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Abstract: The high-spin mixed ligand complexes of iron(II) are discussed in terms of ligand field theory. It is 
shown that their paramagnetism is due to the strong 'V* antibonding effect of the halides (pseudohalides). Another 
reason is suggested by the electronic spectra, which indicate that the 'V" antibonding power of the ammines is almost 
equal to that of the halides. 

Aseries of Fe(II) complexes having the general 
formula [Fena2b2], where a = phen or bipy and 

b = halides or pseudohalides, has recently been pre
pared and their paramagnetism reported.1-5 In all 
cases, the magnetic moments observed are approxi
mately those predicted for octahedral d6 systems with 
four unpaired electrons. 

The high moments are very interesting because the 
organic ammines, such as 1,10-phenanthroline and 
2,2'-bipyridyl, are particularly strong ligands and 
generally form low-spin compounds of the type Fena3

2 + . 
It is the purpose of this paper to discuss the origins of 

the paramagnetic behavior observed with the afore
mentioned complexes. With this end in view, these 
chromophores will be analyzed in terms of the ligand 
field theory. In the first part, some considerations 
are presented with regard to the orbital pattern, elec
tronic spectra, and condition of diamagnetism. In 
the last two sections, the results obtained are compared 
with the spectral and magnetic data. 

The reflectance spectra of some Fe(II) compounds 
have been recorded by Madeja and Konig2 and are 
given schematically in Figure 2. Magnetic measure
ments can be found in the papers mentioned above. 

To apply the ligand field theory, the Fe(II) complexes 
have been considered as having an octahedral environ
ment with either trans or cis distortions. The orbital 
patterns, as deriving from the simple MO interpreta
tion, are represented in Figure 1 where scheme I cor
responds to a nearly octahedral environment when there 
are no differences in the a-(ir) bonds with the "a" and 
" b " ligands. Here, the orbital energy A0 may be 
regarded as the difference between the "a" and the 
"T" antibonding effect of the ligands. 

Schemes II—III in Figure 1 correspond to the tetra
gonal (weak D4h) or cis (weak C2v) distortions due to the 
difference between the o-(7r)-antibonding effects of the 
ligands. In all these schemes, it is considered that the 
ligands a (phen or bipy) have a c-antibonding effect 
stronger than the ligands b (halides or pseudohalides) 
(5 parameter). It has also been considered that the 
ligands b have a 7r-antibonding effect stronger than the 
ligands a Gu parameter). 

These considerations regarding the antibonding 
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power of ligands have been made on the basis of the 
results obtained for praseo salts.6,7 

The six electrons arising from the partly filled shell 
of iron(II) fill up the molecular orbitals represented in 
all these schemes, giving either diamagnetic (singlet) or 
paramagnetic (quintet) states. Their energies expressed 
in A0, AT, Ac, 5, n, and Racah parameters are 

I (Oh> W(1Ai8) 
V e * (6T28) 

II(weakD4h){g^a(;b
A^B2g) 

n + SB + 8C 
n + 2A0 

H + 5B + 8C 
n + 2AT + S 

n + 5B + SC 
n + 2A0 + S + M 

(D 

where n = 15A - 355 + IC. 
For each of these schemes, the excited levels (quintet) 

at which spin-allowed transitions can take place may be 
found at 

I (Oh) t2
8e3 (6E8) 

fb2e*aibi (5E8) 
II (weak D4hMb2e2ai2bi (6Ai8) 

Ib^aibiH'Bis) 

feJb2
2b,ai (6B28) 

III (weak C2v){eab2bi2ai (6BU) 
le2b2b iai2 (6Ai8) 

A T + M 
A0" 

A 0 + M 
Ao1" 

(2) 

above the ground paramagnetic state, where A0
h = 

AT + 5 + M or Ac + S + M-
The conditions of diamagnetism, as resulting from the 

comparison of both the ground states, singlet, and 
quintet, are of the form 

l (O h ) 

II (weak D4h) 

III (weak Cv) 

A0 > n 

AT + lh& > n 
A0 +

 1MS 4- M) > n 
(3) 

In all these relations, the quantity Ii = 2.5B -\- AC 
represents the spin-pairing energy which appears to 
have a value of2'812,000-12,500 cm"1. 

