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The ESR spectra of three paramagnetic species trapped in single crystals of chloro(5,10,15,20-tetra-
phenylporphyrinato)cobalt(IIT) (Co™Cl(tpp)), have been observed at 4.2 K to room temperature. Based on the
ESR parameters obtained, the paramagnetic species have been identified as two Co'/(tpp) with different axial
ligand effects and a previously reported cation radical, [Co'™(tpp)]?**(Cl7);. A correlation diagram among g, 4,
and axial ligation made from published data of cobalt(IT) complexes has been successfully used for identification
of the two trapped Co"'(tpp) species: one is four-coordinate Co'!(tpp) and the other five-coordinate Co"'X(tpp) in
which X is presumably Cl~. Their electronic and molecular structures are discussed according to McGarvey’s
theory. Finally, the formation mechanism of the three paramagnetic species in Co™'Cl(tpp) is discussed, based
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on the results obtained from the single crystalline ESR measurements.

The functional properties of metalloenzymes can
often be understood by the study of their prosthetic
groups, as has been seen in the famous study of
Wang.? On the other hand, the study on redox re-
actions including metalloporphyrin has become in-
creasingly important. In the course of our investi-
gation of chloro(5,10,15,20-tetraphenylporphyrinato)-
cobalt(IIT) (Co™Cl(tpp) (1), Fig. 1), we have found by ESR
studies?:® that in solutions of 1 whose solvents are
aromatic or chlorinated hydrocarbons, a 7 cation radical,
[Co™(tpp)]2+'(Cl-)e, is formed and that the formation
of the radical occurs reversibly with small enthalpy
change. Subsequent ESR measurements? on single
crystals of 1 in which the radical is trapped have pro-
vided some information about the electronic and
molecular structures of the radical and have also
shown the existence of two Co''(tpp) species which are
influenced by axial ligation. Such co-existence of both
oxidation and reduction products in the crystals pre-
pared under ambient conditions and the reversible
behavior of the cation radical in the solution are
regarded as inherent properties of 1. These facts can be
closely related to the redox reaction of metalloenzyme.
We have carried out detailed ESR investigations of the
crystals trapping the two Co'(tpp) species. The anal-
ysis of the ESR parameters obtained has given useful
information for understanding the inherent properties
of 1.

In this paper, we first describe the results obtained
from angular dependences of the ESR spectra due to
two Co''(tpp) species trapped in the single crystals of 1.

Fig. 1. Chloro(5,10,15,20-tetraphenylporphyrinato)-
cobalt(III).

Second, the identification of the two trapped Co''(tpp)
species is given using a diagram of correlation among
g, A, and axial ligation made from the published data
of many cobali(II) porphyrins and their related com-
pounds. Third, their electronic and molecular struc-
tures are elucidated according to a theoretical treat-
ment reported by McGarvey. Finally, the formation
mechanism of the three paramagnetic species in 1
will be presented, based on the results obtained from
the single crystalline ESR measurements and those
published previously.

Experimental

Co"Cl(tpp) (1), was prepared by using a method pre-
viously reported.® The spontaneous evaporation of the sol-
vent from the solution of 1 gave crystals of various external
forms: obelisk, pyramid, prism, and bulky shape. The sin-
gle crystals doped with 1 mol% of pure Co"(tpp) were also
prepared for the comparison with the trapped paramagnetic
species. Previously, the X-ray analysis of the obelisk crys-
tals® has been reported: 1 is a five-coordinate cobaly(III)
complex of tpp which has a square-pyramidal structure with
a chlorine atom at the apex. Continuing X-ray analyses®
for various crystals have shown that the sixth ligand position
is completely or partially occupied by water contaminated
from the atmosphere. The relationships between the aand b
axis and the external forms are illustrated in Fig. 2. The
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Fig. 2. (a) Crystal axis in pyramid and obelisk type

