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The high-spin tetrakis(pyridine)iron(II) complexes Fe(py),X2, where X is C1, Br, I, NCO, NCS, and NCSe, have a tetragonally 
distorted trans octahedral structure. Magnetically perturbed Mossbauer spectra for each of these compounds indicate a 
positive electric field gradient tensor and a nondegenerate orbital ground term. An angular overlap analysis of the quadrupole 
interaction in these compounds indicates that, relative to chlorine and bromine and the pseudohalides, pyridine is a poor 
r-bonding ligand and is comparable to iodine. The high-spin pseudooctahedral Fe(py),X2 complexes, where X is CI, Br, 
NCO, NCS, and NCSe, have polymeric linear-chain structures with bridging anions and trans pyridine ligands. The thiocyanate 
and selenocyanate complexes have both nitrogen and sulfur or selenium coordinated to adjacent iron atoms whereas the 
cyanate anion bridges via a three-center bond at the nitrogen atom. The Mossbauer spectra of the bis(pyridine) chloride, 
thiocyanate, and selenocyanate complexes reveal spontaneously ordered one-dimensional ferromagnets at 4.2 and 1.3 K. 
The Mossbauer spectrum at 4.2 and 1.1 K reveals that Fe(py),Br2 is paramagnetic. No spontaneous ordering is observed 
at 4.2 K in a 6-T applied field. The electronic spectra at room temperature and at 23 K for all of these complexes have 
been evaluated in terms of the angular overlap model. The results indicate that pyridine is a better u-bonding ligand than 
the halide or pseudohalide ligands. In general, the monodentate nonbridging halides and pseudohalides are better cr-bonding 
ligands than are the bridging ligands. The infrared and powder X-ray diffraction results-which indicate many isomorphisms 
with the analogous cobalt and nickel complexes-are consistent with the above structural assignments. All evidence indicates 
that Fe(py),12 has a pseudotetrahedral structure. 

Introduction 
The bis- and tetrakis(pyridine) complexes of iron(I1) halides 

and pseudohalides provide a means to study the structural, 
magnetic, and electronic properties of a compound as a 
function of the iron-ligand bond. This paper, a continuation 
of our earlier work on Fe(py),ClZ1 and Fe(py)z(NCS)2,z 
reports an investigation of the chloro, bromo, iodo, cyanato, 
thiocyanato, and selenocyanato complexes with pyridine. The 
incentive for this further work results from the structural 
isomers possible for the bis complexes, the existence of a 
metamagnetic t r a n ~ i t i o n , ~ * ~  and a structural phase transition5 
in certain of these complexes, as well as their suitability for 
study by optical and Mossbauer spectral techniques. Although 
there have been many earlier Mossbauer e f f e ~ t , ~ - ’ ~  mag- 
netic,6~8~1618 infrared,lg optical,8~20~21 and 1 ~ 1 4 ~ 1 5  studies 
of individual iron-pyridine complexes, this work represents the 
first unified study of the bonding in these complexes for a series 
of anions. 
Experimental Section 

All operations were carried out in a Vacuum Atmospheres Inc. 
inert-atmosphere glovebox filled with nitrogen. Solid reagent grade 
chemicals were used without further purification. All solvents were 
dried and deoxygenated by standard laboratory procedures. Spec- 
troscopic grade pyridine was either distilled under a steam of dry 

nitrogen or stored over a molecular sieve. Elemental analyses for all 
compounds are reported in Table I.22 

Preparation of Tetrakis(pyridine)iron(II) Complexes. These 
complexes were prepared by modifications of previously reported 
p r o ~ e d u r e s . ’ ~ ~ J ~ ~ ~ ~ ~ ~ ~  These compounds are stable for many months 
when stored in an inert atmosphere in the dark. More synthetic details 
are available elsewhere.24 

Preparation of Bis(pyridine)iron(II) Complexes. Fe(py),CI2 was 
prepared directly according to method A described previously by Long 
et a1.I 

In the preparation of F e ( ~ y ) ~ B r ~ ,  0.022 mol of bromine, dissolved 
in 25 mL of deoxygenated methanol, was slowly added to an excess 
of reduced iron powder, stirred for several hours, and filtered twice 
to remove all traces of iron. To this solution 0.045 mol of freshly 
distilled pyridine was slowly added with stirring. A yellow crystalline 
precipitate formed within several minutes and was filtered, washed 
with a 50% by volume solution of anhydrous methanol and diethyl 
ether, and dried for 1 h under a static vacuum. 

Fe(py),12 was prepared by heating Fe(py),12 under vacuum at 82 
OC for 8 h in an Abderhalden drying apparatus. During this heating, 
the bright yellow crystals of the tetrakis complex underwent a 25.28% 
weight loss, a 50.0% pyridine loss, and became light yellow. 

Fe(p~) , (Nc0)~ was prepared from Fe(p~) , (Nc0)~ by two different 
thermolytic procedures. In the first, hydrogen gas (purified by passage 
over copper turnings and iron wool at 550 OC and then through a liquid 
nitrogen trap) was passed over F e ( ~ y ) , ( N c 0 ) ~  in a reduction tube 
held at 88 OC for 16 h. The weight loss of 34.6% corresponded to 
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a loss of 49.9% pyridine. The yellow tetrakis complex changed to 
pale yellow during thermolysis. In the second, preferable, procedure, 
the thermolysis was carried out by heating F e ( ~ y ) , ( N c 0 ) ~  in a 
vacuum of ca. torr at 5 5  "C for 19 h. The weight loss of 34.16% 
corresponded to a loss of 49.3% pyridine and the same color change 
occurred. Special care is necessary to prevent exposure of the product 
to oxygen and water. The temperature of thermolysis must be carefully 
controlled at 5 5  "C. Above 62 "C, excess pyridine is lost. Below 
5 5  OC, the required loss of pyridine becomes excessively time con- 
suming. Carbon, hydrogen, and nitrogen analyses for this compound 
are not reported in Table 1'' because an apparent decomposition in 
transit or during analysis at the microanalytical laboratory resulted 
in random and meaningless results. The value for iron given in Table 
IZ2 is the average of four values obtained on four different preparations. 
A spectrophotometric analysis in absolute methanol found 52.6% by 
weight of pyridine in two different samples. Fe (~y) , (Nc0)~  is 53.1% 
by weight pyridine. 

Fe(py),(NCS)2 was prepared by thermolysis of Fe(py),(NCS), 
under a stream of pure hydrogen (obtained as described above) for 
8 h at 140 "C. The sample lost 32.46% of its weight and 50.1% of 
its pyridine, and the product is light yellow. The purified hydrogen 
prevented the formation of trace amounts of an iron(II1) thiocyanate 
speciesZ5 which absorbs at ca. 20000 cm-'. 

Fe(~y) , (NcSe)~ was prepared by the thermolysis of F e ( ~ y ) ~ -  
(NCSe), under a stream of pure hydrogen (obtained as described 
above) for 10 h at 140 "C. The sample lost 26.84% of its weight and 
49.4% of its pyridine, and the product is light yellow. When a small 
sample of Fe(py),(NCSe), was exposed to the atmosphere, its color 
changed to a rust red within 10 min. 

The cobalt and nickel complexes, used primarily for X-ray 
comparative studies, were prepared by standard methods such as those 
presented in ref 26 and e l ~ e w h e r e . ~ ~ - ~ l  More details are presented 
elsewhere.24 

Physical Measurements. Electronic absorption spectra were re- 
corded on a Cary 14 in Fluorolube GR-90 grease mulls placed between 
quartz plates. The highly air-sensitive compounds were studied by 
a technique21 in which the sample was mixed with finely ground KBr. 
The resulting mixture was pressed between two layers of KBr. 
Low-temperature electronic spectra were obtained on an Air Products 
and Chemicals Inc. AC-2 Cryo-Tip refrigerator. Sample temperature 
was measured with a chromel-constantan thermocouple. The infrared 
spectra were obtained on a Perkin-Elmer 180 spectrometer in both 
KBr and CsI pressed pellets. In some instances the pressed pellet 
sandwich technique described above was used. The low-temperature 
spectra were obtained in a specially designed cell." The magnetic 
measurements were made on either a Gouy or a Faraday balance36 
calibrated37 with HgCo(NCS),. Powder X-ray diffraction patterns 
were obtained with a Straumannis camera and Ni-filtered Cu ra- 
diation. The Mossbauer spectral results between 78 K and room 
temperature were obtained on an Austin Science Associates spec- 
trometer equipped with a room-temperature copper-matrix source. 
Results obtained at 4.2 K and lower used a Harwell Mossbauer 
spectrometer with a room-temperature rhodium-matrix source. Both 
spectrometers were calibrated with natural a-iron foil. For the 4.2 
K and lower temperature spectra, the sample was immersed directly 
in liquid helium and its temperature was obtained by vapor pressure 
measurement. The National Bureau of Standards PARLOR computer 
program38 was used to evaluate the paramagnetic Mossbauer spectral 
results. The magnetically ordered spectra were evaluated by using 
the FITH computer program developed by Lang and Dale.39 Carbon, 
hydrogen, and nitrogen analyses were performed under a nitrogen 
atmosphere by Galbraith Laboratories, Inc., Knoxville, Tenn. 

