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Optical absorption spectra of chloro[tetraphenylporphyrinato(2-)Jmetals, M!Cl(tpp) (M=Mn, Fe, Co,
and In), and diacetato[tetraphenylporphyrinato(2-)]tin(IV), Sn™Y(CH3COO)z(tpp), in ethanol and benzene
solutions were measured. A marked difference in the absorption spectra between the ethanol and benzene
solutions was observed for Mn!MCl(tpp), Fe!'Cl(tpp), and Co"Cl(tpp), while a small difference for
In™Cl(tpp) and Sn™Y(CHsCOO)z(tpp). The electric conductivity measurements demonstrated that MCl(tpp)
(M=Mn, Fe, Co, and In) undergoes ionic dissociation in ethanol, whereas Sn!V(CH3COO)z(tpp) does not.
Solvent effects on the optical absorption spectra observed for ethanol and benzene solutions of the metallo-
tetraphenylporphyrins are discussed on the basis of (1) the ionic dissociation revealed from the conductivity
measurements and (2) charge-transfer (from porphyrin ligand to the central metal) character of the electronic

absorption bands.

Synthetic metalloporphyrins have received much
attention because of their importance as a model
compound of natural metalloporphyrins that domi-
nate electron-transport phenomena occurring in
life.1:2  Furthermore, the chemical and physical
properties of these porphyrins strikingly depend on
the nature of the central metal. For these reasons,
studies of synthetic metalloporphyrins have been
carried out by many researchers in diversed fields.3-6

Recently, the study of solar energy conversion and
storage has been increasingly important subject of
photochemistry.”-®  Since metalloporphyrins effi-
ciently absorb visible light from the sun, the
photochemistry of them has been subjected to
numerous studies, in particular, on electron transfer
reactions between the excited states of porphyrins and
electron-acceptor molecules.10-16

Despite of the importance of metalloporphyrins as
mentioned above, conductivity measurements of
them in solutions have not yet been carried out. The
conductivity measurements have been proved of great
use for the study of the ionic dissociation of solute
molecules in solutions.

In the present study we have measured optical
absorption spectra and conductivity of metallopor-
phyrins in ethanol and benzene solutions. The
metalloporphyrins used are chloro[tetraphenylpor-
phyrinato(2-)Jmetals, MMCl(tpp) (M=Mn, Fe, Co,
and In), and diacetato[tetraphenylporphyrinato(2-)]-
tin(IV). The optical absorption spectra of the former
three porphyrins in ethanol solutions were found to
differ markedly from those in benzene solutions. On
the other hand, the spectra of the latter two
porphyrins showed slight difference between the
ethanol and benzene solutions. We consider that this
result is interpreted in terms of either (1) ligation of
an ethanol molecule in the vacant axial position of
metalloporphyrins or (2) ionic dissociation of metal-
loporphyrins. The conductivity measurements give a
clear solution for this problem. On the basis of the
optical absorption spectroscopic and conductivity

measurements, the dissolved states of these metallo-
porphyrins are discussed in detail.

Experimental

Chloro[tetraphenylporphyrinato(2-)lmetals, M™CI(tpp)
(M=Mn, Fe, Co, and In), and diacetate[tetraphenylpor-
phyrinato(2-)]tin(IV) (these are abbreviated, respectively, as
Mn!ICl(tpp), FeICl(tpp), Co™MCl(tpp), In™Cl(tpp), and
SnV(CH3COO)z(tpp) hereafter), were synthesized and puri-
fied according to the literature.1’-20 Reagent grade ethanol
and benzene were fractionally distilled after being dried
over molecular sieves to remove traces of water: conductiv-
ity of dry ethanol was obtained to be 2X10-8S cm~! and
that of dry benzene, 1.0X1079 S cm~! at 25 °C.

Optical absorption spectra were recorded on a Hitachi
330 spectrophotometer.

The electric conductivity of solutions was measured at
1000 Hz by the conductance-linear-bridge method as
described in the previous paper.2? The resistance readings
of the linear-bridge were calibrated by substitution method
with a precision decade resistance box (Dekastat RS-624
from Electro Scientific Industries: the accuracy is £0.005%).
A conductivity cell which is specially designed for
solutions of low conductivity was used throughout this
study. The cell constant was determined to be 0.1348 cm—1!
with the use of standard potassium chloride solutions. The
experimental error of the conductivity measurements was
less than 0.1%. All the measurements were carried out at
25.001+0.01 °C by using a water bath equipped with a
thermostat.