crystals of 1. (b) Relationship between crystal axes
and molecular axes.
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Co-Cl bond is parallel to the c axis and the angle between
the a axis and one of the Co-N bonds is 15 °. Typical sizes
of the obelisk and pyramid crystals used for the measure-
ments were 0.1 X 0.1 0.3 and 0.2 0.2 X0.1cm3, respec-
tively. The ESR spectra were measured at 4.2 K to room
temperature with an ESR spectrometer, JEOL FE-3X equip-
ped with 100 kHz magnetic field modulation. The micro-
wave frequency and the magnetic field were directly deter-
mined by using a frequency counter, Takeda Riken TR-
5211, and a field measurement unit, JEOL ES-FC-4, respec-
tively. ESR parameters were determined by simulation using
a JEOL ES-9835 computer system.

Results and Discussion

(1) The ESR Spectra of Paramagnetic Species in
the Obelisk and Pyramid Crystals of Co™Cl(tpp).
Figure 3 shows the ESR spectra of the paramagnetic
species in the pyramid and obelisk type single crystals
of 1 with crystal setting of c L Hp at 77 K. As can be
easily seen from the spectra, three different hyperfine (hf)
patterns due to #Co with I=7/2 are clearly distin-
guished. Hereafter, we call these species a, 8, and v, as
is shown in Fig. 3. The saturation behaviors of the
three hf patterns were different from one another. The
hf pattern due to y was clearly observed at 4.2 K and
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Fig. 3. The ESR spectra of paramagnetic species
trapped in (a) obelisk and (b) pyramid type crystals of
1at 77K (cLH). Note that three species, a, 8, and ¥
are clearly distinguished.
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Fig. 4. Angular variations of the ESR positions of (a)
B and (b) vy species trapped in 1.
@: c axis rotation, O: a axis (pyramid) or [110]

(obelisk) rotation.

—y
50 mT

FIA

Fig. 5. The ESR spectrum of Co'(tpp) doped in Co™-
Cl(tpp) single crystal at 77K (cLH). The position
marked I in the Figure is due to Cu(tpp) paramagne-

tic impurity.
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disappeared at above 120 K, but those due to « and
were observable even at room temperature. That is,
the relaxation time of vy is considerably shorter than
those of two others. a2 has previously been identified
as a m cation radical, [Co"™(tpp)]**'(Cl-)2. In order
to determine the electronic structures of 8 and v, the
angular variation of the absorption lines due to these
species were measured both for the plane including the
c axis and for the ab plane, which are shown in Fig. 4.
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The measurements show clearly that the g values of
both B8 and y are minimum at §=0° (g), and maxi-
mum at 6=90° (g,). Such angular dependences are
characteristic of theld,2 orbital with a configuration of
the z axis along the Co-Cl bond. The gof B is very
close to that of free-electron predicted by first-order
perturbation theory.”? This means that the separations
of excited states of B from the ground state are large
enough to approximate the system with the first-order

TABLE 1. ESR PARAMETERS ESTIMATED, ENERGY SEPARATIONS ( A(zBl) AND A(*B;)), ISOTROPIC HYPERFINE INTERACTION (K)
AND DIPOLAR SPLITTING CONSTANT (P) FOR COBALT(Il) COMPLEXES OF PORPHYRINS AND THEIR RELATED COMPOUNDS