Results and Discussion 
All of the compounds were prepared and handled in an 

oxygen-free nitrogen-atmosphere glovebox. This is essential 
to prevent decomposition of the bis compounds and all of the 
compounds when in solution. The tetrakis(pyridine) com- 
pounds are bright yellow and the bis(pyridine) compounds are 
pale yellow when pure and turn brown upon exposure to 
oxygen. The relative order of stability against oxidation for 
the complexes is C1 > Br = N C S  > I - NCSe > NCO.  

The results of a thermogravimetric study of the tetrakis 
complexes is reported elsewhere.40 With the exception of the 
F ~ ( P ~ ) ~ ( N C O ) ~ ,  each of the compounds shows an endothermic 
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Scheme I. X-ray Structural Correlationsa 
42,43 A .  Fe(p~)4Cl :~  - C 0 ( p y ) q C 1 2 ~ ~  - Ni(py),+Cl~ 

sr: sr: 

* 

e 

sr 
Fe(py)2(NCS)2 - C O ( ~ ~ I ~ ( N C S ) : ~  

t I 
Fe(py)2(NCSe)2 - Co(py)e(NCSe )2  

a Superscripts refer to text references to single-crystal 
structural work. - indicates isomorphous or structurally 
similar compounds; CSCL indicates nonisomorphous compounds. 

pyridine weight loss to form the bis(pyridine) complexes. Our 
results are in substantial agreement with the previous results 
reported by Tominaga et al.14 l5  and othersS4l F e ( ~ y ) , ( N c 0 ) ~  
shows a continuous 68.2% endothermic weight loss above 55 
O C  corresponding to the loss of 4 mol of pyridine. This 
continuous weight loss indicates the instability of Fe(py),- 
(NC0)2  at  temperatures above approximately 60 "C and the 
need for the use of lower temperature in its preparation. 

The X-ray powder diffraction patterns for all of the bis- and 
tetrakis(pyridine)iron(II) complexes and related complexes 
have been measured, and their d spacings are  presented in 
Table II.22 The X-ray d spacings indicate that several of these 
compounds are isomorphous or a t  least structurally similar to 
each other and to compounds whose single-crystal structures 
are known.33a42-49 These correlations are presented in Scheme 
I. 

The X-ray powder diffraction results for the tetrakis- 
(pyridine) halide complexes indicate that complexes with a 
given halide are  isomorphous. A distorted trans octahedral 
coordination geometry has been confirmed by single-crystal 
work on the chlorides42 and on N i ( ~ y ) ~ I 2 ~  and is e x p e ~ t e d ~ ~ ~ ~ ~ ~ ~ '  
for the bromide complexes. The single-crystal structure44 of 
F ~ ( P ~ ) , ( N C S ) ~  indicates that it is a distorted trans octahedral 
complex with a nitrogen-bonded thiocyanate. The remaining 
thiocyanate and selenocyanate complexes are a t  least struc- 
turally similar to this compound. Fe(py),C12 is isomorphous 
at room temperature with a-Co(py),C12 whose polymeric 
linear-chain distorted octahedral structure is k n ~ w n . ~ ~ , ~ '  
Fe(py),Br2 is not isomorphous with Co(py),Br2 which is known 
from X-ray4* and s p e c t r o s c ~ p i c ~ ~ ~ ~ ~ - ~ ~  studies to be pseudo- 
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Table IV. Mossbauer Spectral Parameters" 
compd T ,  K s AEQ r l b  rzb e compd T ,  K s M~ rlb r2b E 

Fe(PY),C1, room temp 1.08 0.57 0.25 0.25 4 Fe(py),Cl, room temp 1.06 3.08 0.31 0.31 3 
273 1.09 0.56 0.24 0.27 5 78 1.18 3.49 0.30 0.30 16 
244 1.10 0.55 0.25 0.26 7 4.2 1.10 3.42 0.24 0.24 
233 1.11 0.55 0.26 0.26 7 1.32 1.05 3.48 0.28 0.31 
195( 1.13 0.56 0.20 0.26 3 

1.15 1.14 0.26 0.24 5 
78 1.21 1.25 0.34 0.32 9 

F ~ ( P Y  1 2  Brz room temp 1.03 0.82 0.32 0.32 3 

78 1.15 1.18 0.27 0.27 6 
2 30 1.06 1.10 0.27 0.25 

4.2 1.14 1.53 0.32 0.31 
1.10 1.15 1.54 0.37 0.37 

F~(PY),I, room temp 0.76 0.94 0.31 0.27 1 
78 0.86 1.33 0.26 0.25 5 

Fe(py),(NCO), room temp 1.09 1.54 0.44 0.39 1.5 
78 1.21 2.16 0.39 0.44 4 

Fe(py),(NCS), room temp 1.02 2.60 0.26 0.26 6 
78 1.12 3.02 0.31 0.31 12 

4.2 0.95 1.81 0.30 0.31 

4.2 1.16 2.56 0.38 0.38 
1.28 1.14 2.80 0.32 0.32 

Fe(py),(NCSe), room temp 1.00 2.83 0.27 0.28 1.5 
78 1.13 3.14 0.28 0.27 5 
4.2 1.15 2.56 0.38 0.38 
1.33 1.16 2.53 0.37 0.37 

Fe(py),Br, room temp 

I8 
4.2 

F ~ ( P Y ) J ~  room temp 

Fe(py),(NCO), room temp 

Fe(py),(NCS), room temp 

78 
4.2 

78 
4.2 

78 
4.2 

Fe(py),(NCSe), room temp 
78 

1.03 2.20 0.23 0.22 1 

1.09 2.86 0.25 0.26 5 
1.09 2.86 0.27 0.28 

0.99 0.33 0.24 0.28 2 
1.11 0.53 0.27 0.28 8 
1.12 0.65 0.26 0.25 
1.04 2.43 0.23 0.23 3 
1.16 2.62 0.28 0.28 20 
1.12 2.75 0.33 0.33 
1.05 1.54 0.25 0.24 2 
1.17 2.01 0.26 0.26 8 
1.16 1.90 0.35 0.32 

1.06 0.76 0.27 0.25 3 
1.17 0.91 0.26 0.26 4 

" Relative to natural a-iron foil, Full width at half-maximum for low-velocity line and high-velocity line rz. 

tetrahedral, whereas it is isostructural with octahedralS5 
Ni(py),Br,. The bis(pyridine) iodide complexes are all iso- 
morphous or structurally similar. Unfortunately no single- 
crystal structure is available for the iodide complexes, but 
spectral studies indicateZ4J8 that the complexes are pseudo- 
tetrahedral. The iron and cobalt thiocyanate and seleno- 
cyanate complexes are isostructural with Co(py),(NCS), 
whose single-crystal structure49 indicates a linear-chain 
polymeric octahedral geometry. 

Magnetic Susceptibility Results. The results of our vari- 
able-temperature magnetic studies are given in Table IIIZ2 and 
are in agreement with those available from previous stud- 
ies.7,8J6J7,21 The results are consistent with our formulation 
of these compounds as  pseudooctahedral high-spin iron(I1) 
compounds with a ST,, ground state whose orbital degeneracy 
is removed by a low-symmetry crystal field. The temperature 
dependence of the magnetic moment for these complexes has 
been theoretically studied56 as a function of electron delo- 
calization, spin-orbit coupling, and distortion. The distortion 
is expressed in terms of A, the splitting between the d, and 
the d,, dYz orbitals (or the SB2, and 5E, states), and is positive 
if the d, orbital is lowest. Because this model is far from 
unique in its determination of the magnitude and sign of A,16 
no calculations have been attempted. However, in no instance 
are the results for the tetrakis complexes inconsistent with the 
predictions of this model. Earlier work16 on Fe(py),Br, and 
Fe(py),I, has indicated that A is most likely positive, a result 
also confirmed for Fe(py),(NCS), via single-crystal magnetic 
anisotropy measurements." 

The result is different for the bis(pyridine) complexes. At 
temperatures above ca. 100-150 K, the moments of these 
compounds are reasonable for distorted paramagnetic iron(I1) 
complexes. However, in some instances, at lower temperatures, 
the magnetic moments increase dramatically with decreasing 
temperature. Low-temperature magnetic  measurement^'-^ 
have revealed that Fe(py),Clz and Fe(py),(NCS), undergo 
a low-temperature metamagnetic transition to one-dimensional 
ferromagnetically ordered compounds with very weak bulk- 
antiferromagnetic coupling between chains. The critical 
ordering temperatures were found4 to be 7 K for Fe(py),Cl, 
and 6 K for Fe(py)*(NCS)*. The temperature range studied 

for Fe(py),Br2 would not be inconsistent with ordering at lower 
temperatures. However, the Mossbauer effect spectrum (see 
below) does not indicate any magnetic ordering above 1 , l  K 
in this compound. 

