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Solvent Effects on Optical and ESR Spectra of One-Electron
Reduced Species of Cobalt(IIT) and Manganese(III) Tetra-
phenylporphyrins Produced by y-Radiolysis at 77 K
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One-electron reduction by p-ray irradiation of cobaly(IIl) and manganese(III) tetraphenylporphyrins
(C1Co(IIITPP, CIMn(III)TPP, and IMn(III)TPP) in ethanol and MTHF(2-methyltetrahydrofuran) solutions

at 77 K results in the reduction of the central metals of these porphyrins.

From the optical and ESR

measurements, the reduced species are found to retain the axial anion, Cl~ or I=, in MTHF but not in

ethanol.

The absorption spectroscopic studies of these porphyrins in ethanol solutions indicate that the

axial halide ion is displaced by an ethanol molecule prior to y-ray irradiation.

Reduced and oxidized porphyrins generated chemi-
cally and electrochemically have been subjected to
numerous spectroscopic studies because of their im-
portance as key intermediates in biological reactions.?
In particular, optical absorption and ESR spectroscop-
ic studies provide useful information on thir electronic
structures and chemical properties. However, chemical
reduction and oxidation and electrolysis techniques
are unable to be applied to observation of unstable re-
duced and oxidized species in fluid solutions.

Radiation chemical techniques have been success-
fully applied to the detection of one-electron oxidation
and reduction products of inorganic compounds,2~?
metalloporphyrins, 89 and biologically important
substances.1%:1D  Recently we have systematically car-
ried out optical and ESR measurements of one-elec-
tron reduced and oxidized products of metallopor-
phyrins and cobaloximes formed by y-radiolysis of
rigid solutions at 77 K.1271®  Since molecules are
immobilized in the low-temperature rigid solutions,
the reduced or oxidized species are trapped as stable
products and are subjected to the conventional spectro-
scopic measuremens.

In previous papers!?-1® we have shown that ClCo-
(IIITPP and CIMn(III)TPP in a less-polar solvent,
MTHEF, are reduced upon p-ray irradiation at 77 K to
from Cl-...Co(II)TPP and Cl~-.-Mn(II)TPP in which
the anion Cl~ is confined in the axial position. These
results imply that CICo(III)TPP and CIMn(III)TPP
hardly undergo ionic dissociation in MTHF.

In a preliminary experiment, we found that the
absorption spectra of ClCo(III)TPP, CIMn(III)TPP,
and IMn(III)TPP in ethanol solutions distinctly dif-
fer from those in MTHEF solutions. The purpose of
the present study is to investigate the one-electron
reduced species of CICo(III)TPP, CIMn(III)TPP, and
IMn(IIT)TPP, produced by p-ray irradiation at 77 K in
a polar solvent, ethanol. The optical absorption and
ESR spectra of the reduced species in ethanol are pre-
sented for the comparison with those in MTHF.

Experimental
Metalloporphyrins, CICo(III)TPP, CIMn(III)TPP, and

IMn(III)TPP, were prepared according to literature0-2) and
purified by column chromatography on Sephadex LH 20.

2-Methyltetrahydrofuran was purified by fractional distilla-
tion and stored on Na-K alloy to remove traces of water.
Ethanol was used as supplied.

Optical absorption and ESR spectra were recorded on a
Cary 14 spectrophotometer and a JEOL JES FE-3AX X-
band spectrometer, respectively.

High-purity quartz cells having an optical pathlength of
0.1 mm were used for optical measurements. Two Kinds of
ESR tubes were used: one is made of high-purity quartz and
the other, specially prepared glass in which no hydrogen
atoms are formed upon y-ray irradiation at 77K. A 1.2
kCi 8Co source was used for y-ray irradiation at a dose rate
of ca. 53 kr min1,

Sample solutions containing 10-3M (1 M=1 mol dm™3)
porphyrins were degassed and frozen in a Dewar vessel before
y-ray irradiation. A broad absorption due to trapped elec-
trons formed by irradiation was eliminated by photobleach-
ing before optical measurements of the reduced species. For
the study of chemical reactions occurring in the irradiated
solutions at elevated temperatures, the sample cells and
tubes were warmed slightly by withdrawing them from liquid
nitrogen for suitable time.