The thermodynamic ion-association constants, Ka, for
the reactions

Cl- + [M"(tpp)]+ = M"ICl(tpp)
(M: Mn, Fe, Co, and In)

and

[Sn!Y(CH,;COO)(tpp)]+ + CH;COO-
— Sn'Y(CH,COO),(tpp) M

can be calculated from the conductivity data on the basis of
the Fuoss-Hsia conductance theory.22-29  The revised
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Fuoss-Hsia equation for the molar conductivity, 4, of an
associated symmetrical electrolyte is given by

A=A — 8-V p1/2 4 Ecoylog(c-y) + Jy-c-y
— JHe ) — Kyeoy-fi-A @)
with
Ky = (1=y)fe-y*-fi ©)

where A is the limiting molar conductivity; ¢, the molar
concentration; y, the degree of dissociation; S, the Onsager
limiting slope; f+, the mean ionic activity coefficient, and
E, ]J1, and J2 are the theoretical coefficients, respectively.
The coefficients, J1 and J2, are formulated as a function of
the mean distance (a) of closest approach of positive and
negative ions. These coefficients were used for the
evaluation of a.

The mean activity coefficient f+, was estimated by means
of Debye-Huickel equation:

log f. = —Al|zz_ |V T/(14+B-a-y/T) 4)

where z+ and z- are the charge numbers of the positive and
negative ions, respectively, I is the ionic strength, and 4
and B are the theoretical coefficients. The values of
permitivity and viscosity of ethanol used in the present
calculation were taken from literature.29 A set of A%, Ka,
and a values was obtained in such a way that the
theoretical equation gives the best fit to the conductivity
data obtained experimentally. All the calculations were
performed on a FACOM computer using a FORTRAN
program (JCCOND) which was kindly supplied from
Professor J. C. Justice in Universite de Paris.

Results and Discussion

Optical Absorption Spectra. Figure 1 shows
the optical absorption spectra of Mn!Cl(tpp) in
benzene and ethanol solutions at room temperature.
The spectrum observed in ethanol is found to differ
considerably from that in benzene. When the solvent
is changed from benzene to ethanol, the absorption
bands located around 1.3 and 2.7X104 cm~! are red-
shifted and those around 1.7 and 2.1X104 cm~!, to the
contrary, are blue-shifted. The solvent effects on the
optical absorption spectra are closely related to the
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Fig. 1. Optical absorption spectra of Mn!!'Cl(tpp) in

benzene (——) and in ethanol (----) solution.
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nature of each electronic band.

The theoretical calculation has been carried out in
order to elucidate the significant difference in the
optical absorption spectra between manganese(III)
porphyrin and usual metalloporphyrin such as
zinc(II) porphyrin.26-2?  For manganese(III) por-
phyrin, d levels of the central manganese atom are
very close to the porphyrin n levels, resulting in
strong mixing of the d and 7 levels. As a
consequence of the strong mixing, porphyrin has a
number of charge-transfer bands in the UV-visible
region of the absorption spectrum.?2 On the other
hand, d levels of zinc(II) porphyrin are too low to
make a strong mixing with the porphyrin 7 levels.

The location of the electronic bands having
charge-transfer character in the spectra of manganese
porphyrin is known to vary depending on the nature
of the axial ligands as well as the negative ion in the
axial position.2? Boucher?® has studied the absorp-
tion spectra of manganese(Ill) protoporphyrin IX
dimethyl ester complexes in coordinating and non-
coordinating solvents. The spectra observed in
benzene solutions are characteristically different for
each of the halide ion complexes of the manga-
nese(III) porphyrin. However, the spectra observed
in methanol solutions are independent of the axial
halide ions. These results are well interpreted in
terms of the ionic dissociation of the manganese(III)
porphyrin in methanol solutions:2®

[Mn™IX porphyrin] (X: halogen atom)
—— X~ + [Mn'"" porphyrin]*

No 1onic dissociation is observed for the benzene
solutions.