A plot of the magnetic moment and recriprocal susceptibility 
of Fe(py),(NCO), is presented in Figure 1. Down to ca. 150 
K the moment is typical of high-spin iron(I1) complexes. 
Below this temperature, the moment begins to increase 
uniformly, as a result of the onset of ferromagnetic coupling 
through the bridging cyanate group between adjacent iron(I1) 
sites in this polymer. This compound, which we believe to have 
only the nitrogen atom from the cyanate ligand bridging the 
metals, must have a rather high critical ordering temperature 
in order for these effects to be observed a t  ca. 100 K. 

The magnetic properties of Fe(py),(NCS), and Fe(py),- 
(NCSe), above ca. 100 K are normal for paramagnetic 
compounds. The increase in the magnetic moment for Fe- 
(py),(NCSe), below 100 K is an indication of the onset of 
ferromagnetic ordering. Mossbauer effect studies (see below) 
reveal that the ordering temperature for this compound is 6.7 
K. 

Evidence presented below indicates that  Fe(py),12 is 
pseudotetrahedral, From its magnetic moment of 5.42 pB at 
294 and 127.5 K it is not possible to distinguish between an 
octahedral or tetrahedral structure. The results are, however, 
consistent with the pseudotetrahedral coordination geometry.s7 
As is observed for Fe(py),I,, the magnetic moments for 
pseudotetrahedral iron(I1) complexes typically range from 5.1 
to 5.3 pB at room temperature and are independent of tem- 
p e r a t ~ r e . ~ ~ - ~ ~  

Mossbauer Effect Spectral Studies. The Mossbauer spectral 
parameters for the bis- and tetrakis(pyridine) complexes are 
presented in Table IV. The results obtained for the tetra- 
kis(pyridine) complexes are typical of high-spin distorted 
octahedral iron(I1) compounds and are in general agreement 
with previous r e p o r t ~ . ~ J ~ J ~ , ~ '  In no instance is any magnetic 
ordering observed in these complexes down to the lowest 
temperature studied. The essentially identical isomer shifts 
observed for the three pseudohalide tetrakis complexes are 
consistent with the expected N-bonding coordination of the 
pseudohalide. The decrease in the room-temperature isomer 
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Figure 1. Temperature dependence of the recriprocal molar sus- 
ceptibility and magnetic moment for Fe(py)z(NCO)z. 

A 

B 
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Figure 2. Crystal morphology (A) and molecule orientation (B) in 
Fe(py)4C12* 

shift for the halide complexes reflects an increasing s-electron 
density a t  the iron n u c l e ~ s ~ ~ , ~ ~  because of increased ligand 
donation and retrodative K bonding from filled iron orbitals 
to vacant ligand orbitals. The iodide with the highest covalency 
and lowest electronegativity has the lowest isomer shift. In 
most instances, the quadrupole splitting increases with de- 
creasing t e m p e r a t ~ r e . ~ ~  

The crystal structure42 of Fe(py),C12 reveals that this 
molecule has 222 point symmetry at  the iron site. The 
symmetry is, however, very close to tetragonal and for the 
purposes of this paper, the molecule will be assumed to have 
a tetragonal axis coincident with the chlorine-chlorine vector. 
The crystals grow as rectangular prisms with a long c axis and 
the morphology shown in Figure 2A. The orientation of the 
pseudotetragonal C1-Fe-CI molecular axis to the crystallo- 
graphic tetragonal c axis is shown in Figure 2B. This 
pseudotetragonal molecular axis is always oriented a t  45' to 
the crystalline a or b axes. Because of the needle-like nature 
of the crystals, the c axis will always be essentially parallel 
with any surface upon which the crystals are placed. If the 

3 . 9 E  

I I 

, 

i 1 

i 

i 

L . .  , J 
-10.0 -50.0 -33.c - !O ,C  33.0 53 .0  70.0 

Figure 3. Mossbauer effect spectrum of polycrystalline Fe(py),CI, 
at 1.32 K in (A) a zero field and (B) in a 0.4-T applied transverse 
magnetic field. 

Mossbauer y-ray direction is normal to this surface, the angle, 
8, between the y-ray and the pseudotetragonal molecular axis 
will always be 45' (unless some crystals are on edge) and will 
be independent of the orientation of the crystallographic c axis 
on the surface. In this case, the two components of a 
quadrupole-split doublet should not have equivalent intensity 
but should be in the ratio of 0.777 with the m, = *'Iz to mI 
= f3/ ,  component having the highest intensity.65 This ratio 
will be the same even if some crystals are on edge because for 
each molecular pseudotetragonal axis at 0, there will be another 
site with the axis a t  8 -  90' and the averaged intensity ratio 
will be 0.777. However, if the y-ray is parallel to the crys- 
talline c axis, the value of 8 is 90° for all iron sites and the 
ratio would be 1.67 with the ml = &'I2 to m, = com- 
ponent having the highest intensity.65 These intensity ratios 
should be independent of temperature. 

Because of this combination of crystal morphology and 
molecular orientation, it is possible to determine the sign of 
the principal component of the electric field gradient tensor, 
V,,, with a polycrystalline sample. The quadrupole-split 
Mossbauer spectrum of polycrystalline Fe(py),Cl2 invariably 
has a high-velocity component of higher intensity with a typical 
intensity ratio of 0.82 to 0.84.66 Because the high-velocity 
component is more intense, V,, must be positive. This con- 
clusion is further supported by the splitting observed in Fe- 
( p ~ ) ~ C l ~  in a magnetic field, as is illustrated in Figure 3 a t  
1.35 K in a 0.4-T applied field. The appearance of the doublet 
a t  higher velocity is indicative of a positive V2,.67 The unusual 
intensity pattern observed in the lower velocity triplet is a result 
of the orientation effect described above. This and the large 
magnitude of the magnetic splitting observed in this compound 
will be discussed in a later paper.68 

Unfortunately, the crystal structure of Fe(py),Brz is not 
known, but it is isomorphous with Ni(py),Br2 which is or- 
thorhombic with the Pnam space Hence, it is not 
possible to determine the sign of V,, from powder data as 
described above. The low-velocity line is, however, always 
observed to have the lower intensity. The spectrum (Figure 
4) in a 6-T applied field a t  4.2 K reveals a doublet a t  higher 
velocity and a triplet a t  lower velocity and i s  indicative of a 
positive V2,. In this instance, we assume that V,, is parallel 
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Figure 4. Mossbauer effect spectrum of polycrystalline Fe(py),Br2 
at 4.2 K in a 6-T applied transverse magnetic field. 

with the Br-Fe-Br vector and that the distortion from mo- 
lecular tetragonal symmetry is small. 

The Fe(py),12 complex is isomorphous with Ni(py),12 and 
hence most likely is o r t h o r h ~ m b i c . ~ ~  The small quadrupole 
interaction in this compound makes it difficult to determine 
the sign of the electric field gradient tensor by the application 
of a magnetic field. The results obtained at  4.2 K in a 6-T 
applied magnetic field are, however, most consistent with a 
positive V,, which we assume is coincident with the I-Fe-I 
vector. 

No  structural data is available for F e ( p ~ ) , ( N c o ) ~ .  Rather 
surprisingly this compound, which is paramagnetic at  4.2 K 
in the absence of an applied field, orders in an applied field 
of 6 T to give an internal hyperfine field of ca. 320 kOe. A 
single-crystal X-ray structure and a single-crystal applied-field 
Mossbauer effect study of this compound is in progress. The 
splitting of the six lines is consistent with a positive EFG tensor. 
We have tentatively chosen the cyanate N-Fe-N direction as 
coincident with the principal component, V,,, of the EFG 
tensor. 

The structure of F e ( ~ y ) , ( N c s ) ~  has been reported by 
Sgtofte and R a s m ~ s s e n ~ ~  as a monoclinic C2/c crystal with 
two trans nitrogen-bonded thiocyanate groups. In this instance, 
the molecule displays a distinct distortion from tetragonal 
symmetry. This distortion manifests itself as two crystallo- 
graphically distinct yridine molecules with Fe-N distances 
of 2.247 and 2.272 K , There is also a small distortion in the 
coordination angles from 90’. The magnetically perturbed 
Mossbauer spectrum of polycrystalline F e ( ~ y ) , ( N c s ) ~  is 
shown in Figure 5.22 Once again, the high-velocity component 
splits into a doublet at a 3-T applied field indicating a positive 
Vz2. In this instance, it is not possible to definitely assign the 
orientation of V, with respect to the molecular geometry, but 
we believe that the principal axis of the EFG tensor lies within 
a cone of 10” oriented along the Fe-N bond to the thiocyanate 
ligand. 

No  structural data is available for F e ( p ~ ) ~ ( N c S e ) ~  and the 
small value of the quadrupole interaction makes the inter- 
pretation of the magnetically perturbed Mossbauer spectrum 
difficult. This compound is, however, isomorphous with 
Fe(py),(NCS)2 and hence the same conclusions reached above 
will hold. 