Results

Absorption Spectra. Figure 1 shows the absorp-
tion spectra of C1Co(III)TPP in ethanol solution before
and after y-ray irradiation at 77 K. The absorption
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Fig. 1. Absorption spectra of ClICo(III)TPP in ethanol
solution at 77K before y-ray irradiation ( ), after
y-ray irradiation for 60 min (—-—) and 150 min
(—-~-—), and after once warming the irradiated solu-

tion for 2.0 min (-..... ).



1714

peaks of CICo(III)TPP are located at 550 and 584 nm.
Except for band narrowing, the spectrum at 77 K is in
good accord with that measured at room temperature.
Upon p-ray irradiation the intensities of these peaks
decrease and a broad absorption appears over the wave-
length region from 450 to 700 nm; the spectral change
shows isosbestic points at 595 and 537 nm. The spec-
trum measured after irradiation for 150 min still indi-
cates the presence of ClCo(III)TPP. Warming of the
irradiated solution for 2 min gives the spectrum at 77 K
shown by a dotted line in Fig. 1. Since the spectrum is
the same as that of authentic Co(II)TPP in ethanol
solution at 77 K, the broad absorption in 450—700 nm
observed after irradiation is considered to be due to
the one-electron reduced species of ClCo(III)TPP,
which is transformed to Co(II)TPP at elevated tem-
peratures. The absorption spectrum of the warmed
solution shows the absence of C1Co(III)TPP, indicat-
ing that the remaining ClCo(III)TPP is reduced by
solvent radicals formed upon p-ray irradiation at 77 K.

An MTHEF solution of ClCo(III)TPP at 77 K gives
absorption peaks at 557 and 598 nm. The spectrum
measured after y-ray irradiation for 50 min shows
the formation of a reduced species having an absorp-
tion peak at 513 nm. The reduced species changed to
Co(III)TPP after warming the irradiated solution to
room temperature.!? Itis noted that the reduced species
of CICo(III)TPP in MTHF exhibits a clear absorption
peak at 513 nm, while that in ethanol, a broad band
in the Q band region.

Figure 2 shows the absorption spectra of IMn(III)-
TPP in MTHF measured before and after y-ray ir-
radiation at 77 K. The spectrum of IMn(III)TPP at 77
K closely resembles that at room temperature; the
peak maxima are located at 550, 568, 602, and 646 nm
in the Q band region. After y-ray irradiation for 30
min the solution gives a new spectrum at 77 K. Since
the spectrum measured at 77 K after once warming the
irradiated solution for 1.0 min was identical with that
of Mn(II)TPP prepared chemically, the new band is
ascribed to the one-electron reduced species of IMn-
(III)TPP, which is transformend to Mn(II)TPP at ele-
vated temperatures.

Figure 3 shows the absorption spectra of IMn(III)-
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Fig. 2. Absorption spectra of IMn(III)TPP in MTHF
solution at 77 K before ( ) and after y-ray irradia-
tion for 30 min (—-—).
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Fig. 3. Absorption spectra of IMn (III)TPP in ethanol
solution at 77K before ( ) and after p-ray irradia-
tion for 30 min (—-—).

TPP in ethanol solution before and after y-ray ir-
radiation at 77 K. No marked differences were ob-
served between the two spectra of IMn(III)TPP atroom
temperature and 77 K. The location of the major ab-
sorption peaks in ethanol solution is fairly different
from that in MTHF solution. y-Ray irradiation of
the solution gives rise to a new spectrum having
major absorption peaks at 570 and 607 nm. The
spectrum measured after once warming the irradiated
solution shows the absorption maxima at 568 and
606 nm at 77 K, indicating the formation of Mn(II)TPP.

The absorption spectrum of CIMn(III)TPP in
MTHF solution markedly differs from that of IMn-
(IIITPP in MTHF, probably due to the effects of the
different axial ions, Cl~ and 1-. Contrary to the
MTHEF solutions, ethanol solutions of CIMn(III)TPP
and IMn(III)TPP give the same absorption spectrum.
This result is interpreted by assuming that both CIMn-
(ITPP and IMn(III)TPP undergo ionic dissocia-
tion in ethanol solutions to from a common species,
Mn(III)TPP+(EtOH)z, in which the axial positions
are occupied by two ethanol molecules.22.23