In the following two sections, we shall attempt to 
compare these theoretical results with the spectral and 
the magnetic data. For this purpose, it is convenient 
to express the orbital energies in the radial parameters 
of the angular overlap model. Further details re
garding this MO approximation may be found else-

(6) J. S. Griffith and L. E. Orgel, J. Chem. Soc, 4981 (1956). 
(7) D. S. McClure, Advan. Chem. Coordination Compds., 498 (1961). 
(8) M. A. Robinson and D. H. Busch, Inorg. Chem., 2, 1171, 1178 

(1963). 
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Figure 1. Molecular orbital energy level diagram for octahedral 
(Oh), tetragonal (D1J1), and C2v symmetries. 

where.9,10 Using the angular overlap model, the 
a- and 7r-antibonding energies in [Ma2b2] chromo-
phores are as shown in eq 4, where ecM repre-

weak D4h 
£(alg) = e„» + 2e„h 

E(big) = 3zc« 
£(b2g) = 4eT» 
£(e8) = 2eT

a + 2ex
b 

weak Civ 
E(SLi) = 6 ^ + 1Ae^ 
EQ*) = W + >/&,* 
E(CJ2) = 2Cr" + 2e r» 
£(e) = 3e^ + e ^ 

(4) 

sents the radial parameters for the <T(7T) bonds with 
ligands a and b. It must be mentioned that the ligands 
a (phen or bipy) are bidentate, and, for the cis [Ma2b2] 
chromophores, the symmetry classes of the D 4 point 
group have been used. 

The Splitting Parameters 

By making use of (4), the splitting parameters in 
Figure 1 are as shown in (5) and the energies of the 

weakD4h weak C2V 
S = 2e„» - 2e„b S = e," - e„b 

AT = e„» + 2t^ - A0 = i/2ec* + 3/2e„b 

2e^ - 2e*h 2e," - 2e,b 

M = 2ex
b - 2e,ra ju = eT

b - ey 

spin-allowed transitions (2) are 

f6B2g -

(5) 

weak D4: 

weak C2v 

I1B11 

6 E 8 6 A 1 8 6 B 1 8 

6 B 2 8 
6Bi8 

6A1 8 

H = 2 e , b - 2ew» 
A T + M = e„° + 2 e , b - 4eT» 
A 0

h = Se,, ' - 4e T
a 

Ii = eT
b - eT* 

A0 + M = V&c* + she,h -
3ex* - e„b 

Aoh = 6/2e,» + Vse^ -
3ê » - e^b 

(6) 

F rom the first, it may be seen that no matter what 
kind of distortion is considered, n or 5 < < AT or Ac, and, 
according to (6), only two transitions occur, the separa
tion being equal to the 6 parameter in Figure 1. Indeed, 
in the spectra of mixed ligand complexes of Fe(II), 
there are two absorption bands placed in the near-
infrared, as shown in Figure 2. As may be seen, the 
distance between the bands is practically the same in all 
series of compounds. This distance of about 2000 
c m - 1 is jus t equal to the splitting caused by the dynamic 
Jahn-Teller effect11 in Fe(H2O)6

2 + and strongly sug
gests that the appearance of two bands in the spectra is 
due to that effect. In other words, the 6 parameter, 

(9) C. K. Jprgensen, J. Phys. Radium, 26, 825 (1965). 
(10) C. E. Schaffer and C. K. J0rgensen, Mol. Phys., 9, 401 (1965). 
(11) C. Furlani, Gazz. CMm. /fa/., 87, 371 (1957). 
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Figure 2. The electronic spectra of Fe(PhCn)2X2, where the two 
absorption maxima are schematically represented by crosses. 

which should, according to ( 6 ) , be the distance between 
the bands, may be practically ignored. 

Therefore, e / ~ e^ = e„ and the spin-allowed 
transitions in [Fena2b2] chromophores have the energies 
shown in (7). 

weak D4h
 6B28 -

weak Qv 6E8 -

-6A18; 6B18 

6B18;
 6A18 

A„b = 3e„ - 4e,r 

A„h = 3e„ - 3e,r 
(7) 

It would be interesting to compare these energies 
with the orbital energy in Fe(phen)3

2 + . In the angular 
overlap model, the orbital energy in an octahedral 
compound is defined by the difference10 

A0 = 3e„ 4eT (8) 

According to eq 7 and 8, A0
1 = 3e„a — 4ex

b, the orbital 
energy in Fe(phen)3

2 + , must be equal to the energy of 
the spin-allowed transitions in the trans [Fena2b2] 
complexes having weak D 4 h distortions. A regularity 
of this kind has been found in praseo salts.12 In the 
tetragonal chromophores, Con i(NH3)4X2 , the second 
absorption band (1AIg -»• 1A28) has an energy, expressed 
in our parameters A^ — C, equal to the first band in 
C o i n ( N H 3 y + , i.e., A0

1 - C ( 1 A 1 8 - * 1T28). 