From the above experimental results we conclude that in 
all instances the principal component, V,,, of the EFG tensor 
is positive and is most probably coincident with or close to the 
pseudotetragonal molecular axis. Divalent high-spin iron(I1) 
has a 3d6 valence shell configuration in which the filled inner 
shells and the half-filled 3d orbitals will not contribute to the 
EFG tensor. The most important contribution to the EFG 
tensor will result from an unequal distribution of the “sixth” 
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d electron among the t2g orbitals or their admixture with the 
eg orbitals in lower than tetragonal symmetry. This is the 
valence contribution to the EFG tensor. As the low-symmetry 
distortion approaches zero, the splitting of the tzg orbitals and 
hence the quadrupole interaction will approach zero. It is for 
this reason that it is not possible to relate the magnitude of 
the qdadrupole interaction to the ground-state orbital de- 
g e n e r a ~ y . ~ ~  An additional lattice contribution to the EFG 
tensor is also present in a complex of less than cubic symmetry. 
The lattice contribution is, however, usually small and opposite 
in sign to the valence con t r ib~ t ion~ l  and we have neglected 
it in the following discussion. 

In contrast to the magnitude, it is possible to use the sign 
of the quadrupole interaction to determine the ground-orbital 
wave function for a given complex. This is certainly true if 
the complex has rigorous tetragonal molecular symmetry. 
Ingalls’l has calculated the component of EFG which may be 
expected for each of the five 3d orbitals. For unmixed t2g 
orbital wave functions, the d, orbital produces a positive 
component whereas both the dx, and d,, orbitals yield a 
negative term.68 In strictly tetragonal compounds, IV,l > IV,,l 
= IV,l and V,, must be coincident with the fourfold axis. Then 
a positive V,, must correspond to a splitting of the 5T2g state 
with a resulting 5Bzg ground state. This corresponds to the 
d, orbital which is lower in energy than the d, and dYz orbitals 
which are of equivalent energy. A further reduction below 
tetragonal symmetry removes the equality of V,, and Vxx, 
mixes the t2g and eg orbital wave functions, further splits the 
5E, state, and removes the degeneracy of the d, and d,, 
orbitals. Also, it is no longer certain that V,, will be coincident 
with the “pseudotetragonal” axis. 

With the above restrictions in mind, we offer the following 
analysis based upon the experimental observation that V,, and 
AEq are positive for each of the tetrakis(pyridine) complexes 
and our expectation that the magnitude of the distortion from 
tetragonal symmetry is small. The splitting of the tlg orbitals 
results predominantly from a difference in the *-bonding 
interaction of these orbitals with the axial and equatorial 
ligands.72 The shift in energy of the t2g orbitals upon a T- 

bonding interaction with ligand orbitals may be represented 
as e,. We must also distinguish bonding interactions with 
different ligands. Hence, eTx will represent the interaction 
with the halide or N-bonded pseudohalide and espy the in- 
teraction with pyridine. The use of the angular overlap model 
scaling factors73 then yields the following energy expressions 
for the t2g orbitals for a strictly tetragonal splitting in the 
tetrakis(pyridine) complexes: 

dxn dyr: 2(%x + espy) 
dxy: 4enpy 

The tetragonal splitting is then defined as A with a positive 
value corresponding to the d, orbital lowest in energy.56 Then 
for the tetrakis(pyridine) complexes, the splitting is given by 
(1). Because V,, is positive for each of the tetrakis complexes, 

(1) Atetrakis = 2(e,X - enpy) 

we know that Atetrakls must be positive and are forced to 
conclude that lemxl > le, y l .  If enpy is constant in each of the 
tetrakis(pyridine) compfexes, then the magnitude of Atetrakls 
may be related to the different values of enx. This assumption 
is supported by the apparent constancy of the Fe-N bond 
distance which is 2.23 A in F e ( ~ y ) ~ C l ~ ~ ~  and 2.25 A in Fe- 

Although it is possible to calculate the value of A from the 
temperature dependence of the quadrupole interaction, we 
choose not to do so because it is difficult to determine the 
magnitude of qlat,ice, the effect of spin-orbit coupling, and the 
magnitude of low-symmetry d i ~ t o r t i o n . ~ ~ , ~ ~  In addition, our 

( P Y ) ~ ( N C S ) ~ . ~ ~  
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Table V. Mossbauer Effect Study of the Tetrakis to Bis Transformationa 

Bill F. Little and Gary J. Long 

reactant intermediate product 
product T ,  K AEQ 6 AEQ s AEQ s %product 

WPY), gucse), 78 0.91 1.17 0 
78 0.89 1.17 3.08 1.14 15 
78 0.89 1.18 3.09 1.14 46 
78 3.10 1.13 100 

Fe(py),@CO), room temp 2.43 1.04 0 
78 2.62 1.16 0 
78 2.64 1.16 1.52 1.16 1 4b 
78 2.62 1.16 1.65 1.19 50b 
78 2.5 8 1.14 1.60 1.19 7 3b 
78 1.73 1.21 2.33 1.21 28 
78 1.57 1.21 2.27 1.23 64 
78 2.16 1.21 100 

room temp 1.54 1.09 100 
a All data in mm/s relative to natural &on foil. Percent of intermediate present. 

data set is too limited to be useful. Instead, we note that the 
relative magnitude of eTx is related to the magnitude of the 
positive quadrupole interaction7* at  a fixed temperature. By 
using the 78 K Mossbauer effect data, we conclude that 

enCl > enBr 2 eahCO > enNCS > enhCSe > e ~ I  TT enpy 

In other words, the chloride ion is most effective in desta- 
bilizing the d,, and d,, orbitals relative to the d, orbitals. 
Thus, the a bonding is most effective between the chloride 
orbitals and the metal orbitals and is least effective for the 
pyridine and iodine orbitals. 

This same conclusion has resulted from the detailed analysis 
of the single-crystal magnetic anisotropy in Fe(py),CI2, Fe- 
(py)4Br2, and Fe(py)4(NCS)2.'7s51 In this analysis the pyridine 
ligand is found to provide a small but definite x-donating effect 
upon the metal. In contrast, this analysis predicts that the 
bonding interaction of the bromide is somewhat stronger than 
the interaction with chloride. This difference may be a result 
of the fundamentally different type of measurement and highly 
different assumptions used in the analysis.75 An optical 
of several tetragonal chromium(II1) complexes has indicated 
that enCl > enBr. Another using thermodynamic data, 
indicates that the a-bonding ability of pyridine and substi- 
tuted-pyridine ligands is somewhat smaller than that of the 
thiocyanate ligand. The relationship between ligand pK, and 
the Zn-N bond length in a pseudotetrahedral series of pyridine 
and substituted-pyridine complexes of stoichiometry ZnL2CI2 
has led Steffen and Palenik7* to conclude that the x-bonding 
effect of these ligands is minimal. 

Our results now allow us to evaluate the n-bonding ability 
of the N-bonded pseudohalides relative to the halides and 
pyridine. Surprisingly, iodide is quite close to but probably 
somewhat greater than the pyridine in its a-bonding ability. 
It is interesting to note that, with the exception of the position 
of the bromide, the ligand a-bonding effects are in the same 
order as  the group ligand electronegativities proposed by 
H ~ l l e b o n e . ~ ~  

The preparation of the bis(pyridine) complexes may be 
divided into three types. Fe(py),C12 and Fe(py),Br2 complexes 
may be prepared directly from pyridine and the iron halide. 
In a second type of preparation, a thermolytic technique, the 
tetrakis(pyridine) complex is converted directly to the bis- 
(pyridine) complex and no intermediate complex is found. This 
behavior is observed for the iodide, thiocyanate, and sele- 
nocyanate complexes and is illustrated in Figure 6*, for 
Fe(py),(NCSe),. The consistency of the Mossbauer pa- 
rameters for each component of the mixture (see Table V) 
indicates that the tetrakis(pyridine) complex is converted 
directly to the bis(pyridine) complex and that no intermediate 
is formed. In the third type of behavior, found in the ther- 
molytic preparation of F e ( p ~ ) , ( N c o ) ~ ,  an intermediate species 

0 . 1  I 
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Figure 7. Mossbauer effect spectra obtained at 7 8  K illustrating the 
transformation of (A) pure Fe(py),(NCO)* via (B, C) intermediate 

is observed. The Mossbauer effect data for this transformation 
is presented in Table V and the observed spectra are  shown 
in Figure 7. 