ESR Spectra of y-Irradiated Solutions. Figure
4A shows the ESR spectrum obsérved for ethanol solu-
tion of ClCo(III)TPP y-irradiated at 77 K. The hyper-
fine structure of a cobalt atom (/=7/2) appearing
in the parallel component reveals that the central met-
al, Co(III), in C1Co(III)TPP is reduced to Co(II). The
ESR parameters determined for the reduced species are
g/=2.010£0.005, 4,=105+5X10~*cm~!, g.=2.45, and
A1=57X10"*cm™!. Figure 4B shows the ESR spec-
trum measured at 77 K after warming the irradiated
solution for 1.0 min. This spectrum is identical with
that of authentic Co(II)TPP which is expected to
have a structure of Co(II)TPP(EtOH); in ethanol so-
lution at 77 K. The ESR parameters are g,=2.024%
0.005, 4,=991+5X10~* cm™1, g1=2.45, and 41=57X10~¢
cm™l,

Figure 5A shows the ESR spectrum observed for the
y-irradiated MTHF solution of IMn(III)TPP at 77 K.
The spectrum shows well-resolved six hyperfine lines
due to 5Mn (I=5/2) at the g=6 region in addition to
an intense signal from solvent radicals at g=2.0. The
absence of the hyperfine coupling due to the iodine
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Fig. 4. ESR spectra of ClCo(III)TPP solution in
ethanol measured at 77K after 20 min y-irradiation
(A), followed by 2.0 min warming of the irradiated
solution (B).
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Fig. 5. ESR spectra IMn(III)TPP solution in MTHF

measured at 77K after 20 min y-irradiation (A), fol-

lowed by 2.0 min warming of the irradiated solution

(B). An arrow in B indicates the signal from color

centers in quartz tube.

atom implies that the I-Mn bond in IMnTPP is dis-
sociated by the dissociative electron attachment. Fig-
ure 5B shows the ESR spectrum measured for the p-
irradiated solution at 77 K after once warming it to
remove signals due to solvent radicals. The low-field
signal at g=6 becomes broad and the high field
signals becomes observable by warming the irradiated
sample. The ESR spectrum is the same as that of au-
thentic Mn(II)TPP in MTHF solution at 77 K.
Figure 6A shows the ESR spectrum of a y-irradiated
ethanol solution of IMn(III)TPP at 77 K. The spec-
trum shows less-resolved six hyperfine lines at g=6.
When the irradiated solution is warmed for 1.0 min

Optical and ESR Spectra of One-Electron Reduced Cobalt(III) and Manganese(III)
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Fig. 6. ESR spectra of IMn(III)TPP solution in ethanol
measured at 77K after 20 min y-irradiation (A), fol-
lowed by 2.0 min warming of the irradiated solution.

and recooled to 77 K, the signal intensity at g=6 slight-
ly decreases and a new signal due to unidentified
manganese(II) species appears at g==2. The line shape
of the low-field signals is invariant even after warm-
ing the irradiated solution. These results are in good
accord with those obtained for the p-irradiated Mn-
(IIITPP solution in deuterated methanol at 77 K.9

A y-irradiated ethanol solution of CIMn(III)TPP
gives the same ESR spectra, both before and after
warming, as those shown in Fig. 6A and 6B. This
result implies that the common species is produced
from the ethanol solutions of CIMn(III)TPP and IMn-
(IIHTPP upon p-ray irradiation. Taking account of
the optical measurements, Mn(III)TPP+(EtOH); is
considered to be a precursor of the reduced species in
the ethanol solutions.

Discussion

Formation of One-electron Reduced Species by y-Ray
Irradiation. Solid ethanol solutions exposed to y-
rays at 77 K release mobile electrons (ez) according to:

CH3CH20H —— CH3CH:OH*+en

The ethanol cation radical, CHsCH2OH*, undergoes
ion-molecular reaction with a parent ethanol molecule
to form a 2-hydroxyethyl or ethoxyl radical and a pro-
tonated ethanol.!’® The mobile electrons are either
trapped in the solution or captured by solute molecules
(S) if any to form trapped electrons (e;) or solute anions
(S7), respectively:

e, — €}

ex+S — S-.
The similar processes take place in MTHF solution,
too. y-Irradiation of metalloporphyrin solutions in
ethanol or MTHF at 77K, therefore, produces one-
electron reduced metalloporphyrins along with ef
and radicals originated from ethanol or MTHF mole-
cules. The absorption spectra of one-electron reduced
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metalloporhyrins in ethanol are measured after photo-
bleaching of e, which has a broad absorption band
centered around 530 nm.25.28

Identification of One-electron Reduced Species at 77 K.
The one-electron reduced product of ClCo(III)TPP
in MTHF at 77K has a structure of a constrained
complex in which the anion, Cl-, is confined in the
axial position of Co(II)TPP.12 The ESR spectrum
of the constrained complex is characteristically differ-
ent from that of authentic Co(II)TPP in MTHF
solution at 77 K. The ESR parameters of the con-
strained complex are qualitatively interpreted by
assuming that A? state of Co(II)TPP is mixed with
the higher excited states?”? such as E4 by electrostatic
interaction due to the axial anion.

