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The photochemical decomposition of solutions containing the complex ions Co(Cs0¢)s?~, Mn(C:04)s%~ and Cr(Cy04)s%~

has been studied at a number of different wave lengths and compared with that of Fe(CyO04)%™.

Except for the Cr(III)

complex, which is inactive photochemically, the quantum yields for decomposition into CO: and the divalent ion are very
nearly constant in the short wave length charge-transfer region of the spectrum, but then decrease with increasing wave
length. To account for this behavior, it is proposed that at short wave lengths dissociation competes with a degradative

internal conversion.

At long wave lengths, the decrease in the primary quantum yield indicates that dissociation may be

limited by competition with collisional degradation or by primary recombination.

Introduction

The trisoxalato complexes of the trivalent ions
chromium, manganese, iron and cobalt, provide a
wide spectrum of kinetic and photochemical activ-
ity. The latter three complexes are decomposed
by visible as well as ultraviolet light to form carbon
dioxide and the divalent ion. Of the series, the
iron(III) complex has been studied in detail by
Parker,! who has thereby provided photochemists
with an accurate and convenient actinometer.
It has been used as such in this work, The cobalt
complex has had a long and varied history; the
most complete modern work on the subject of its
photochemistry and thermal decomposition is that
of Copestake and Uri.? Adamson and Sporer?
made quantum yield measurements at several wave
lengths which disagree with Copestake and Uri’s
data where they overlap. A number of references
note the fact that the trisoxalatochromate(III)
ion is not affected by light.'® In the directions for
the preparation of the Mn complex, Cartledge and
Ericks* caution that recrystallizations of the
potassium salt should be done in dim light, but
there are no quantitative data in the literature on
its photodecomposition, probably because it de-
composes thermally in solution even at 0°.4

In order to make a comparison of the photo-
chemical activity of these four complex ions and
thus investigate the effect of changing the metal
ion in the complex, the Co complex has been re-
studied to confirm Copestake and Uri’s results, the
Mn complex has been examined quantitatively and
the question of the inactivity of the Cr complex
confirmed.

Experimental

Materials.—The salt K;Fe(C20,);*3H:0 and its solutions
were prepared from reagent grade chemicals as recommended
by Parker.! Oxidation of a solution of cobaltous carbonate
in potassium oxalate by lead dioxide, followed by addition
of alcohol precipitated K;Co(C,0,);-8!/:H:0 by the method
of Sgrensen.® The compound K;Mn(C:0,);:3H,O was made
by the reduction of recrystallized potassium permanganate
following the directions of Cartledge and Ericks.* Toprepare
the salt KaCr(Cy0,);-8H:O the stoichiometric amounts of
potassium oxalate and oxalic acid were oxidized with a hot
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solution of potassium dichromate. The product was pre-
cipitated from solution by addition of alcohol. Solutions of
these compounds were prepared as required under g Wratten
series 1A safe light.

Optical Equipment.—The photolyses were carried out in a
split beam apparatus, allowing simultaneous actinometry of
the incident and transmitted intensities. Stoppered quartz
cells 1 cm. long were immersed in ice-water during photolyses
to maintain a fixed temperature and to prevent, or at least
reduce, thermal decomposition of the solutions.

The radiation from a BTH 250 watt medium pressure
mercury arc lamp was either collimated and passed through
the filters listed in Table I or focused on the entrance slit of a
wide aperture grating monochromator. An RCA 935
phototube connected to a Leeds and Northrup DC amplifier
was used in some of the experiments to monitor the output of
the lamp.

TABLE I
ISOLATION OF MERCURY ARC LINES
Wave length, A.

2804 Monochromator
3020 Monochromator
3130 Jena interference filter
or 1 cm, 0.132 M KHC,H,O,
1 cIn. 00228 M KQCrOL
Corning filter 9863
3340 Jena interference filter
3660 Jena interference filter
or  Corning filters 7380 and 5860
4046 Corning filters 3060, 4308 and 5970
4358 Corning filters 3389 and 5113
5470 Monochromator
5780 Monochromator

or  Corning filters 3480 and 4303

Optical densities of photolyzed solutions and of developed
actinometer solutions were measured on a Unicam 600
spectrophotometer. Spectra were recorded with a Cary 11
spectrophotometer.