A study of Table V reveals that there are only slight changes 
in the Mossbauer parameters for F e ( ~ y ) ~ ( N c 0 ) ,  when the 
weight loss has been small. The second component in these 
spectra exhibits a smaller quadrupole interaction and a slightly 
larger chemical isomer shift. The area of this component is 
proportional to the weight loss. Because this intermediate is 
found in the thermolysis between F e ( ~ y ) , ( N c 0 ) ~  and Fe- 
( P ~ ) , ( N C O ) ~ ,  we conclude that it is most likely Fe(py)3- 
(NCO), and propose the dimeric structure I .  The slight 
increase in the chemical isomer shift for I relative to Fe- 
(py),(NCO), is consistent with the loss of pyridine and the 

Fe(py)dNCO)~ to (D) pure Fe(py)dNCO)z. 
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addition of the two bridging cyanates. At first it seems 
surprising that the dimer has a smaller quadrupole interaction 
and a smaller EFG a t  the iron site. However, if we assume 
that the a-bonding effect of the terminal bridged cyanate group 
is significantly reduced in this bridging configuration such that 
the inequality esNCO > es$.NCO 2 e, holds, then the energy 
of the tZp orbitals is given by the foffowing, where the pseu- 
dotetragonal axis is defined by the iron to monodentate N C O  
bond. (In these and subsequent expressions, the bonding atoms 
in bridging ligands are indicated with an asterisk; hence 
**NCO indicates that nitrogen is the only bridging atom.) 

dxz: 

dyz: 

e s p y  + 2es**NCO + eaNCO 

2%py + ea**NCO + e?rNCO 

d,: 3eTPy + ~ + * N C O  

In this instance, the splitting of the tZg orbitals for I would be 
given by (2) for the d, and dyz orbitals and by (3) for the d, 

(2) 

(3) 

and d, orbitals. As the value of e,**NCO approaches espy, AI,' 
approaches AI,2 and the splitting of the t2g orbitals approaches 
AI as given in (4). This value is half the value calculated for 

(4) 

the splitting in the tetrakis complex in eq 1. The value we 
observed for the quadrupole interaction in the intermediate 
is ca. 60% of that observed in Fe(py)4(NCO)2 indicating that 
the a-bonding effect of the cyanate group is significantly 
reduced in the bridging configuration and is similar to enpy. 

As the vacuum thermolysis at 55 OC of the cyanate complex 
continues, the intermediate is slowly converted to the bis 
complex (Figure 7 ) .  The Fe(py)2(NCO)2 complex is very 
sensitive to oxidation, and small traces of iron(II1) are 
sometimes observed a t  ca. 0.5 mm/s in the Mossbauer 
spectrum. The results given in Table V for Fe(py),(NCO)z 
have been reproduced five times, twice by thermolysis under 
hydrogen and three times by vacuum thermolysis. 

The isomer shift values for each of the bis complexes are 
typical of high-spin pseudooctahedral i r ~ n ( I I ) ~ ~  and are similar 
to the shifts observed for the tetrakis complexes. Hence, the 
comments presented above also apply for the bis complexes. 
The Fe(py)2C12 complex is isomorphous with the a-Co(py),Cl, 
complex a t  room temperature and undergoes a transition' at 
ca. 195 K to a structure similar to y - C ~ ( p y ) ~ C l ~ . ~ ~  In this 
low-temperature monoclinic structure, a distinct asymmetry 
is observed in the Co-Cl bond distances of the bridging 
chloride ions in the linear-chain structure. Hence, although 
V, is known5 to be positive for this complex, it is not possible 
with polycrystalline samples to determine the orientation of 
the principal axis of the EFG tensor relative to the molecular 
bonding framework. Thus, it is not possible to determine the 
symmetry of the ground-state wave function. 

The Fe(py),(NCS), and F e ( p ~ ) ~ ( N c S e ) ~  complexes are 
both isomorphous with Co(py),(NCS), whose monoclinic 

AI,, = G N C O  - espy 

4 . 2  = erNCO + ea'*NCO - 2e,py 

AI = esNCO - espy  
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Figure 8. Mossbauer effect spectrum of (A) Fe(py),Br2 at 1.1 K and 
(B) at 4.2 K in a 6-T applied field. 

linear-chain crystal structure has been reported.49 Fe(py),- 
(NCS),? has a positive V,,, but again it is not possible, because 
of the low symmetry of the coordination sphere, to determine 
the orientation of V,, and the ground-state orbital function 
for these complexes. As a result, it will not be possible to 
attempt an analysis of the a-bonding effects based on the 
quadrupole splitting as was presented above for the tetra- 
kis(pyridine) complexes. The quadrupole interaction in the 
bis(pyridine) pseudohalides is significantly larger than in the 
bis(pyridine) halide and tetrakis(pyridine) thiocyanate and 
selenocyanate complexes. This larger splitting is a result of 
the bonding of the sulfur and selenium atoms in the coor- 
dination sphere of these complexes. It seems reasonable that 
the EFG tensor resulting from the FeN2N2/S2 or FeN2NiSe2 
coordination sphere would be larger than that resulting from 
the FeN2X4 (X represents the bridging halide) coordination 
sphere, even if the halide bridging is asymmetric. This also 
explains the larger value of the quadrupole interaction in 
F e ( p ~ ) , ( N c s ) ~  and Fe(py),(NCSe), as compared with the 
respective tetrakis complexes. Fe(py)2(NCO)2 which,has only 
coordinated nitrogen atoms has a smaller quadrupole inter- 
action than the other bis(pyridine) pseudohalide complexes 
and F e ( ~ y ) , ( N c 0 ) ~ .  Bonding of the terminal bridging cyanate 
ligand in Fe(py),(NCO), resembles more closely the bonding 
of pyridine than does the monodentate N-bonded cyanate in 
Fe(py)4(NCO)2. This is consistent with the inequality erNc0 
> es$$NCO 2 eTPy discussed above and the smaller quadrupole 
interaction found in Fe(py)z(NCO)2. 

As we have reported earlier,l there is a large increase in the 
quadrupole splitting of Fe(py),C12 between 233 and 78  K. The 
increase in AEQ is associated with a reversible phase transition 
from a high-temperature symmetric bridged phase to a 
low-temperature asymmetric bridged phase. Both phases are 
present at 195 K. In contrast, Fe(py),Br2 does not show any 
dramatic increase in AEQ between room temperature and 1.10 
K (see Figure 8).  Apparently no structural change occurs 
above 78 K-the temperature dependence is probably a 
Boltzmann population effect. The increase in AEQ between 
78 and'4.2 K could indicate a structural change, but a more 
detailed study of the temperature dependence of AEQ between 
4.2 and 78 K is required to determine this. Fe(py),Br2 does 
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Figure 9. Mossbauer effect spectrum of Fe(py),(NCSe)2 at 1.33 K. 

not spontaneously order a t  temperatures above 1.10 K. 
Apparently the transfer of electron spin potential via the 
bridging bromide ion is very small. A similar depression of 
the ordering temperature in Ni(py),Br2 has been found in 
specific heat studies.80 In addition, no ordering is observed 
even in the presence of a 6-T applied field where the spectrum 
(Figure 8) is typical of a paramagnetic compound. 

The Mossbauer spectra of Fe(py),(NCS), and Fe(py),- 
(NCSe), indicate that these compounds are  spontaneously 
ordered a t  4.2 K and lower as shown in Figure 9 for Fe- 
( p ~ ) , ( N c S e ) ~  at  1.33 K. Essentially the same spectrum is 
observed at  4.2 K and for Fe(py),(KCS), a t  4.2 and 1.28 K. 
The internal hyperfine field for both compounds a t  4.2 K and 
below is ca. 270 kOe, a value in good agreement with the value 
obtained for Fe(py),(NCS), a t  4.2 K., A preliminary estimate 
of the isomer shift and quadrupole interaction in these spectra 
has been obtained by using the approach of Lang and Dale39 
and the results are presented in Table IV. The theoretical fits 
indicate an anisotropic g and A tensor. This is consistent with 
the high magnetic anisotropy predicted and observed for these 
pseudo-one-dimensional metamagnetic systems3 and with the 
low internal hyperfine field observed in these compounds. A 
compound with an S = 2 ground state would have a spin 
contribution to the internal hyperfine field of ca. 440 
kOe.65,81-83 This would be reduced by a high magnetic an- 
isotropy and by an orbital contribution to the hyperfine field. 
Both compounds exhibit a decrease in aEq below 78 K which 
we believe may result from a small structural change at  or near 
the ordering temperature. 

The  X-ray and electronic spectral results indicate that 
Fe(py),12 has a pseudotetrahedral structure. The lower co- 
ordination number for a tetrahedral iron(I1) complex leads 
to  a lower isomer shift (0.70-0.90 mm/s) than in octahedral 

The  Mossbauer parameters presented 
in Table 1V for F e ( ~ y ) ~ 1 ,  provide further evidence for the 
pseudotetrahedral structure. The quadrupole interaction is 
typical of pseudotetrahedral iron(I1) and indicates a splitting 
of the d,2-yz and dZ2 orbitals of the order of 100 cm-' by the 
low-symmetry component of the ligand field.84 AF expected, 
this compound shows no indication of ordering a t  4.2 K .  

