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THE EFFECT OF PRESSURE ON THE OXIDATION STATE OF
IRON, II. OXYGEN LIGANDS*

By 8. C. Fuxe 6. K. LEwis, Ju., axp H. G. Drickaver

DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING AND
MATERIALS RESEABCE LABORATORY, UNIVEWSITY OF ILLINOIS, URBANA

Communicaled August 12, 1965

In a series of papers from this laboratory!—* we have discussed the effect of
pressure on the oxidation state of iron, on the isomer shift (s-electron density at
the nucleus), and on the gmdrupole splitting (splitting of the nuclear level of
spin 3/2 due to interaction with an electric field gradieut at the nucleus) for a
vuriety of iron compounds.  Since high-spin ferrous ions exhibit a relatively low
electron density at the nucleas (isomer shift ~ 1.2-1.4 mm/sec relutive to metallic
iron) and large quadrupede splitting (2-3 mun ‘sec), whereas high-spin ferric
compounds show a distinetly lower isoter shift (0.3-0.5 mm 'sec) and relutively
small quadrupole splitting @.3-0.6 mm ‘sec), it is ensy to identify one phase in
the presence of the other.

The observations ean be ssmmarized as follows*

(1) With increasing pressure, Fe(111) ion reduces to the Fe(ll) state (re-
versibly) in a wide varicty of compounds including halides, phosphate, sulfute,
;.'ilrate, ferricyanide, etc. The conversion as x funetion of pressure is of the
form:

K = AP®, )

whcre‘ '{\; = C1y/Cys, with € and Cyyy the nominal concentrations of Fe'
and Fe'"' measured from pesk areas, and A and B are constants.  From thermo-
dynamic arguments*- * one can write:

dim €y POV — ¥y

WP BT Cr. (©)]

The fractional increase im eonversion per fractional increase in pressure is thus
proportional to the concentration of sites avaikable for conversion:  the propor-
tionulity coefficient i< the werk to convert a site measured in thermal units, and
is independent of pressure.  For typical ionie materisds B ~0.5.  The reaction is
endothermic with «x heat of reaction whirh inereases with temperature and is
independent of pressure formmmpounds like the halides.

The electron transfer is from ligand bonding to metal antibonding orbital
(L3 ~ 3 in octahedral svmmetry).  The reduetion of the energy difference be-
tween these two sets of orbitaly with inercasing pressure is associated with a
spreading of the 3d smetul sebitals observed optically and probably adso with a
relative increase in pi bondmg that stubilizes the £, orbitals.!-

(2) With increasing presare, the isomer shift deereases (the electron density
at the nueleus ineremses) for most componnds,  This ean be diseussed in terms of
decreased shiclding of the Zeelectrons by the 2, due to the spreading of the 3d
orbitals mentioned above, sad of deformation of the s orbitals.®
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(3)  For high-spin ferric ions there is generally a significant increase in quad-
rupole splitting with pressure.  Since the ground state is an s state, the splitting
is due to lack of cubic symmetry in the surroundings, and the electric field gradi-
ent is very sensitive to compression of the lattice. The much larger quadrupole
splitting of high-spin ferrous ions, primarily caused by the aspherical 3d shell,
tends to increase or decrease by modest amounts with increasing pressure.

In this paper we present high-pressure Mossbauer resonance data for ferric
acetyl acetonate [Fe(CsHz0.)s), busic ferric acetate [Fey(CH;COO)q (OH).CH;-
COOH.0], ferric oxalate [Fe(C:0,):-5H:0], and strontium trisoxalatoferrate
(1) [Srs(Fe(Ca04)3)e-2H0]. The compounds were synthesized from iron
enriched to 83 per cent in Fe.  The basic acetate and the acetyl acetonate were
made as described in reference 1; the ferric oxalate was made by the procedure of
Weinland and Rein,® and the strontium salt was synthesized by the technique
utilized by Gullagher? The oxalates were handled in the dark or by red light
to prevent photoreduction.  All comy Is gave the correct chemical analyses
and exclusively ferric Mossbuuer spectra at one atmosphere.

All four compounds have in common the fact that the ligands are bidentate und
the iron is surrounded by six oxygen atoms (or ions) in essentially octahedral
symmetry.”=®  Early data on the acetate and acetyl ucetonate indicated some
conversion of Fe(I1I) to Fe(IT) with incrensing pressure at room temperature, '
but the results were not quantitative. The high-pressure Méssbauer techniques
have been deseribed elsewhere. !

We shall be primurily concerued with the conversion of Fe(III) to Fe(ll) as a
function of pressure and temperature.  The experimental results are exhibited in
Figures 1 and 2. As can be seen, they follow the relationship of equation (1),
but B # 0.5 and.is a distinet function of temperature, in contrast to the behavior
of compounds previously discussed.  Values of A and B are listed in Table 1 and
heats of formation in Table 2.