4, 4 ACB)® ACBY® K° po
No.  System® g g Ref
cm™! cm™? cm™? cm™! 104 cm™! 10-4 cm—!
1 B species 2.5273 1.9964 0.0097 0.0105 4192 3867 i 62.3 This work
(£0.0003)  (£0.0003)  (+0.0003) (£0.0003)
2 vy species” 3.320 1.920 0.0398 0.0240 1338 1322 145 195 This work
(10.002) (+0.002) (10.0003) (10.0003)
3 & species 3.0627 1.8857 0.0306 0.0167 1773 2976 69.3 237 This work
(£0.0003)  (£0.0003)  (+0.0003) (10.0003)
Four-coordinate Complex
4  Co(tpp) 3.330 1.848 0.0380 0.0187 1291 2992 90 243 9
in CHCls
5 Co(tpp) 3.322 1.798 0.0395 0.0197 1278 1785 122 192 9
in Hz (tpp)
6  Co(p-OCHs tpp) 3.317 1.75 0.0403 0.0195 1263 2566 102 216 18
in Ni (p-OCH3 tpp)
7  Co(p-OCHs tpp) 3.285 1.79 0.0394 0.0147 1328 2316 144 267 18
concd polycrystal
8  Co(p-OCHs tpp) 3.264 1.81 0.0374 0.0171 1370 2245 52 255 18
in Hz (OCH3 tpp)
9  Co(tpyp) 3.218 1.774 0.0383 0.0213 1423 5997 110 224 10
in Hz (tpyp)
10 Co(tpp) 3.198 1.848 0.0358 0.0187 1585 2954 61 210 9
in CHCls
11 Co(p-OCHs (tpp) 3.193 1.84 0.0352 0.0173 1499 2499 50 228 18
in Hz (p-CHjs tpp)
12 Co(omtbp) 3.080 1.884 0.0290 0.0123 1736 2793 90 270 12
in (Hz omtbp)
13 Co(tpp) 3.066 1.848 0.0298 0.0187 1740 8721 90 254 9
in CHCls
14 Co(tbp) 2.901 1.949 0.0218 0.0128 2227 2713 68 236 10
in Hz (tbp)
15  Co(pc) 2.905 1.91 0.0265 0.0160 2191 6528 11 330 19
in B-Zn(pc)
16  Co(o-CHjs tpp) 2.875 1.97 0.0235 0.0139 2328 2385 34.2 267.1 18
concd polycrystal
17 Co(p-OCHa tpp) 2.848 2.006 0.0228 0.0161 2450 2022 25.3 360 18
in toluene
Five-coordinate Complex
18 Co(tpp)® 2.505 2.034 0.0092 0.0115 4517 2407 48.9 158 9
in Hz (tpp)
19  Co(oep)? 2.44 2.03 0.0050 0.0095 5232 2660 50.0 211 20
in ether
20  Co(pc)® 2.422 2.007 0.0066 0.0116 5384 3879 63.5 192 19
in a-Zn (pc)
21 Co(tpp)® 2.395 2.024 0.0056 0.0099 5872 1190 59.1 62.7 20
in ether
22 Co(PPIX)ME?® 2.384 2.018 0.00544 0.00932 6015 3305 324 133.4 14
23 Co(PPIX)MTE® 2.360 2.016 0.00377 0.00901 6447 3540 16.0 160.6 14
24  Col(cyt ¢) 2.359 2.014 0.00388 0.00938 6447 3687 16.7 165.6 14
at pH 0.5
25 Co(HRP A) 2.34 2.03 0.00115 0.00739 6957 2918 —23.3 217.2 20
26 Co(HRP B, C) 2.33 2.08 0.00125 0.00748 7604 1929 —8.4 198.9 20
27  Co(Mb)? 2.327 2.028 0.00055 0.00834 7246 3016 —13.5 189.6 14
28 Co(p-OCHjs tpp)® 2.327 2.025 0.0012 0.00798 7118 3167 -6 185 18
+1 pyridine
29 Co(p-OCHj tpp)® 2.326 2.028 0.0011 0.00787 7266 3033 -7 189 18
+1 3-picoline
30 Co(p-OCHs tpp)® 2.324 2.028 0.0011 0.00780 7303 3082 -7 162 18
+1 2-picoline
31  Co(p-OCHj tpp)® 2.311 2.022 0.0010 0.00782 7604 3381 —-3.3 174 18
+1 n-hexylamine
32 Co(cyt c) 2.325 2.026 0.0011 0.00757 7273 3110 —6.6 180.4 14
at pH 12.9
33 Co(tpp) (py) 2.324 2.027 0.0013 0.00789 7307 3082 —4.1 181.5 18
34  Co(Hb)? 2.310 2.037 0.0005 0.00790 7760 2728 -10.3 201.6 14
35  Vitamine Bigr 227 2.022 — 0.00944 8844 3520 — — 14

