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From magnetism to biology, the spin states of iron are

remarkable for the diversity and subtlety of their chemistry.
Nowhere is this better illustrated than in iron porphyrin

chemistry, where all possible spin states have been systemati
cally investigated and where the underlying importance of spin

to hemoprotein function has become widely appreciéfed.
The spin state of an iron atom is determined by the field

strength and the symmetry of the surrounding ligands, i.e., the

ability of the ligands to split the d orbital energies. In this paper,
we show that the unusual phenomenon of admixtur® f/,

and>/, spin states in iron(lll) porphyrins and related macrocycles
provides uniquely sensitive opportunities to rank the ligand field

strengths of weakly binding anions. By analogy to the well-

known Spectrochemical Series, the resulting hierarchy can be

called a magnetochemical series.

The concept of admixed spin states, developed in hemes by

Maltempd from the earlier theory of Griffithand explored most
recently by Bominaar and Blodk,is exemplified by the
perchlorate complex BgOCIOz)(TPP) (TPP= tetraphenylpor-
phyrinate)’ Its particular tetragonal ligand field makes the
intermediate $ = 3/,) and high 6§ = ) spin states of iron

very close in energy. Rather than create the commonly observe

thermalequilibriumbetween the two spin states (so-called spin
crossover), the selection rules of quantum mechanics ane spin

orbit coupling allow the two states to mix completely and create

a new, discreteadmixedground state. Such admix&i= /5,

5/, states give rise to magnetic properties that lie along a

continuum between the extremes of the p8re 3/, andS =

5/, states. These include magnetic moments between 3.9 an

5.9 ug, EPR gg values &y tensors) between 4.0 and 6.0,
Mdssbauer quadrupole splitting valuéss;) that increase with
increasingS= 3/, character, and, for TPP complexéd, NMR
Opyrrole Values which shift dramatically upfield with increasing

S = 3/, character. These properties are sensitive reporters of

changes in the ligand field strength of Xnh a series of FeX-

(TPP) complexes. Herein lies the essence of our proposal. Th

relative field strengths of ligands can be readily ranked if their

complexes lie in the admixed spin regime. Elements of this

idea can be found in our earlier wdrnd in the NMR studies

of Goff 82 but the scope and implications of these observations

have not been recognized previously.
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The principle is first illustrated for anions Xin the series
FeX(TPP), for which availabl@es, go, AEqg, and dpyrrole data
are gathered in Table 1. Of the four parameters, the most
sensitive to the degree @& = 3/,, 5, admixture is thelH
chemical shift of the eight pyrrole protons on the periphery of
the porphyrin macrocycl&)pymoe High-spin species such as
FeCI(TPP) have largelowrfield shifts (+80 ppm), whereas
species approaching pure intermediate spin hgofield shifts
that can be as large as62 ppm. Such upfield shifts in FeX-
(TPP)-type species have not been reported previously, and it is
interesting to speculate on the upper boundary and dwsie
scales along the cotninuum. The unliganded species, Fe{TPP)
which is expected to have a puge= 3/, spin state, is presently
unrealizable because of ligand-like interactions with arene
solvent molecule$® The trend indpymole Values gives rise to

the following field strength order: Ag(BEB11Hg)2~ < CBuH12™

< Shk™ < CO(CngHll)z_ < Asks~ < CIOs < C(CN)S_ <
CRSG;~ < BFs~ < ONC(CN)~ < ReQy~. The next most
useful parameter is magnetic momenks), where despite
possible solid state effects (e.g., intermolecular magnetic
coupling, differing effects of solvation, impurity effects, ex-
perimental error, etc.), essentially the same correlation is
observed. The lack of extensive data in gaecolumn of Table
1 arises from poor solubility in a common inert solvent (e.g.,
toluene) and from signals too broad to achieve an accurate
ranking. Available Masbauer quadrupole splittingg\Eg,
appear to follow a trend of increasing magnitude with increasing
S = 3/, character. There is a remarkable general congruence
of derived ligand rankings from the four parameters, even though
each has a different physical basis. Small reversals in ligand
rankings may result from differing conditions of measurement.
Since stronger field axial ligands such as halides, alkoxides,

OIazide, thiocyanateg?-nitrate, thiolates, carboxylates, sulfonates,
u-oxide, sulfate, bisulfate, and teflate (OEe)** all form high-

spin complexes in the FeX(TPP) series, they can be grouped at
the high-field end of the series but not ranked. However, while
it is not possible to form a more extended magnetochemical
series from data on tetraphenylporphyrin complexes, the series
can be extended to other sequences by changing the macrocycle.