Electronic Spectral Results. The electronic spectral data 
for each of the complexes measured at  various temperatures 
are  presented in Table VI along with band assignments. 
Standard error estimation and propagation procedures were 
 sed.^^.^^ The pseudooctahedral electronic spectra exhibit 
either two weak bands in the near-infrared and visible regions 
or two poorly resolved bands (where the second band is usually 
observed as a low-energy shoulder). In each instance, the 
spectrum of the bis complex is quite different from that of the 
tetrakis complex. For instance, in both F ~ ( P ~ ) ~ ( N C S ) ,  and 
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Figure 12. Electronic absorption spectra measured at  room tem- 
perature and 23 K for (A) Fe(py),(NCO)> and (B) Fe(py)2(NCO)2. 

F e ( ~ y ) ~ ( N C s e ) ,  the two lines are poorly resolved with a 
splitting of ca. 1500 cm-', whereas in the bis complexes, the 
two lines are  well resolved with a splitting of ca. 5500 cm-' 
(see Figure loz2). A similar trend is found for the tetrakis- 
and bis(pyridine) chloride and bromide complexes as is il- 
lustrated in Figure l l .22 The reverse trend is found for 
Fe(py),(NCO), and Fe(py)2(NCO)2 as shown in Figure 12. 

The electronic spectra may be understood by using two basic 
approaches. First, the splitting in the spectra may be related 
to the u bonding of the ligands by using either the M c C l ~ r e ~ ~  
approach or the angular overlap ~ n o d e l . ~ ~ f ' ~  Second, the 
magnitude of the electronic spectral bands may be related via 
ligand field theory to the spectrochemical potential for the 
various ligands. 

For the tetrakis(pyridine) complexes, the energy of the 
a-bonding orbitals is 

d ,24  3eupy 

dZ2: 2eDx + cop, 

where notation similar to that used above is retained. The 
splitting in these orbitals, fie,, is given by eq 5. For the 

fie,= E(d,2~~2) - E(dZ2) = -(vl -- v2)  

bis(pyridine) complexes, similar expressions are obtained, 
except that, in order to maintain a consistent sign convention 
(in the presence of the reversed band assignments, see Table 
VI), the reverse definition of the splitting energy is used. 
Hence, for the bis complexes, the energy of the u-bonding 
orbitals is 

dZ2: 2e,,,,. -k eux 

d,~-~2: 3eux 

The splitting in the electronic spectra of the bis complexes is 
given by (6) and the expression is the same as for the tetrakis 

= 2(eu,, - eux) ( 5 )  

fie, = E(d,2) - E(d,2~~2) = v i  - v2 (6) 
= 2(eu,, - e,x) ( 5 )  

complexes (5). Values of fie, a t  room temperature and at  23 
K are  given in Table VII. 

If we assume that pyridine has a constant given value for 
its contribution to the u bonding in all of the complexes, then 
relative e, values for each of the anions may be calculated. 
If we first assume a zero value for e,,,-making the pyridine 
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Table VI. Experimental Electronic Spectral Results'" 
compd T ,  K V I ,  --* v2, -+ 5B,g  v1 - vz Vav 

175 
127 
23 

300 
210 
144 
102 
23 

300 
265 
238 
185 
145 
100 
23 

300 
221 
124 
23 

300 
250 
125 
23 

300 
231 

23 
300 
277 
100 
23 

300 
215 

23 
300 
140 
115 
80 
23 

300 
190 
145 
92 
23 

300 
192 
129 
96 
23 

300 8720 f 100 sh 
8720 f 100 sh 
8810 j: 100 sh 
8850 f 100 sh 
7690 f 60 
7900 f 100 
8000 f 60 
8030 f 70 
8060 f 50 
5950 f 120 
5950 f 120 
5990 f 90 
6210 f 90 
6290 i 60 
6370 i 50 
6450 f 50 
9430 f 70 
9760 f 50 

10020 f 60 
10260 f 50 
9880 f 170 sh 
9900 f 150 sh 

10230 i: 110 sh 
10360 f 120 sh 
9900 f 170 sh 

10109 f 150 sh 
10990 f 170 sh 
9710 f 50 
9660 f 50 
9660 f 50 
9660 f 50 
9520 ?r 50 
9660 f 50 
9710 f 50 
9570 f 70 
9660 f 70 
9660 f 70 
9660 f 70 
9710 f 70 

12660 f 70 
12990 f 70 
13080 f 70 
13160 f 70 
13330 f 60 
12820 f 90 
12990 f 90 
13070 f 70 
13160 f 60 
13240 i 60 

10520 f 50 
10990 f 50 
11110 f 50 
11300 f 50 
10870 f 50 
10990 f 50 
11230 f 50 
11230 f 50 
11360 f 50 
11300 f 50 
11430 f 50 
11430 & 50 
11630 & 50 
11760 f 50 
11900 f 50 
12050 f 50 
12580 f 50 
12940 f 50 
13160 f 50 
13240 f 60 
11460 f 60 
11490 f 60 
11550 f 60 
11450 f 70 
11360 f 60 
11370 f 70 
11620 f 100 
5760 f 50 
5780 f 50 
5880 f 50 
5880 f 50 
5180 f 60 
5260 f 60 
5320 f 60 
7410 f 120 sh 
7570 f 100 sh 
7580 f 100 sh 
7600 i 100 sh 
7690 i 120 sh 
7300 f 50 
7410 i: 50 
7490 f 50 
7550 f 50 
7690 f 50 
7090 t 70 
7250 f 60 
7260 f 70 
7520 .I 60 
7550 + 60 

-1800 f 80 
-2270 f 80 
-2300 f 80 
-2450 f 80 
-3180 f 60 
-3090 i: 80 
-3230 f 60 
-3200 f 60 
-3300 i 50 
-5350 f 90 
-5480 f 90 
-5440 f 70 
-5420 f 70 
-5470 f 60 
-5530 f 50 
-5600 f 50 
-3150 60 
-3180 i: 50 
-3140 f 60 
-2980 f 60 
-1580 f 130 
-1590 f 110 
-1320 f 90 
-1090 f 100 
- 1460 f 130 
-1270 f 120 

-630 t 140 
3950 i 50 
3880 f 50 
3780 f 50 
3780 f 50 
4340 f 60 
4400 f 60 
4390 f 60 
2160 f 100 
2090 i. 90 
2080 f+ 90 
2060 f 90 
2020 f 100 
5360 f 60 
5580 c 60 
5590 f 60 
5610 f 60 
5640 f 60 
5730 f 80 
5740 f 80 
5810 f 70 
5640 f 60 
5690 f 60 

9620 f 80 
9850 f 80 
9960 f 80 

10070 f 80 
9280 f 60 
9440 i 80 
9610 f 60 
9630 f 60 
9710 f 50 
8620 f 90 
8690 f 90 
8710 f 70 
8920 i 70 
9020 f 60 
9130 f 50 
9250 f 50 

11000 f 60 
11350 f 50 
11590 i 60 
11750 f 60 
10670 f 130 
10690 f 110 
10890 f 90 
10900 f 110 
10630 t 130 
10730 f 120 
11300 f 140 
7730 f 50 
7720 f 50 
7770 f 50 
7770 i 50 
7350 f: 60 
7460 i 60 
7515 i 60 
8490 f 100 
8610 f 90 
8620 f 90 
8630 i. 90 
8700 f 100 
9980 f 60 

10200 f 60 
10280 f 60 
10350 i 60 
10510 f 60 
9950 i: 80 

10120 f 80 
10160 f 70 
10340 f 60 
10400 + 60 

a All data in cm" . Measured in Flurolube mull. Measured by KBr sandwich technique.z4 

Table VII. Variation in Ligand u-Antibonding Effects and Crystal Field Effects'" 
ox ox eux P x  E"," 2 3 K  eroom temp ,23K compd ~ ~ ; o o m  temp se;3 K e;;om temp 

Fe(py),(NCSe), 5730 f 80 5690 f 60 -2860 f 80 -2840 f 60 1190 f 170 1210 f 160 e,$NCSe$ 1340 450 f 70 
Fe(py),(NCS), 5360 f 60 5640 f 50 -2680 f 60 -2820 f 50 1370 f 160 1230 f 150 e u $ N C p  1340 530 f 60 
F~(PY), Iz 5350 f 90 5600 f 50 -2680 f 90 -2800 f 50 1370 f 180 1250 f 150 euI 310 6 3 0 f 7 0  

4340 f 50 4390 f 50 -2170 f 50 -2200 f 50 1880 f 150 1850 f 150 e,$Br$ 680 160f  60 
3950 f 50 3780 f 50 -1980 f 50 -1890 f 50 2070 f 150 2160 f 150 eu*C1$ 780 4 0 f 5 0  

FNPY 1, Brz 3180 f 50 3300 f 50 -1590 f 50 -1650 i: 50 2460 f 150 2400 f 150 e,Br 640 430 f 60 
Fe(py),(NCO), 3150 f 60 2980 f 50 -1580 f 60 -1490 r 50 2470 ?: 160 2560 f 150 e,NCO 1500 750 f 60 
Fe(py),(NCO), 2160 f 100 2020 f 100 -1080 f 100 -1010 t 100 2970 f 190 3040 f 190 e,$$NCO 970 210 f 100 