+1 imidazole
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TaBLeE 1. (Continue)
4, 4, ACBy? A('By)° K° po
.S ® r Ref
Ne ystem &1 ol cm™! cm™? cm™? cm™! 1074 cm™? 104 cm™?
Six-coordinate Complex

36  Co(PPIX)2(py)” 2.247 2.067 —0.00536 0.00647 10443 2147 —49.3 277.6 14

37  Co(p-COOH tpp) 2.236 2.054 —0.0052 0.0053 10743 2394 —52.2 234.9 10
+2 pyridine

38 Co(p-OCHs tpp)? 2.228 2.058 —0.00544 0.0061 11235 2319 —52.0 252.1 18
+2 3-picoline

39  Co(p-OCHjs tpp)® 2.226 2.060 —0.00500 0.0061 11394 2283 —47.8 244.5 18
+2 4-picoline

40 Co(p-OCHs lpp)d) 2.273 2.035 —0.00517 0.0583 11086 2945 —48.1 228.1 14
at pH 4-12

41 Co(p-OCHs tpp)® 2.216 2.047 —0.00570 0.0060 11729 2577 =515 244.2 18
+2 pyridine

42 Co(p-OCHjs tpp)® 2.214 2.054 —0.00538 0.0061 12000 2411 —48.0 241.2 18
+2 piperidine

43 Co(p-OCHjs tpp)® 2.208 2.067 —0.00618 0.0072 12692 2174 —54.0 284 18

+2 n-hexylamine

a) Abbreviations: p-OCHstpp, tetrakis(p-methoxyphenyl)porphyrin; tpyp, tetrakis(4-pyridyl)porphyrin; p-CHatpp, tetrakis(p-methyl-
phenyl)porphyrin; omtbp, octamethyltetrabenzoporphyrin; tbp. tetrabenzoporphyrin; pc, phthalocyanine; o-CHstpp, tetrakis(o-methyl-
henyl)porphyrin; oep, octaethylporphyrin; PPIX, protoporphyrin IX dimethylester; ME. 2-mercaptoethanol; MTE, 2-(methylthio)-
ethanol;cyt ¢, cytochrome ¢; HPR, horseradish peroxidase; Mb, myoglobin; py, pyridine; Hb, hemoglobin; p-COOHtpp, tetrakis(p-
carboxyphenyl)porphyrin. b) The valies of 4, g, A(>*By), P, and K are estimated. ¢) Numbsers of ligands are not specified in the references,

but these compounds are cited for comparison. d) In toluene.

ported g and A4 data, except for those in Ref. 14.

perturbation theory. On the other hand, g of vy is very
small compared with the predicted free-electron value,
as will be discussed later.

The concentrations of the paramagnetic species in
both pyramid and obelisk crystals were different but
their ESR parameters agreed within the experimental
errors, which means that the ESR parameters do not
depend on the external crystal forms. The ESR
parameters of 8 and vy were estimated by the best fit of
the experimental data to an equation derived from the
second-order perturbation theory,® which are listed in
Table 1. The ESR parameters of 8 and <y are very close
to those of two sites of Co''(tpp) diluted in Ha(tpp),?
respectively.

In order to obtain further information about the
electronic environments of 8 and v in the crystal of 1,
pure Co''(tpp) (2) was doped in 1. The ESR spectrum
of 2 magnetically diluted in 1 is well resolved at 77K,
as is shown in Fig. 5 (c L Hp). At room temperature, no
ESR signal was observed because of a short spin lattice
relaxation time just as in the case of . It is seen in
Fig. 5 that molecules of 2 are properly exchanged with
those of 1. Hereafter this paramagnetic species is

g value

e) Single crystal data.