Procedures.—Solutions of Co(C:04)s3~ were photolyzed to
less than 19, completion to avoid the difficulty of a changing
absorbance during an experiment. This could be done in
this specific case because a sensitive analytical method
provided the means of determining the resulting small
amounts of Co(II) colorimetrically.® After photolysis in a
dilute acetate buffer solution, the solution was mixed with
appropriate quantities of dilute ferric chloride and o-phe-
nanthroline, then diluted to volume in a low actinic glass volu-
metric flask. The Co(II) formed in the photolysis was oxi-
dized quantitatively and formed an equivalent amount of
ferrous-phenanthroline complex ion. The optical density of
the latter, which is the same product as that formed in the
Parker actinometer,! was compared with that of a blank
solution. The method was found to be quantitative for
concentrations over the range of those produced by photoly-
sis. Corrections were made for the fraction of the radiation
absorbed by the solutions of the complex and of the actin-
ometers as well as for the losses in reflection and absorption of
the cell windows.

(6) F. Vydra and R. Pribil. Talanta, 6, 44 (1960).
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Fig. 1.—Primary quantum yield action spectra: ,
Fe(CoOe)s?™; ..., Mn(CeO4)s®™: == ==, Co(Co04);37;
— == Cr(C-zO4)33".

There is no convenient analytical method available for the
determination of Mn(II) in solutions containing the trivalent
complex; hence the photolysis was followed by the decrease
in absorbance of the solution. Fortunately the produgts of
the reaction, Mn(II) and CO;, do not absorb at 5000 A at
which the optical density was followed. Correction for the
concurrent thermal decomposition of the manganese complex
required careful blank experiments which, except for expo-
sure to light, were treated in the samie way as the photolyzed
solutions.

A solution of the chromium complex was outgassed and
exposed to the collimated beam from the mercury lamp with-
out filters. The optical density was measured at 4200 and
5800 A. before and after the experiment.

Results

The results are summarized in Fig. 1, which
shows the primary quantum yields plotted against
the wave length of the radiation absorbed.
Parker’s! results on the Fe(III) complex are in-
cluded for comparison with the other data. Ineach
case, the quantun yields were independent of the
intensity, the extent of decomposition and the
concentration of the complexion.

Since the decomposition of Co(C04):*~ was
limited in extent, the absorbance was essentially
constant during any one experiment. Thermal
decomposition required only a relatively minor
correction; therefore the calculation of the quan-
tum yield was straightforward.

The analysis of the data for the Mn(C,0,)3*~
ion posed more of a problemn. Thermmal decom-
position would probably have been negligible if the
solutions could have been maintained at 0°,
but during the measurement of their absorbance,
the solutions warmed up slightly. At 235° the ther-
mal decomposition is rapid, 7.e., it has a half-
life of about 13 minutes; thus it was essential to
make optical density measurements rapidly and to
treat blank solutions in the same way. At 3130
A, the solution of the Mn(III) complex used was
totally absorbing. Therefore the rate equation

— dc/dt = 3l + C (1)
with C the nolar concentration of the complex ion,
k the specific rate constant, ¢ the quantum yield
of Mn(IT), could be integrated directly. On
rearrangement, there results

G. B. PORTER, J. G. W. DOERING AND SEPPO KARANKA

Vol. 84

BTG = Cekt _
® = i(] 1 — ekt ] (2)
The rate constant 2 was found to be 2.9 X 10—
sec.~! under the conditions of these experiments.

At longer wave lengths the absorption of solu-
tions containing Mn(C,0,4);*~ was not complete
and also decreased during photolysis. The ap-
propriate rate equation

-~ dC/dt = ®I(1 — 107eCo ) 4 £C (3)

in which e is the decadic molar extinction coeflicient
and [ the length of the optical cell, could not be
integrated explicitly. The assumption was there-
fore made that the term involving the thermal de-
composition, kC, was constant between two con-
secutive optical density measurements. On this
basis, eq. 3 can be integrated to give
oL g K107 — 1
etlo K K 107dC -~ 1

with the quantity K defined as
K =1+ (kC)/®1,

The iteration required in the solution of eq. 4
converges rapidly.

The inactivity of Cr(C,0,)s*~ to light was con-
firmed by a 15-hour, full-arc photolysis, during
which no change in the absorption spectrum of the
solution could be detected. From the estimated
total absorbed intensity and the precision with
which the optical densities could be deterinined,
the quantum consumption of Cr(I1II) must be less
than about 10—

$ (4)

Discussion

The mechanism postulated for the photochemical
decomposition of the Fe(III)! and Co(III)? com-
plexes in the ultraviolet and visible regions of the
spectrum is

M(C04)5%™ + by —> M(Cy0:)2~ + C:04™
C.0,7 + 1\’[(C204)33— —> 2C0O, -+ M(C‘IOA)‘Zz— + C.04%~

or some variation of this. The important point is
that the primary quantum yield is one-half the
quantumn yield of the divalent ion. A similar
mechanism is assumed to hold for the decompo-
sition of the Mn(III) complex ion.

