3221

Some Comments on the Orbital Pattern in the High-Spin
Mixed Ligand Complexes of Iron(II)

P. Spacu and C. Lepadatu

Contribution from the Center of Inorganic Chemistry of the
Academy of the R. S. Roumania, Bucharest, Rumania.

Received October 22, 1965

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 ““z”’ antibonding effect of the halides (pseudohalides). Another
reason is suggested by the electronic spectra, which indicate that the “¢’’ antibonding power of the ammines is almost

equal to that of the halides.

series of Fe(Il) complexes having the general

formula [Fe'la;b,], where a = phen or bipy and
b = halides or pseudohalides, has recently been pre-
pared and their paramagnetism reported.’=% In all
cases, the magnetic moments observed are approxi-
mately those predicted for octahedral d¢ 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 Fe'la,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(Il) compounds
have been recorded by Madeja and Konig? 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 rans 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 o(7) bonds with the “a’ and
“b” ligands. Here, the orbital energy A, may be
regarded as the difference between the ‘o’ and the
“m’* antibonding effect of the ligands.

Schemes II-1II in Figure 1 correspond to the tetra-
gonal (weak Duy) or cis (weak C,,) distortions due to the
difference between the ¢(7)-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)
(6 parameter). It has also been considered that the
ligands b have a w-antibonding effect stronger than the
ligands a (u 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.®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
in4,, A, 4., 8, u, and Racah parameters are

125 (1A n+ 5B + 8C
1S, n + 24,
botet (1Ay,) n+ 5B+ 8C
11 (weak Ddh){b22ezalbll(5B2g) n+2Ar + 6 1
e4by? (1Ay,) n+ 5B+ 8C
111 (weak QV){esb:bxal (;iz) n+20.+6+n

where n = 154 — 35B 4+ 7C.

For each of these schemes, the excited levels (quintet)
at which spin-allowed transitions can take place may be
found at
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above the ground paramagnetic state, where Al =
Ar+ 0+ pord .+ 9+ p.

The conditions of diamagnetism, as resulting from the
comparison of both the ground states, singlet, and
quintet, are of the form

1(On) A >N
11 (weak Dun) At + Y6 > 1 3)
111 (weak Csy) A+ Y6 +p)>T

In all these relations, the quantity II = 2,58 + 4C
represents the spin-pairing energy which appears to
have a value of 22 12,000-12,500 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-
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Figure 1. Molecular orbital energy level diagram for octahedral
(O), tetragonal (D), and C,, symmetries.

where.*®  Using the angular overlap model, the
- and w-antibonding energies in [Masb;] chromo-
phores are as shown in eq 4, where e, repre-

weak Gy

E(a)) = 8/ses® + 1/o£s°

E(bl) = 8/2ez18 + 8/2ez1b (4)
E(by) = 2. + 2e,®

E(e) = 3e,® +e,b

weak Dyy
E(ay) = e* + 2¢,°
E(byg) = 3eq%
E(byg) = de,®
E(e,) = 2e,8 + 2e,°

sents the radial parameters for the o(w) bonds with
ligands a and b. It must be mentioned that the ligands
a (phen or bipy) are bidentate, and, for tHe cis [Masb,)
chromophores, the symmetry classes of the D, 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

weak Dy, weak Gy
& = 2e,8 — 2esb 8 = es* — €5
At = €54 4 2e,° — Ay = ¥s5% + 3resd — 5
2e,® — 2epb €8 — 26,0 O

H= 2e,,b — 26,,9 u= evrb — e

spin-allowed transitions (2) are

8By —> °E, u = 2e,b — 2e,®
weak Dy, —>5Ay, Ar 4+ u = €2 + 2e,° — 4e,=
—> 5By, A = 3e,4 — dege
53, —> 5By, U= €b —en 6)
weak Cyy —> 5By, Ac + 1 = 324 + 395> —
3e.® — exP
—_— EAlg AL = 5/:€0* + 1/s€gb —
€% — €,P

From the first, it may be seen that no matter what
kind of distortion is considered, u or § << Ay or A, and,
according to (6), only two transitions occur, the separa-
tion being equal to the & parameter in Figure 1. Indeed,
in the spectra of mixed ligand complexes of Fe(Il),
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
cm~!is just equal to the splitting caused by the dynamic
Jahn-Teller effect!! in Fe(H,0)¢>t and strongly sug-
gests that the appearance of two bands in the spectra is
due to that effect. In other words, the § parameter,
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Figure 2. The electronic spectra of Fe(phen).X,, 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 [Fe''asb,] chromophores have the energies
shown in (7).