The one-electron reduced species of ClCo(III)TPP
in ethanol solution at 77 K, on the other hand, does
not form the constrained complex. The fact that
the ESR parameters of the one-electron reduced species
in ethanol considerably resemble those of authentic
Co(II)TPP suggests that Cl~ is located far from the
cobalt atom in Co(II)TPP. The paperelectrophoresis
studies revealed that C1Co(III)TPP in alcohol solution
is dissociated as?®

C_H H
Ccl 2757
N— N N—! N
+ -
/CO(III) + 2CHOH — 7 / CO.(III) / + c1
N——m87M8N N————— N
o
PR
C,HS H

Consequently ClCo(III)TPP in ethanol solution at
77K is regarded as having a form of Co(III)TPP*-
(EtOH)2. When the ethanol solution is exposed to
y-rays, Co(III)TPP+(EtOH); is reduced by a mobile
electron to form Co(II)TPP(EtOH); which is trans-
formed to Co(II)TPP(EtOH)2 by warming the ir-
radiated solution. Since Co(III)TPP+(EtOH)z may ac-
cept a mobile electon without accompanying displace-
ment of axial ethanol molecules owing to high viscos-
H
ity of the solvent at 77K, the distance, Co-O
NC,H;
in Co(IIITPP+(EtOH)j is expected to be almost the
same as that in Co(III)TPP+(EtOH).. Taking account
of the electrostatic interaction between a positively
charged Co(III) atom and an oxygen atom of axial
ethanol, the Co-O distance in Co(III)TPP+(EtOH)z is
reasonably assumed to be shorter than that in Co-
(IDTPP(EtOH)2. We therefore conclude that the
Co-0 distance in Co(II)TPP(EtOH)j is shorter than
that in Co(II)TPP(EtOH)2. The transformation of
COII)TPP(EtOH)5to Co(IITPP(EtOH)z by warming
presumably results in a small displacement of axial
ethanol molecules and, therefore, in the absorption
and ESR spectral change of the one-electron reduced
product of ClCo(III)TPP in ethanol at elevated tem-
peratures.

The ESR spectrum observed for the p-irradiated
ethanol solutions of IMn(III)TPP at 77 K shows six
hyperfine lines due to %Mn at g=6, indicating the
formation of high-spin Mn(II)TPP which has a d5-
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electron configuration. For MTHF solution, the
structure of the reduced species is concluded to be
[-...Mn(II)TPP on the basis of the previous ESR
studies on one-electron reduced species of ClMn(II)-
TPP and BrMn(III)TPP; the two species give well-
resolved ESR spectrum at g=6 owing to the effects of
the axial anions.!’® Warmig the irradiated IMn(III)-
TPP solution gives the same ESR spectrum at 77K
as that for chemically prepared Mn(II)TPP. This re-
sult indicates that liberation of I~ from I--..
Mn(I)TPP occurs by warming. The one-electron
reduced species of IMn(III)TPP in ethanol solution,
on the other hand, gives less resolved ESR spectrum at
g=6, which is in good accord with that of chemically
prepared Mn(II)TPP. We concluded that axial anion
I= is located far from the central Mn atom in the
ethanol solution.

Conclusion

The absorpion spectra of ClCo(III)TPP and
IMn(III)TPP in ethanol solutions are essentially
different from those in MTHF solutions. The op-
tical and ESR studies on their one-electron reduced
species produced by y-ray irradiation at 77 K show
that these species retain axial anions in MTHF
whereas not in ethanol. This fact leads to the con-
clusion that ClCo(III'TPP or IMn(III)TPP has al-
ready been dissociated in ethanol solutions into
Co(IIHTPP+(EtOH)2 and Cl- or Mn(III)TPP*-
(EtOH)2 and I~ prior to acceptance of an electron
ejected from solvent molecules by y-ray irradiation.
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