1800 f 80 2450 f 80 -900 f 80 -1220 f 80 3150 f 170 2830 f 170 e,C1 810 4 5 0 f 8 0  Fe(py),Cl, 
Fe(py),(NCS), 1580 f 130 1090 f 100 -790 f 130 -540 f 100 3260 f 230 3510 f 190 e,NCS 1340 230 f 120 
Fe(py),(NCSe), 1460 f 130 630 f 140 -730 f 130 -320 f 140 3320 f 230 3730 f 240 euNCSe 1320 670 f 140 

F~(PY), Brz 
F ~ ( P Y  )zC1, 

0 0 4050 f 230 4050 f 240 eupy 

a All data in cm-'. Room temperature values of the partial crystal field potential relative to ppy = 2000 cm-I for the tetrakis compounds 
and ppy' = 2400 for the bis compounds (see text). 
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u-bonding contribution the largest of all the ligands-then the 
relative values of eUx may be calculated from eq 5 and 6. The 
resulting values and the specific symbols used for egx are given 
in Table VII. The actual value of copy may be determined as 
follows. I t  is that in an octahedral complex, the 
splitting of the u- and 7r-bonding orbitals, v, is given by the 
equation v = 3e, - 4e,. When the degeneracy of these orbitals 
is further removed, as in a pseudooctahedral complex, the 
average splitting is given by eq 7 ,  which would hold for our 

vav = 3euav - 4emv 
= 2 e ~ p y  + eoNCS - 3eRpy - 'TNCS (7) 

tetrakis(pyridine) complexes. Note that vav is the average value 
of l O D q  in these complexes (see below). If, for Fe(py),- 
(NCS)2, we use the value of enpy and enNCS as determined by 
Gerloch et al.17 and the values of &:A??iernp and vroom av temp given 
in Table VI, it is possible to calculate a value of eqY, and hence 
the remaining relative values of eUx. The resulting values a t  
room temperature and 23 K are given in Table VI1 where it 
is noted that euPy is 4050 cm-'. The values obtained at  23 K 
have assumed that eTp, and enNCS do not change with tem- 
perature. It is interesting that eopy does not change with 
temperature. Our value of eUpy is in surprisingly good 
agreement with the values of ca. 3700 f 500 cm-' obtained 
by Gerloch et al.17 from single-crystal magnetic anisotropy 
studies on Fe(py),(NCS)2. Our value for eocl is also in good 
agreement with the value obtained from a similar studys1 of 
Co(py),Cl,. The value of eUBr of 2460 cm-' is, however, 
significantly lower than the value of 3000 cm-' obtained from 
the magnetic study5I of Co(py),Br,. Our results indicate that 
the electronic spectra of these compounds are more sensitive 
to  changes in the e, parameters than are  the magnetic 
measurements. 

The results presented in Table VI1 indicate that the value 
of e,, and hence the u-antibonding effect of the ligands, in- 
creases with descent down this table. From these results, we 
can see that the bidentate bridging anions are the poorest 
u-donor ligands while the monodentate anions are the best and 
most like pyridine. The trend eoNCSe > egNCS > e,NCO is 
reasonable because the electron-donating ability of the bonding 
nitrogen atom would decrease as the electronegativity of the 
group 6A atom increases. The trend for the bridging pseu- 
dohalide ligands is more difficult to understand. The failure 
of the N C O  ligand to utilize the oxygen atom in its bridging 
is probably a result of the high electronegativity and small size 
of oxygen. The trend for the halides, which is the opposite 
of what would be expected on the basis of an electronegativity 
argument, must be a result of a more effective orbital overlap 
for the chloride ligand and poorer overlap for the iodide. There 
is no real change in egx with decreasing temperature, indicating 
that, as expected, the changes in u bonding are  rather in- 
sensitive to temperature. Indeed, no change is observed in 
Fe(py),C12 even though this material is known1 to undergo a 
phase change a t  ca. 195 K. 

The values of vav given in Table VI indicate the total crystal 
field potential that the pyridine ligands and various anions 
impose upon the metal. In order to obtain relative quantitative 
values for the various anions, we have assigned a partial crystal 
field potential px to each of the ligands such that their sum 
is the observed va,. If we assume the same value of ppy for the 
bis and tetrakis compounds, the values obtained for the 
bridging chloride and bromide ions were higher than for the 
singly bonded chloride and bromide. Because this seems 
unreasonable, we have chosen a value of ppyl for the bis 
compounds which is 20% higher than ppy in the tetrakis 
compounds. This difference seems reasonable in view of the 
shorter metal-pyridine bond distance4, in the bis complexes 
when compared with the tetrakis complexes. This assumption 
gives values for the partial crystal field potential of the bridging 
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Figure 13. Electronic absorption spectra measured at room tem- 
perature and 23 K for F e ( ~ y ) ~ 1 ~ .  

Table VIII. Electronic Spectral Results for Fe(py),I, 
calcd for 
B = 800, exptl, cm-I 

room temo 23 K C =  4B assign 
5 7 6 0 + 7 0  5 5 8 0 i 7 0  5580 'E-+'T2 

13 100 t 80 12 990 t 70 12 800 5E -+ 3T, ('HH) .. 
15 560 f 50 14 500 t 601 15 2oo 

15 380 i 50 5E --t 3E(3H) 

16 130 i 50 16 000 'E- 3T,(3H)  
18 590 * 50 18 420 i 50 18 400 'E --t 3A,(3F) 

19 360 t 25 
19 800 i 50 19 520 i 50 19 680 'E+  jT,('F) 

19 720 i 25 
21 280 i 100 20 900 i. 50 20 800 'E -+ 3T2(3F) 

1 
halides which are slightly lower than those of the terminal 
halides. In addition, the values for the terminal and bridging 
thiocyanate and selenocyanate anions are essentially the same. 
The relative room-temperature values of these partial crystal 
field potentials are  presented in Table VII. The order of 
increasing crystal field potential is given as pI < pBr 5 p*Br, 

< pNCo < ppy, an order that parallels the spectrochemical 
series. It is interesting that the bridging cyanate ligand with 
its three-center bond has a lower crystal field potential than 
the terminal cyanate ligand. 

We have defined the shift in v, with decreasing temperature 
as bv,, = vi,' - v?:O K, and have presented the results in Table 
VII. All of our compounds, with the possible exception of 
Fe(py),C12, show a positive value of bv, and hence an increase 
in the crystal field potential with decreasing temperature. A 
study of the temperature shift of the individual absorption lines 
indicates that each line increases an equivalent amount with 
decreasing temperature, yielding values essentially the same 
as baV. This isotropic thermal increase in the energy of v i  and 
v 2  could result either from a thermal contraction of the unit 
cell or from a change in the Boltzmann population of the 
5E, state (or the and sB1, states in lower than axial 
symmetry) which arises from the ST,, state in octahedral 
symmetry. Because we have no quantitative values for 
Atetrakls-or the equivalent splitting in the bis complexes-it 
is difficult to determine the magnitude of the shift which results 
from changes in the Boltzmann population. This contribution 
may be significant when Atetragonal is less than ca. 250 cm-'. 
For a larger splitting, the change in Boltzmann population is 
insignificant between 300 and 23 K. We believe that the 
increase in v,, with decreasing temperature probably results 
from an essentially isotropic thermal contraction of the unit 
cell. 

The electronic spectrum of Fe(py),I, is shown in Figure 13 
and tabulated in Table VIII. The spectrum is indicative of 
low-symmetry pseudotetrahedral coordination. The 5E - 'T2 

< P*CI* 5 PCI < P**NCO PNCSe - PNCS = P*NCS* = P*NCSe* 
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Table X. Infrared Spectral Assignments' 
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compd "N-CX "NC-X &NCX "Fe-X,NCX VFe-Npy "Fe-X(CN) 2sNCX 

Fe(~yl4Clz 237 m 225 s 
Fe(py),Brz 195 s 225 s 
WPY),I z 196 sb 213 s 
Fe(pY)4(NCO)z 2190 vs 1329 s 628 s 308 s 201 s 1258 w 

Fe(PY),(NCS)z 2090 sh 810 m 483 m 271 s 199 s 965 w 

Fe(pY).q (Ncse), 2065 vs 655 m 432 s 260 s 205 s 864 w 
Fe(PY) 2 C1z 183 s 240 s 

220 s 
Fe(PY)z Brz 193 sb 242 s 

220 s 
WPY) 2 12 190 s 235 s 

2142 sh 

2065 vs 
2017 sh 

WPY), (NCO), 2195 vs 1324 w C 280 s 222 s 

WPY), (NCSL 2150 sh 783 w 473 m 261 s 208 s 185 s 945 w 
1332 w 

2090 vs 
2050 sh 

2060 sh 
WPYL (NCSe), 2100 vs 608 w 417 m 228 s 197 s 187 s 845 w 

' All data at ambient temperature in wavenumbers (cm-'). Abbreviations: s, strong, m, medium; w, weak; v, very; sh, shoulder. Tenta- 
tive assignments. Probably coincident with a pyridine band at 618 cm-'. 

transition is observed a t  5760 cm-' accompanied by several 
higher energy bands which sharpen considerably on cooling 
to 23 K. On cooling, the high-energy side of the lODq band 
decreases in intensity as a result of the thermal depopulation 
of vibrational excited states. The assignments and calculated 
values given in Table VI11 have been estimated from a 
Tanabe-Sugano diagram by using the value of 1ODq obtained 
from the spectrum and 800 cm-' for B and C = 4B. The 
estimated values are in good agreement with the observed 
spectrum. More detailed calculations which use the matrix 
elements given by Griffithg8 and which take into account 
configuration interaction are  currently underway.89 Several 
related tetrahedral iron(I1) iodide complexes with bulky 
tertiary amine and aromatic amine ligands yield ligand field 
parameters of the order of 500 ~ m - ' . ~ ~  Apparently, the 
nonbulky pyridine ligand with its good a-bonding charac- 
teristics is able to form a relatively short iron-nitrogen bond 
and hence produce a larger ligand field. 

