4 K, and Mossbauer spectra indicate TN -3.8 K. However, 
the intralayer anisotropy is much smaller than in the case of 
Fe(pyz)(NC0)2, the susceptibility data in the range 1.9 K 6 T 
6 120 K being very well reproduced by a 2D Heisenberg model.50 
For the triflate complex it appears that exchange interactions via 
the pyrazine rings and those via the 0-S-0 bridges are of com- 
parable magnitude. 

In general, the situation regarding magnetic exchange in iron(I1) 
complexes with bridging pyrazine ligands is by no means 
straightforward. Complexes of the types Fe(pyz),X, with terminal 
anionic ligands and Fe(pyz)X2 with bridging anions as well as 
bridging pyrazine show a variety of magnetic proper tie^.^^ The 
presence of an Fe-pyz-Fe pathway is obviously not a sufficient 
condition for the occurrence of significant magnetic exchange. 
In both types of complexes it appears that the nature of the anionic 
group may be playing an important role, but it does not seem 
possible a t  present to correlate the different magnetic properties 
with either electronic or steric features of the anions. It may be 
that small differences in pyrazine ring orientation can affect 
significantly the efficiency of exchange through this ligand, and 
single-crystal X-ray structural data would be invaluable in this 
regard. 
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