Consider first the acetate and acetyl acetonate.  The work PAT to form Fe(IT)
from Fe(III) is considerably larger at a given temperature and pressure for
these complexes than for the simpler ionic crystals. The volume change 17

— V1 amounts to several cubic centimeters at 10 kilobars (kb).  One ean under-
stund that for these bidentate ligands it would be more difficult to distribute the
strin involved in the charge transfer and formation of ion radicals than it would
be for FeCly or FeBrs.  The smaller value of B (and of AV) at higher tempera-

Tawne 1. Constants A and B for K = AP?.

Material Tempemture (°K) 4 B
Acetyl acetonate 205 1.24 X 10~ 2.23
375 0.96 X 1072 1.013

Basie neetale BTE 0,22 X 107 3.05
418 2.2 %X 10 0.9%3

Oxalute 205 0041 0.51
i 0.0z 0,833
3 0043 L. 146
Strontium oxalate 205 0.115 0501
353 0.058 0.544
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Tasie 2. Heals of reaction.

Material (kb) - #H fev)
Acetyl acetonate 325°K 375°K
60 015 0.25
100 0105 0.15
150 0065 0.085
200 0032 0.057
Basic acetute UK
75 0.93
100 v.60
150 0.44
Oxalate 315°K J60°K
25 019 0.34
70 0.23 0.39
100 0.26 0.42
150 0.29 -_
Strontium ferric oxalate K
20 o1
50 0.15
100 0.20
200 0.24

tures can probably be associated with thermal relaxation of the strains. The
heat of reaction decreases markedly with increasing 2

On the other hand, the oxalates exhibit a value of B(PAV/RT) and a heat of
formation of the Fe(Il) site which increases with pressure, ie., the work to
perform the reduction is greater at high than at low temperature. It is known
that oxalates tend to reduce photochemieally,’* ** and when heated in the dark,

d a series of wons; first reduction, then oxidation.** In both
cases CO: is evolved und the proeess is irreversible.

As indicated earlier, the high-pressure reduction is reversible and involves a
lowering of energy of metal antibonding levels with respect to ligand nonbonding
p-orbitals, so it is not necessary to postulate fermation of CO; in the lattice.
Nevertheless, the radieal formed in the process quite possibly has a volume in the
lattice that is rather temperature~dependent. It is of interest to note that the
slope B, and therefore the volume difference (V™ — 1) is noticcably smaller
for the strontium salt than for the ferric oxalute, although the number and gross
symmetry of the ligands is apparently the same for both compounds. This il-
lustrates the important effect of the ability to redistribute the struin to next-
nearest neighbors and beyond ea the conversion equilibrium.

While the main interest in this study was the conversion of Fe(ITI) to Fe(II),
isomer shift and quadrupole splitting data were obtained both for the Fe(111)
and for the Fe(II) formed at high pressure.  These results appear in Tables
Jand 4. Isomer shift data are shown only at mem temperzture, for it wis neces-
sary to change the souree locatiom slight by with increasing pressure, which eaused
a slight change in its temperztare,  Peak foeations established with changing
amounts of Fe(IT) and Fe(TE) present are nevessarily less accurate than thase

) 1 in nonreacting systems, but one ean comment on two trends of interest

whose magnitude are well beyomd auy experimental error.
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“Fig. 1.—Ln K vs. In P—acetate and acetyl acetonate.
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TaBLe 3. [somer shift versus pressure at 205°K.*

Pressure Avetyl \cetouate el G L —— Strontium Oxalate
(kb) Fe(IED) Fedd FedIl) Fe(ID Fell) Fe(ll)
n 0.35 045
25 035 1N 0.4 [0 }
30 0.40 L.20 043 126
75 0.39 1.16 L 4 129
100 0.38 114 0.42 1.31
125 0.36 1.12 n.41 1.34
150 0.33 i.n 0.4 136
175 0,33 1.1 0.3 Las

* Mm/sec relative to iron metal at 1 atmosphene.

Taswe 4. Quadrupole splittings (mm /sec).
(4) Ferrie lou
1A

Pressure Basie Acetate Acety . ——Oxalat ] ium Oxalate
(kb) FSK®  48°K 206°K  375°K 205°K  335°K 203°K  382°K
0 — 3 0.46 0.70 0.59 0.54 030 0.72
25 - - 0.76 1.00 0.82 0.77 088 0.88
50 At 085 0.8 110 0.95 0.92 0.7 1.00
75 0.82 0.9 0.92 115 102 1.00 0.9 1.10
100 0.9%0 095 Log 117 1.08 1.07 1.02 1.18
125 0.96 1o 114 1.20 113 1.12 112 1.25
150 102 1.06 1.22 123 1.20 1.16 1.16 1.32
175 1.08 L 1.28 1.26 1.26 1.20 1.20 1.38

() Ferrous Ion

Pressure ic Aretate Acetyl Acetonate —xulate— Strontium Oxalate
(kb) 3T8°K  MI8°K 295°K  375°K 295°K  335°K 295°K 3°K
0 = = - = -—
25 - = 2.2 2.10 2.00
50 = 1S 2.15 2.05 2.08
75 2.20 L84 212 200 2.4
100 2.16 1.8 2.00 2.00 2.2
125 2.4 188 2.00 1.9% 2,26
150 2.12 L9 2.00 1.96 2.30
175 210 190 2.00 195 2.35