9n — A

f) The values were estimated from the re-

called 8. The estimated ESR parameters of the species
are also listed in Table 1. The angular dependence of
the species also shows the d;2ground state, but the ESR
parameters did not coincide with those of 8 or <y, nor
with those in previous reports.

(2) Correlation Diagram of g, A, and Axial Liga-
tion. In order to clarify the electronic and
molecular structures of 8 and <y, correlation among
g, 4, and axial ligation was examined by using the
data of cobalt(Il) porphyrins and their related com-
pounds. The data are also listed in Table 1 in order
of g, value. A diagram of the correlation is shown in
Fig. 6. It is seen from the figure that g, and g have
linear relationships with 4, and 4, , respectively.
These relationships can be simply expressed as

g1=2.3675+20.474 ,, )

g1=2.1662—13.704 , )

with the correlation coefficients 0.82 in Eq. 1 and 0.21
in Eq. 2, respectively. From the diagram the isotropic
part of g, go, was estimated to be 2.233. The values of
giand 4, decrease as the coordination number of
Co'!(tpp) increases; four-, five-, and six-coordination.
8%y
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Fig. 6. A correlation diagram among g, 4, and axial ligation.
B : Four-coordinate complex, @: five-coordinate complex, and

A : six-coordinate complex.
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On the other hand, 4 decreases with the increase of
the coordination number, but g has a reverse relation.
It should be noted here that the sign of A, of six-
coordinate complexes is minus. This has been already
pointed out by Lin.!® Such a linear relationship
between g and A4 has also been observed in vanadium
complexes.!? In our diagram the relationship between
ESR parameters and axial ligation is obvious. That s,
the diagram is instructive for assigning the molecular
environments of B8, v, and 6. As is shown in Fig. 6, y
resides on the right-end of the four-coordinate com-
plex group and 8 is, in the left-hand side of the group.
On the other hand, B is on the right-end of five coordi-
nate complex group. This means that 8 is fundamen-
tally five-coordinate complex and the axial ligand is
rather weak, while v and &8 are both four-coordinate
complexes. Based on such procedures, ¥ can be
assigned as the square-planar Co'(tpp); on the other
hand, B is square-pyramidal Co"(tpp), and also & is
probably tetragonal with a weak axial ligand effect. It
is not clear from the results what kind of atom is
ligated in the cases of B and 6, but Cl~ in B is most
probable as is discussed later.

(3) Theoretical Consideration for the Linear Relation-
ships. The theoretical investigations of cobalt-
(IT) complexes with planar ligands have been carried
out by many authors.!? For the interpretation of
the linear relationships, we adopted McGarvey’s treat-
ment, which is analytical for the ESR parameters.

McGarvey!® carried out the third-order perturbation
treatment of low spin cobalt complexes with Cz sym-
metry including the configurations with excited states
2B; and “B;. Dickinson and Chien'® simplified the
treatment and derived the theoretical g values as

£1=2.0023 +2c32—3c1?, (3)
g1=2.0023+2/3¢32—6c12+6¢1, (4)

where c1=A/A(?B1), ca=A/A(*4B;), and A is the single
electron spin-orbit coupling constant, A(2:4B;) repre-
sents energy separation between the ground state 2A;
and the excited state, 2B, or 4B;. The value of A for the
Co?tion is 530 cm™1,9 however, as the covalency due to
complex formation causes a decrease of 20—40%, we as-
sumed as A=400cm™! according to Assour.? Energy
separations obtained for the cobalt(II) complexes are
also given in Table 1. The A(?B;) is ranging from 1300
to 13000cm~1. Introduction of a base along the z axis
destabilizes the d,> orbital relative to the dy, and dy.
orbitals, which results in an increase of A(2B;). Thus
five-coordinate complexes of N4sX type have A(2B))
values larger than those of four-coordinate complexes.
Those of the Ns complexes are of the order of 7000
cm~l.  Further the separation of the six-coordinate
complexes having two bases should be much larger
than those of five-coordinate complexes. The relation
between A(2B;) and g, values is also shown in Fig. 6,
from which A(2B,) can be estimated by substituting the
ESR parameters, g, or A, obtained experimentally.
The principal values of the hyperfine tensor, 4 and
A1 are also expressed as functions of ¢1 and c3:

A, =K+ (P/T)[4—4c3—6c1+(2/9)ca2+ 15¢:2), (5)
A =K+ (P/T)[—2+45c1+2c3+(4/3)c32—(57/2)12), (6)
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where K is the isotropic Fermi hyperfine interac-
tion parameter, P=28.8,yCo(d.2|r38|d,?) is the di-
polar splitting constant, and B and 8, are electronic and
nuclear magnetons, respectively. The linear relation-
ships of Egs. 1 and 2 can be derived from Eqgs. 3 to 6, if
we assume that c3 is constant and the square terms in
Egs. 3 to 6 are neglected compared with the other
terms.!® The average value of the dipolar splitting
constants of cobalt(II) complexes listed in Table 1, Py,
is obtained as 0.0219 cm~! which nicely coincides with
the value of free Co?* ion (P=0.0220 cm~?);1® this coin-
cidence means that Poshould be regarded as a standard
value to measure electron density on the 3 d,2 orbital.

Since P is proportional to the electron density on the
3d,? orbital, the quantity [(Po—P)/Po] has often been
used as a measure of electron delocalization to the
ligands. The value of 0.715 obtained in the case of B is
very large compared with those of vy and 8. As can be
seen in Table 1, P values of five coordinate complexes
are very small compared with those of four- and six-
coordinate complexes. This means probably that the
spins of five-coordinate complexes including B are de-
localized as far as axial ligand. On the other hand,
those of v and & are not so delocalized.

(4) On the Mechanism of Three Paramagnetic Species
Formation in Co™Cl(tpp). As described in the pre-
vious paper,? the m cation radical (a) is formed by
thermal activation in chlorinated hydrocarbons. The
formation of the species occurs reversibly with small
enthalpy change (AH). From the ESR measurements
described above, it has been found that the crystals
grown from the chlorinated solutions trap B and 7y
in addition to a. The result may indicate an equili-
brium between the diamagnetic species 1 and the para-
magnetic species (a, 3, and y):

c1”
3 f CoIII; —_

s
(}_)
[<3 R, c1”
/ Coxn; + COII; + / Con/ + 35, (7)
T
cL
(a) (8) (y)

where S means a solvent molecule or a ligand molecule
such as water contaminated on crystallization. On the
other hand, the crystals doping 2 showed only the for-
mation of 8. This fact excludes the possibility that the
formation of B8 and vy on crystallization originates from
free 2. Therefore, the formation of these species is
probably inherent in the solution of 1.

The detailed examination of Eq. 7 provides several
possibilities as the elementary reaction. It was clari-
fied by 400 MHz FT-NMR!? that 1 in chlorinated
hydrocarbons has two axial ligands, one Cl~ and the
other water or solvent molecule, at low temperature as
low as —60°C. As the temperature increased, the sixth
ligand is removed, which leads to the possibility of a
kind of disproportionation expressed by Eq. 8.2 The
temperature dependence of the & concentration shows
the appropriateness of this process.
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c1” c1” 4,
2@:/ i AR
c’x.‘ '

(a) (y)

[ R [« R
[F] =[] = .a
c1”
cL”
[T = (10)
(8)

The six-coordinate cation radical formed is also
labile for the dissociation into a five-coordinate cation
radical and an anion,? as is seen in Eq.9. The exist-
ence of the five-coordinate Co'(tpp) (B) in the crystal
may show the possibility of a recombination reaction
of Eq. 10.

In conclusion, 1 is very likely to give the three kinds
of paramagnetic species. It should be understood that
the observation of these species supports the apparent
equilibrium described in Eq. 7 as the results of the
several elementary reactions.
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