The above discussion is also acceptable for the
interpretation of the absorption spectra of Mn!1Cl(tpp):
Mn!ICl(tpp) undergoes ionic dissociation in ethanol,
while it does not in benzene. The previous studies
on one-electron reduction induced by y-rays at 77 K
have strongly suggested that Mn!"ICl(tpp) in ethanol
dissociated into Cl- and [Mn!(tpp)]t.2® Further-
more, the conductivity measurements, as will be
described later, confirmed the ionic dissociation of
Mn!ICl(tpp) in ethanol solutions.

Figure 2 shows the optical absorption spectra of
FellICl(tpp) in benzene and ethanol solutions. The
spectrum observed in ethanol differs markedly from
that in benzene. In comparison with the spectrum
measured in benzene, four major features are
recognized for the spectrum in ethanol: (1) The
1.5X10* cm~1 band loses its intensity without shift, (2)
The 1.95X104cm~! band 1s red-shifted, (3) The
2.4X10% cm~! band is slightly blue-shifted, and (4)
The 2.7X10* cm~! band 1s largely blue-shifted.

The situation of the metal d levels and porphyrin n
levels in iron(III) porphyrins is very similar to that in
manganese(III) porphyrins.2? Thus, we can expect
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Fig. 2. Optical absorption spectra of Fel'ICl(tpp) in

benzene (——) and in ethanol (----) solution.

that the electronic bands of FelCl(tpp) have a
charge-transfer character as in the case of Mn!Cl(tpp).2?
In fact, the theoretical calculation involving the
configuration interaction between the porphyrin #
states and the charge-transfer (from porphyrin to
iron(IIT)) states gives a consistent interpretation for
the optical absorption spectra of FellICl(tpp).3® Since
the charge-transfer character of the electronic bands
depends on the d levels of the central metal and the
porphyrin 7 levels, the absorption spectrum of
FeICl(tpp) is regarded to vary by the coordinating
nature of the solvents. Therefore, the absorption
spectrum of FellICl(tpp) as well as Mn!MCl(tpp)
observed in non-coordinating solvent, benzene, is
considered to differ from that in coordinating
solvent, ethanol.

A significant change in the absorption spectra of
FelCl(tpp) between ethanol and benzene solutions
suggests that ionic dissociation of Fe"Cl(tpp) occurs
in ethanol solutions.

The absorption spectra of Co!!Cl(tpp) in benzene
and ethanol solutions exhibit two distinct features:
(1) the Soret (ca. 2.3X10* cm~1) and Q (ca. 1.8X10*
cm~!) bands in an ethanol solution become narrower
than those in a benzene solution and (2) although the
peak maximum of the Soret band observed for an
ethanol solution is remarkably red-shifted by ca.
1.1X10% cm~1, the Q band is slightly blued-shifted by
ca. 0.2X10*cm~! in comparison with each band
observed for a benzene solution.

The absorption spectrum in the ethanol solution is
in good agreement with that observed for the six-
coordinated Co!'(tpp).3? Therefore, the species in
the ethanol solution is presumed to be Co!!'Cl(tpp)-
(C2Hs0H) or [Co!(tpp)(C2HsOH)z]* in which etha-
nol molecule(s) are located in the axial position(s).
The spectrum observed for the benzene solution is
ascribed to the five-coordinated species, CoCl(tpp).32

It is suggested that cobalt porphyrins have a
number of charge-transfer transitions as in the case of
nickel porphyrins.2? A significant difference in the
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Fig. 3. Optical absorption spectra of In!Cl(tpp) in
benzene (——) and in ethanol (----) solution.

spectra between ethanol and benzene solutions is
interpreted by assuming that the absorption bands, in
particular the Soret band, have a charge-transfer
character.

As to the ionic dissociation of Co'Cl(tpp), paper
electrophoresis study has revealed that Co!!Cl(tpp) in
ethanol is dissociated as®?

Co''Cl(tpp) + 2C,H;OH —
Cl- + [Co'(tpp)(C,H;OH),]*

Here, C2H50H molecules in [Co(tpp)(C2Hs0H)z]*+
are assumed to be located in the axial positions. The
ionic dissociation of Co!Cl(tpp) in ethanol was also
suggested on the basis of the optical and ESR studies
of one-electron reduced species of Co!'Cl(tpp)
produced by y-radiolysis of the ethanol solution at
77 K.29

Figure 3 shows the optical absorption spectra of
InMCl(tpp) in benzene and ethanol solutions. The
spectra differ remarkably from those of Mn!!Cl(tpp),
FeCl(tpp), and CoCl(tpp) but are very similar to
those of usual metallotetraphenylporphyrins such as
tetraphenylporphyrinato(2-)zinc(II). This fact sug-
gests that the absorption bands scarcely have a
charge-transfer character. In fact, only small
difference in the spectra between ethanol and benzene
solutions is observed. Both the Q and Soret bands are
found to be slightly blue-shifted on going from
benzene to ethanol solutions as shown in Fig. 3.
This result may be interpreted in terms of general
solvent effects on the optical absorption bands.