(anreased tetragonality of the overall ligand field shifts high-

pin complexes into the admixed-intermediate-spin regime. This
is illustrated by the analogous octaethylporphyrin (OEP),
phthalocyanine (Pc), and octaethyltetraazaporphyrin complexes
(OETAP), which have progressively increasigigand fields.
Thus, FeCI(TPP) is high spin, but FeCl(Pc) is admirezhd
FeCI(OETAP) is pure intermediaté. OEP is only a marginally
stronger field macrocycle than TPP. Nevertheless!theMR

espectrum of Fe(OTef{OEP) hints that X= OTek™ is shifted

into the admixed regim¥. The effect of phthalocyanine is more
dramatic. Publishegier and AE; data on phthalocyanine
complexes of the type FeX(P&)give rise to the sequence |
< Br~ < CI~ and also suggest Br~ CI;CCO,~ < CRCO,™.
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Table 1. Parameters in FeX(TPP) Admixe’l= 3/, %, Spin Complexes Used for Field Strength Ranking

AEg (mm sY)
anion Uesi (us), 300 K 42K room temp 0o (vs DPPH) H Spyrrole (PPM) ref
Ag(BreCB11Hg)2~ 4.1 a a —62.0 (CDQCly) this work
CBiHi2~ 4.2 4.12 4.15 10
3.77 —58.5 (GDs) this work
Sbk~ 4.1 4.29 10
—49 (GDe) this work
Co(GBoH11)2~ 4.0 3.69 ~4.2 (GHg) —48.5 (GDe) this work
—44 (GDg)
AsFs 4.25 3.25 —31.5 (GDe) this work
ClO4 5.2 3.5 4.75 7
13.0 (CDC}) 8
2.79 27.7 (GD¢) this work
C(CN)~ 5.4 b b 5.2 24.0 (CDQ) 8
28.2 (GDg)
CRSOs~ 5.5 4.3 (CHG) 39.3 (CDC¥) 8
2.39 ~5.4 (GHs) 47.9 (GDe) this work
BF,~ 1.6 56.2 (CDG)) this work
ONC(CN)~ 53 5.6 (GHs) 11
ReQ~ 5.5 1.32 (78 K) 12
5.76¢ ~5.8 (GHs) 61.5 (CDC}) this work
66.7 (GDe) this work

aData unobtainable due to X-ray absorption by bromine atdr@systal structure shows six-coordination, thereby invalidating a comparison to
five-coordinate species of the type FeX(TPP), at least for data gathered in the solid state. Quoted data are for solution where five-coordination is
likely. ¢ uer obtained for a diamagnetic correction of the macrocycle-800 x 10-® cgs emu/mol compared to the one used in ref 1242 x
10°9).

In summary, the concept of admixed spin states leads to thethe d—d absorptions of [Co(NEJsX]2*", a spectrochemical series
following qualitative magnetochemical ranking of ligand field Br~ < CI- < CIO;~ < ReQy is evident!® The iron-based

strength for iron(lll): Ag(BeCBiiHg)>~ < CBiiH12~ < SbRs™ magnetochemical series gives GIO< ReQ~ < Br~ < CI~
< Co(GBgH11)2™ < AsFs~ < ClO4~ < C(CN)s~ < CRSOs~ with much clearer differentiation. The different ordering may
< BFs < ONC(CN)™ < ReQy” < OTeRs™ < |~ < Br- < reflect the greater importance ofdonation from 2p oxyanions

CI”. Some ligands are ranked for the first time, and the method to ¢f iron(1ll) relative to ¢,4)® cobalt(lll) (where the dorbitals
is particularly useful for the weaker binding and weaker field 5ye filled) and/or the role of spirorbit coupling. It is our hope

anions. _ _ _ _ that the qualitative observations of this paper will stimulate new

S Th? trﬁdltlgnalllsranklngd O.f I'é:]an.d flglldfstreqﬁthsl |stthg interest in the definition and parametrization of ligand field

S ps&rrggcoemm; Oftgﬁse' dr:ImC/:eo Iﬁrlr:;]grzlqyle;?én; A i]g er(]:eronlc strength in low-symmetry molecules and in the more quantitative

tc?chemical @éries differsin a nurgwbzar of W% S, most fu?nda;nen- aspects of spin state mixing. Admixed spin states of other

X ays, - multiplicites have yet to be discovered.

tally by being a ground state property. This gives rise to greater

sensitivity and to differences in ordering. For example, from ) ) _
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