In both oxulutes the isomer shift of the ferrous ion formed inereased with pres-
sure, i.e., the electron density at the iron nuclens decreased.  This
to the behavior of all but a few other systems, and indeed to that of ordinary fer-
rous oxalate.! The bonding must be very strained and changes in occupation
of the bonding orbitals with pressure apparently overwhelm the shielding and
orbital compression cffect<3®

In the acetyl , there is a
kb, as shown in Figure 3. The apparent isomer shift at 102°C is plotted in the
same figure to show that it also exhibits the maximum.  In this case the changes
in orbital oceupation dominate in the low-pressure region, whereas the usual or-
bital distortion effeets govern at high pressure. Figure 4 shows the quadrupole
splitting for acetyl acctonate as a function of pressure. At room temperature
there is a distinct leveling in the region of the isomer shift muximum. then a sec-
ond rise at higher pressures. It is elear that the change in orbital oerupation of
the bonding orbitaks affects the local asymmetry. At 102°C the change in quad-
rupole splitting with pressure is too smadl to determine whether the irregularity is

in the ixomer shift at about 40-350
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present. The increase in quadrupole splitting with increasing temperature in
the low-pressure region is unusual.  The anomalies in isomer shift and qum_iru—
pole splitting are not refleccted in the conversion, which sh(‘)ws no 1rmgulum.|es
with increasing pressurc or temperature.  This is not surprising as the conversion
involves only bonding and antibonding orbitals. o
Summary.—The effect of pressure on the oxidation state of ferric ion, in a
site of essentinlly octahedral symmetry with six oxvgen ligands, has bco;n
1. Four P s have been studied: basic ferric acetate, ferrie
acetyl acetonate, ferric oxalate, and strontium ferric oxalate. For all these
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com_;tw'mls the reduction followed the relationship K = AP? where K is the
cqlldllsnufn constant Cyg/'Cryp. For the acetate and acetyl acetonate, B de-
fn&nm! with incrensing temperature, whereas both oxalates showed an inerense
in B with invrf':w.iug temperature.  These observations are discussed in terms of
thermodynamic implications. The unusual behavior of the isomer shift and
quadrupole splitting of the ferric ion in the acetyl acetonate is bricfly discussed.

"1‘1- work was lupportt:d in part by the U.S. Atomic Energy Commission.
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SPIN-LABELED MITOCHONDRIAL LIPIDS IN
NEUROSPORA (CRASSA*
Br A. D. Kerri, A. 8. Waccoxer, axp O. IT. Grrerrrnd

DEPARTMENT OF GENETICS, UNIVERSITY OF CALIFORNIA, BERKELEY,
AND DEPARTMENT OF CHEMISTRY, UNIVERSITY OF UREGON, EUGENE

Ce icated by V. Bockelheide, September 11, 1968

The eurrent interest in membrane models and membranes has increased the
search for new probing techniques.  Recently, spin labeling has been explored as
a technique for investigating micelles.!: *  Although micelles ure a rather primi-
tive type of membrane model, the system is simple and forms a logical sturting
point for more ambitious studies. The main result of the micelle work wus the
d ration that n water-insolubl lecule, in this case a nitroxide free radi-
cal, remains highly mobile when solubilized by a micelle. It ulso became clear
during the course of this work that nitroxide spin labels would be useful as
probes of more complex membranelike systems.

The chemistry of nitroxide free radicals is now well understood and a wide
choice of probes may be synthesized by known procedures.  Electron spin reso-
nance (ESR) is the muin spectroscopic tool for observing the probes. The
analysis of the ESR spectra when the nitroxide probes are tumbling at inter-
mediate rates or aggregating in solution is still an active field of investigation.
Even though the analysis is not yet complete, it is obvious from the work of many
laboratories that the ESR spectrum contains a large amount of information.
The number of probes, the rotational mobility of the probes, the polarity of the
environment, and the state of aggregation of the probes are types of information
that can, in principle, be obtained from the ESR duta. A number of investiga-
tions of proteins have already been published® and a good review of the chemistry
of nitroxides ond the spin-labeling technique is availuble.?

At least three important questions remain unanswered from the earlier work.
(1) How can one incorporate a nitroxide into the lipid portion of a membrane in
a meaningful way?  (2) Is the nitroxide moiety sufficiently stuble to remain para-
magnetic in a living system?  (3) Will the system survive in the presence of
nitroxide free radieals? The present paper is an attempt to answer these ques-
tions for one specific case. The approuch in this work was to allow an organism
to take up a lipid spin Iabel. The fate of the spin label in the membrane-rich
mitochondria was then followed by chemical and ESR methods. The organism
chosen for this study was Neurospora crassa, the common bread mold.

Experimental. —Synthesis of the 12-nitroride methyl stearate spin label: The 12-nitroxide
methyl stearate (I) was prepared from 12-keto methyl stearate by the procedure of
Keana, Keana, and Beetham? for converting ketones into stable nitroxide free radicals,

The details of this synthesis are described elsewhere.®
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