There have been no reports on the ionic dissocia-
tion of In!'Cl(tpp) in ethanol solutions. However,
we assumed the dissociation of In!Cl(tpp) in ethanol
solutions in order to elucidate the electron-transfer
reaction from the photoexcited triplet state of
InCl(tpp) to methylviologen.1®  The electiric
conductivity measurements, as will be shown later,
confirmed the ionic dissociation:

In'Cl(tpp) + 2C,H,0H —>
CI- + [In'(tpp)(C;H;OH).]*
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TasLe 1. Morar conouctiviTies A oF Mn!ICl(tpp), FelICl(tpp), Co''Cl(tpp), In'Cl(tpp),
AND Sn!Y(CH;COO),(tpp) IN ETHANOL SOLUTIONS AT 25 °C
Mn!ICl(tpp) Fe'ICl(tpp) Co'ICl(tpp) In'ICl(tpp) Sn!V(CH;COO),(tpp)
104 A 104 A 104 A 104 A 10%¢ A
moldm=® Scm?mol-! moldm—® Scm?mol-! moldm—3 Scm2?mol-! moldm-* Scm?mol-! moldm-% Scm?mol—?
1.995 30.91 0.80 28.81 1.601 29.76 0.5472 29.39 4.097 3.10
2.993 30.55 1.00 28.64 2.002 29.52 0.7290 29.13 8.193 3.02
4.989 29.97 1.20 28.50 3.203 28.93 0.9113 28.89 10.241 3.00
6.984 29.52 1.60 28.23 4.984 28.21 1.0935 28.69 16.386 2.98
9.977 28.96 2.00 28.00 8.007 27.26 1.4580 28.30 20.483 2.80
14.058 28.35 10.008 26.71 1.8230 27.96
20.082 27.64 20.017 24.64

TaBLE 2. LIMITING MOLAR CONDUCTIVITIES A®, 1ON-

ASSOCIATION CONSTANTS K,, AND ION-SIZE PARAMETER

a, or Mn!!Cl(tpp), Fe!'!'Cl(tpp), Co''Cl(tpp), AND
In'ICl(tpp) IN ETHANOL SOLUTIONS AT 25°C

A~ K, eJz

Scm?mol-! dm? mol-? nm
Mn!!ICl(tpp) 32.75+0.02 18+2 1.2440.4
FellICl(tpp) 30.10+0.01 94+1 1.14+0.1
Co!ICl(tpp) 31.64+0.01 82+2 1.424-0.2
In!Cl(tpp) 30.7140.01 282+4 1.1440.1

where C2Hs0H molecules in [In!!(tpp)(CoHsOH)2 ]+
are assumed to occupy the axial positions.

The optical absorption spectra of Sn!V(CH3COO)2-
(tpp) in benzene and ethanol solutions are very
similar to those of In!Cl(tpp). The peak maxima
observed for a benzene solution are located at
1.66X104, 1.78X104, and 1.93X10* cm~1! in the Q band
region and at 2.34X104 cm~1 in the Soret band region.
When the solution is changed from benzene to
ethanol, the Q band peaks are slightly blue-shifted by
ca. 0.1X104cm-! and the Soret band peak, by ca.
0.3X10¢cm~!, No significant differences in the
spectra between the two solutions are observed,
indicating that the charge-transfer character in the
optical absorption is very weak. The small blue shift
of the Q and Soret band observed in ethanol
solutions is regarded as being due to the general
solvent effects similar to the case of In!"'Cl(tpp).