According to eq 7 and 8, the energy value of the 
spin-allowed transitions in the [Fena2b2] chromophores 
having weak C2v distortions must be lower than the 
orbital energy in Fe(phen)3

2 + , since the ligands b have a 
stronger 7r-antibonding effect than the ligands a 
(eT

b > e / ) . The last remark seems to be verified by 
the spectra of some Fe(II) chromophores. As may be 
observed in Figure 2, the energy of the spin-allowed 
transitions in [Fe(phen)2b2] chromophores is generally 
lower than A0

1 = 13,000 c m - 1 , the orbital energy in the 
parent compound Fe(phen)3

2 + , which seems to indicate 
weak C2v distortions in these complexes. 

(12) R. S. D. Wentworth and T. S. Piper, Inorg. Chem., 4, 202, 709, 
1524(1965). 
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Another reason for which the energy of the 
spin-allowed transitions in [Fena2b2] has a lower value 
than the orbital enrgy A0

1 in Fe(phen)3
2+ may be 

found in the changes occurring in the radial parameters 
e," and e^b. The reduction of A0

h (eq 7) can take 
place by the lowering or increasing in e / and ej* values, 
respectively. We cannot decide at this point which of 
the causes is most important. However, if the reduc
tion in e / value is considered to be the main cause, it 
follows that e," ~ e^b, and the 5 parameter (eq 5) may 
be practically ignored. 

The Magnetic Behavior 

With 5 = 0, the conditions of diamagnetism (eq 3) 
may be written in the form 

I (Oh) A„ > n 
II (weak D4h) A0

h - n > n (9) 
III (weak Gv) A0

11 - 1A M > n 

The two last conditions corresponding to the trans or 
cis distortions are more difficult to fulfill than the first 
relation, if ju > O. One may therefore conclude that 
the strong 7r-antibonding effect of the halides or pseudo-
halides {n > O) is responsible for the paramagnetic 
behavior of the mixed ligand complexes of iron(II). 

Let us study some Fe(II) chromophores having C2v 
distortions. According to eq 5, 7, 8, and 9, we have 

Ao1 - >hn > n (10) 

where A0
1 is the orbital energy in the low-spin com

pound Fe(phen) 3
2 + . Assuming that e / and eT

a are the 
same in bo th F e n a 3

2 + and [Fe na 2b 2] chromophores , the 
/j, parameter may be easily found from 

M = eT" - eT» = A0' - A0
11 (11) 

Table I shows the A0
h, ju, and A0

1 — V2M values as found 
from the spectra2 of some Fe(II) chromophores for 
which X-ray evidence4 would indicate cis distortions. 

Table I 

A„h, n, Ao1 - 8 A M , 
Fe(PhCn)2X2 cm -1 cm -1 cm -1 

X = Cl- 8,470 4530 6200 
Br" 8,470 4530 6200 
N3- 10,200 2800 8800 

The ju parameter was estimated from eq 11, where A0
1, 

the orbital energy in Fe(phen) 3
2 + , has a value of about 

13,000 cm- 1 . 
As may be seen from Table I, A0

1 — V2M has a lower 
value than tha t of the spin-pairing energy II = 12,500 
c m - 1 and, according to eq 10, the chromophores 
[Fe(phen)2X2], where X = C l - , B r - , N 3

- , must be 
paramagnetic. 

The condition of diamagnetism is also verified by the 
diamagnetic compounds . Let us take as an example 
the diamagnetic chromophores [Fe(phen)2(CN)2]. As 
has been postulated, on the basis of the infrared data,* 3 

the cyanide is cis, and therefore it must verify the 
condition in (10). 

Since A0
1, the orbital energy in the low-spin com

pound Fe(phen) 3
2 + , is higher than the spin-pairing 

energy and since n < 0 (the 7r-antibonding effect of the 
C N groups is negative), A0

1 — V2M is much higher than 
the critical energy of spin pairing. According to (10), 
the condition of diamagnetism is fulfilled and the com
plex [Fe(PhCn)2(CN)2] must be diamagnetic, as shown 
by the spectral and magnetic measurements .3 

(13) N. K. Hamer and L. E. Orgel, Nature, 190, 439 (1961). 
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