Infrared Spectral Results. The fundamental infrared bands 
in pyridine and each of the iron(I1) complexes are presented 
in Table IX.22 In some instances, the fundamental modes are 
split upon coordination and several values are given. Our 
pyridine spectrum is identical with that obtained by Corrsin 
et a1.% The assignment of the normal vibrational modes (Table 
IX) is that of Kline and Turkevichg' and includes the more 
recent assignment of  overtone^.^^,^^ Approximate descriptions 
of each of the modes are also given. In general, each of these 
bands shift to slightly higher energy (ca. 2-10 em-') upon 
coordination. However, certain of these bands have a large 
shift to higher energy in each compound as summarized in 
Figure 14. It is not possible to explain these shifts on the basis 
of electronic u- and x-bonding changes upon coordination. As 
a result, we believe that the increase is a result of pyridine 
ringlpyridine ring steric interactions within the coordination 
sphere of the tetrakis complexes or between pyridine and the 
bridging ligand in the bis complexes. In view of the relatively 
strong pyridine-iron bond, each of the normal modes (except 
11) will tend to move the pyridine toward the center of the 
complex. Hence, for instance, the 8a mode will decrease the 
H( 1) to C(5) distance on adjacent molecules$* increase the 
steric interaction, and shift the mode to higher energy. Similar 
arguments can be used for the other positive shifts. A nor- 
mal-coordinate analysisg3 of the spectral bands in M ( P ~ ) , C ! ~  
complexes is currently in progress to verify these ideas. This 
analysis is also supported by the work of Gill et al.Y4 who found 

Normal Energy; Shift, 
Mode cm-l cm-l 

80 1580 20 

1 

I I  702 see text 

t 

A,/., 
1 

16b 405 17 +A+ 
Figure 14. Selected normal vibrational modes for pyridine and their 
shift upon complexation. 

that the 6a and 16b modes shifted to higher energy with 
decreasing central metal ionic radii. Only one line, 702 cm-', 
11 mode, shifts on the average by 9 cm-' to lower energy upon 
coordination-and then only in the bis(pyridine) compounds. 
Apparently this ring deformation is favored by both electronic 
and steric factors in the relatively more open bis complexes. 

The low-frequency infrared spectrum of neat pyridine shows 
weak lines at  247 and 223 cm-' and a moderately strong line 
at 168 cm-'. No normal vibrational mode assignment has been 
made for these bands. The 168-cm-' band is observed in 
several of the complexes. The weak bands at 247 and 223 cm-' 
are obscured by strong metal-ligand bands in the complexes. 
The low-frequency infrared spectra of the halide complexes 
generally show two additional lineslbetween 180 and 250 cm-' 
which may be assigned to iron-ligand vibrational bands. 
Specific assignments are given in Table X and are  in good 
agreement with work on related cobalt and nickel pyridine 
complexes.9s The u ~ ~ - ~  band is about 10-15 cm-' higher in 
the bis(pyridine) compounds as might be expected because the 
pyridine molecules are more easily removed by t h e r m o l y ~ i s ~ ~  
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from the tetrakis than from the bis complexes. The same trend 
is observed in the bis- and tetrakis(pyridine)cobalt and -nickel 
chloride and bromide As expected, the bridging 
iron-chloride band in Fe(py),Cl, is ca. 50 cm-' lower than the 
terminal v F A I  band in Fe(py),Cl,. The vFeI band in Fe(py)J, 
and the vFe-Br band in Fe(py),Br2 seem rather high; hence, 
these assignments are  tentative. The assignments for the 
Fe(py),I, support its pseudotetrahedral structure because its 
vF-1 band would be expected to be higher than in the related 
octahedral corn pound^.^^^^^ 

The pseudohalide infrared bands are also presented in Table 
X. The positions of the thiocyanate and selenocyanate bands 
are  indicative of terminal nitrogen bonding in the tetrakis 
complexes and bridging with both nitrogen and sulfur (or 
selenium) bonding in the bis complexes.96 For instance, the 
VNC-S band a t  810 cm-' and the 6NCS band a t  481 cm-l in 
F ~ ( ~ Y ) , ( N C S ) ~  are exactly the values expected for nitro- 
gen-bonded t h i o ~ y a n a t e ~ ' ~ ~ ~  and are much too high for sulfur 
bondingSQ6 The bridging thiocyanate shows each of these bands 
at  p l u e s  intermediate between the nitrogen and sulfur terminal 
bonded cases but resembling more closely the nitrogen-bonded 
case. This resemblance can be understood on the basis of the 
slightly smaller carbon-sulfur bond order in the bridging ligand 
as compared with the terminal nitrogen-bonded thiocyanate. 
The difference in the carbon-sulfur bond order is, of course, 
larger for the two terminal-bonded ligands.99 Exactly the same 
arguments can be made for the bonds in the two selenocyanate 
complexes.'00 As pointed out by Bailey et al.,lO' the first 
overtone of the 6NCX band is unusually intense especially for 
the nitrogen-bonded ligands. In most instances, we observe 
this first overtone and have included it in Table X. 

The energy of the iron-pyridine vibrational bands reported 
in Table X for the pseudohalide complexes is surprisingly 
constant a t  ca. 200 cm-I and is lower than in the halide 
complexes. The one exception is the Fe(py),(NCO)2 where 
apparently the reduced pyridine interaction with the coor- 
dination sphere permits a shorter stronger bond. This bond 
is apparently weakest when the selenium atom in the N C S e  
group is bonded to the iron. The exact reason for the stronger 
iron-pyridine bonding in the halide complexes is not clear. The 
iron-to-nitrogen bond with the pseudohalide is typically 
stronger in the tetrakis complexes than in the bis complexes. 
This result is certainly consistent with our discussion above 
of the C-N and C-S bond order in the two types of pseu- 
dohalide c ~ o r d i n a t i o n . ~ ~  In the bridging thio- and seleno- 
cyanate complexes, an additional absorption at  ca. 185 cm-' 
is assigned to the vF-XCN band. These bands are a t  the lower 
end of the range expected for monodentate sulfur and sele- 
nium-bonded p s e ~ d o h a l i d e s . ~ * J ~ ~  All of the assignments are 
in good agreement with related assignments for similar 
corn pound^.^^ 

The infrared spectra of the cyanate complexes deserve 
particular attention because of the bidentate nitrogen bridging 
proposed in the Fe(py)2(NCO)z complex. Unfortunately, the 
v ~ - ~ ~  and 6NC0 bands provide little basis for structural as- 
signment in this complex. However, we would expect the vNc4 
band to shift to lower energy if the oxygen were coordinated 
in the bridging ligand. Actually, this band is a t  essentially 
the same energy in both the bis and tetrakis complexes. This 
similarity supports the terminal nitrogen bridging ligand. A 
similar assignment for vNCO has been made by Nelson and 
Nelson,103 who have assigned the terminal nitrogen bridge 
bonding structure to  several cyanate complexes with substi- 
tuted pyridine ligands. The  frequency of the ~ ~ - ~ o  band in 
these complexes is somewhat higher than we observe in Fe- 
(py)z(NCO)2. However, a relatively low value for this band 
is probably reasonable in view of the three-center mode of 
nitrogen bonding. In addition, we observe no band between 
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300 and 500 cm-' which could be assigned to the v F ~ N  band. 
The failure of the cyanate ion to utilize its oxygen atom in 
bridge bonding has been explained on the basis of the charge 
distribution within the ion. The calculations of Wagnerlo4 
indicate that the oxygen atom in the cyanate ion has a smaller 
negative charge on the oxygen than does the sulfur and sel- 
enium in thiocyanate and selenocyanate. 
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