Electric Conductivity Measurements. The molar
conductivities, A, for Mn!Cl(tpp), Fel'Cl(tpp),
CoCl(tpp), In"Cl(tpp), and Sn!Y(CH3COO)z(tpp)
in ethanol solutions at 25°C are summarized in
Table 1. The 4 values of the former four porphyrins
are obtained to be 24—31Scm2mol-! in their
concentration range 5X10-5—2X10-3 mol dm~3. How-
ever, the 4 value of Sn1V(CH3COO)(tpp) is extremely
small in comparison with those of the former four
porphyrins. Taking account of the limiting molar
conductivity of acetate ion in ethanol (AZ=17.9 S cm?
mol-1),3 we conclude that SnV(CH3COO)(tpp) is

hardly dissociated in ethanol solutions.

In Table 2 are listed the values of 4°, Ka, and a
determined for MnMCl(tpp), Fe'Cl(tpp), CoMCl-
(tpp), and InMCl(tpp) in ethanol solutions at 25 °C.
The values of A are calculated to be 30—
33 S cm? mol-1. Since AZ of Cl- in ethanol is reported
to be 24.3 S cm2 mol-1,3% the limiting molar conduc-
tivities of [M!(tpp)]* ions (AT) are determined to be
8.45, 5.80, 7.34, and 6.41 S cm2 mol-! for M=Mn, Fe,
Co, and In, respectively. The fact that [M!(tpp)]*+
gives the A7 values smaller than the AZ value of Cl- is
ascribed to the ion size in solutions: [M!(tpp)]t has a
larger size than CI-.

The Ka values obtained for the four metallotetra-
phenylporphyrins are found to decrease in the
sequence InMCl(tpp) > Fe!'ICl(tpp)=Co"'Cl(tpp)>
Mn!ICl(tpp). By using Ka values, we can calculate
the degree of ionic dissociation, y, from the equation
3. When ¢=10-4moldm=-3, the values of y are
obtained to be 0.998, 0.992, 0.993, and 0.970 for
Mn!ICl(tpp), FelICl(tpp), Co!!'Cl(tpp), and In!!Cl-
(tpp) in ethanol solutions, respectively. Since the
absorption spectroscopic measurements in the present
study were carried out in the concentration range
10-5—10~* mol dm-3, the major species (>>90%) in the
ethanol solutions of MIICl(tpp) (M=Mn, Fe, Co, and
In) are ascribed to [M1(tpp)]*+ produced by the ionic
dissociation of MICl(tpp). Presumably, [M!(tpp)]*
in ethanol solution has two axial ethanol molecules
to be formulated as [M!"(tpp)(C2HsOH )2 ]*.

The mean distance (a;,) of the closest approach of
[M1(tpp)]*+ and Cl- is calculated from Jz to be 1.1—
1.4 nm. These values of the distance are found to be
in good agreement with those estimated from the
Stokes’ law.?® In comparison with the distance-
(0.22—0.24 nm) between the central metal and Cl
atom in MIICl(tpp),18:35-37 the distance of the closest
approach in ethanol solution is very large. It is
likely that the solvent sphere around Cl- and the
axial ethanol molecules in [M!1(tpp)(C2HsOH):]+
afford the large value of the distance of the closest
approach.
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Conclusion

The optical absorption spectra of M!Cl(tpp)
(M=Mn, Fe, and Co) in ethanol solutions markedly
differ from those in benzene solutions, whereas the
spectra of InMCl(tpp) and Sn!Y(CH3COO)(tpp) in
ethanol solutions are rather similar to those in
benzene solutions. The electric conductivity mea-
surements carried out for the ethanol solutions
revealed that MICl(tpp) (M=Mn, Fe, Co, and In)
undergo ionic dissociation, while SnV(CH3sCOO),-
(tpp) does not. A marked difference in the absorption
spectra between the ethanol and benzene solutions of
MuCl(tpp) (M=Mn, Fe, and Co) is concluded to be
caused not only from the 1onic dissociation but also
from the charge-transfer character of the absorption
bands. This conclusion is further supported by the
facts that (1) In'"ICl(tpp) undergoes ionic dissociation
in ethanol without giving rise to substantial
difference in the absorption spectra between ethanol
and benzene solutions and (2) the absorption spectra
of InMCl(tpp) in ethanol and benzene solutions are
very similar to those of Sn'V(CH3COO)y(tpp) which is
demonstrated to be nondissociative in an ethanol
solution.

We thank Professor Reita Tamamushi of Fukushima
University for critical reading of the manuscript.
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