weak Dy 5By —> Ay *By, Ak = 3e, — 4e,2

Q)]

weak Cy, °E, —> 'By,; *Aj, AR = 3e; — 3e,° — ezP

It would be interesting to compare these energies
with the orbital energy in Fe(phen),2*. In the angular
overlap model, the orbital energy in an octahedral
compound is defined by the difference

A, = 3e; — 4der ®

According to eq 7 and 8, A,! = 3e,* — 4e,®, the orbital
energy in Fe(phen);?t, must be equal to the energy of
the spin-allowed transitions in the trans [Fellasb,]
complexes having weak Dy, distortions. A regularity
of this kind has been found in praseo salts.!? In the
tetragonal chromophores, Co™(NH;),X;, the second
absorption band (1A, — 'Aj,) has an energy, expressed
in our parameters A, — C, equal to the first band in
Co™(NH;)s3t, ie., A — C (1A — Tyy).

According to eq 7 and 8, the energy value of the
spin-allowed transitions in the [Fe'la;b,] chromophores
having weak C,, distortions must be lower than the
orbital energy in Fe(phen);2+, since the ligands b have a
stronger w-antibonding effect than the ligands a
(e.® > e,®). The last remark seems to be verified by
the spectra of some Fe(I1) chromophores. As may be
observed in Figure 2, the energy of the spin-allowed
transitions in [Fe(phen);b:] chromophores is generally
lower than A} = 13,000 cm™!, the orbital energy in the
parent compound Fe(phen),2*, which seems to indicate
weak Cs, distortions in these complexes.
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Another reason for which the energy of the
spin-allowed transitions in [Fe''a;b,] has a lower value
than the orbital enrgy A, in Fe(phen);2* may be
found in the changes occurring in the radial parameters
e,* and e,®. The reduction of A (eq 7) can take
place by the lowering or increasing in e,® and e,” 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,® ~ ¢,°, and the § parameter (eq 5) may
be practically ignored.

The Magnetic Behavior

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

I1(On) A, >0
1I (weak D) Ab—u>0O ©)
111 (weak Csy) Ap— You>T

The two last conditions corresponding to the frans or
cis distortions are more difficult to fulfill than the first
relation, if 4 > 0. One may therefore conclude that
the strong m-antibonding effect of the halides or pseudo-
halides (u > 0) is responsible for the paramagnetic
behavior of the mixed ligand complexes of iron(II).

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

Al — Y > T (10)

where A/ is the orbital energy in the low-spin com-
pound Fe(phen);?*. Assuming that e,* and e,* are the
same in both Fe'lay2*+ and [Fe!’a;b,] chromophores, the
u parameter may be easily found from

b= e1rh — €% = Ao1 - th (11)
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Table I shows the A%, u, and A, — 3/ou values as found
from the spectra? of some Fe(II) chromophores for
which X-ray evidence* would indicate cis distortions.

Table I
th: My Al — 3/21-‘:
Fe(phen)X. cm™! cm™! cm™!
X =CI- 8,470 4530 6200
Br- 8,470 4530 6200
N~ 10,200 2800 8800

The p parameter was estimated from eq 11, where A/
the orbital energy in Fe(phen);2t, has a value of about
13,000 cm—1.

As may be seen from Table I, A — #/,u has a lower
value than that of the spin-pairing energy II = 12,500
cm~! and, according to eq 10, the chromophores
[Fe(phen):X,], where X = Cl-, Br-, N;-, 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),(CN),}. As
has been postulated, on the basis of the infrared data,!?
the cyanide is cis, and therefore it must verify the
condition in (10).

Since A,, the orbital energy in the low-spin com-
pound Fe(phen);?t, is higher than the spin-pairing
energy and since u < O (the w-antibonding effect of the
CN groups is negative), A,! — %/, is much higher than
the critical energy of spin pairing. According to (10),
the condition of diamagnetism is fulfilled and the com-
plex [Fe(phen):(CN),] must be diamagnetic, as shown
by the spectral and magnetic measurements. ?
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