There are two features common to each of the
three photochemical action spectra in Fig. 1. The
first is a region of the spectra at short wave lengths
in which the primary quantum yield is less than
unity and essentially independent of wave length.
The second is that the quantum yield at longer
wave lengths decreases more or less uniformly
toward zero. These can be compared with the
absorption spectra in Fig. 2. These spectra are
characterized by an intense charge-transfer band
at short wave lengths, in which an electron is pro-
moted from an occupied w-orbital of a ligand to an
empty es-antibonding orbital essentially localized
on the metal atom. This is followed ut longer
wave lengths by ligand field bands of low in-
tensity which involve promotion of an electron
from a non-bonding #-orbital to an antibonding
ec-orbital. In the Te(IID) spectrum there is o
peak at about 6800 A. of very low intensity which
1s spin as well us Laporte forbidden. In a quali-
tative sense, the constant quantum yield regions
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of the spectra correspond to the charge-transfer
bands, while in the region of the ligand field bands
the quantum yield decreases with increasing wave
length.

Region of Constant Quantum Yield.—The pri-
mary act leading to net decomposition in the
photolysis must be the dissociation of a radical
ion ligand from the then-reduced metal complex ion.
Since the reduced product has no effect on the
quantum vield, secondary recombination cannot
be responsible for a primary quantum yield less than
unity. Nor can the cage effect (primary recombi-
nation) be cited as a cause of the low quantum
vield, for then it would almost certainly vary with
wave length. Thus there can only be a degradative
reaction, 7.e., an internal conversion process, which
competes directly with the dissociation reaction
and the ratio of their rates cannot depend on wave
length of the light absorbed. These processes
must have (first order) rate constants greater
than about 10 sec. ~! on the basis that the radiative
transition probability for the charge transfer band
will be about 10% sec. 7!, coupled with the fact that
these solutions show no fluorescence.

The limiting value of the primary quantum yield
bears a direct relation to the position of the charge-
transfer band, or to the ease of reducibility of the
metal atom, an effect noted in the work of Adamson?®
in which a series of ligands was studied. The order
of increasing quantum yield and of decreasing
energy of the charge transfer state is Cr, Co, Mn,
Fe. On the other hand, they do not correlate in
the same way with increasing thermal reactivities:
Cr, Fe, Co, Mn.

Region of Decreasing Quantum Yield.—The
wave length at which the quantum yield starts to
decrease matches the minimum between the charge-
transfer band and the first ligand field band. Yet
it is quite obvious in the case of the manganese
and cobalt complexes that the decrease in the quan-
tum yield does not follow the decreasing relative
intensity of the charge-transfer band; that is,
absorption in the first ligand field band still leads
to photochemical oxidation and reduction. At
wave lengths longer than 4000 A. for the cobalt
complex and 5000 A. for the manganese complex,
certainly far less than 19, of the light can be
considered as being absorbed in the charge transfer
band. Yet at these wave lengths the quantum
vield has decreased to only 209, and 759, respec-
tively, of the maximum values.

In solution, it is well known that extremely

(8) A. W. Adamson, Disc. Faruday Soc., 29, 163 (1060).
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Fig. 2.-—Absorption spectra: ———, Fe(C04)%
------- Mn(Ce0,)58; — ===, Co(C:04)s%; —re =
Cr(CQO4)33—.

rapid internal conversion processes occur which
degrade excited electronic states to the lowest
excited state of the same multiplicity. If this type
of internal conversion were to occur, then any sub-
sequent reactions, such as dissociation, would have
quantum yields independent of wave length and of
the electronic state reached in absorption. Since
that is not so here, the dissociation reaction must
compete with or precede internal conversion.
Further, since the oxidation and reduction process
must be initiated by dissociation of an oxidized
oxalate radical ion from a reduced metal complex,
the charge-transfer state must be an intermediate
in the process even when absorption is predomi-
nantly into a ligand field band. Thus we envision
that the charge-transfer state extends down in
energy through the visible region of the spectrum,
although it must have a very low extinction co-
efficient there because of Franck—Condon restric-
tions. There must then be mixing of the ligand
field state with the charge-transfer state which
allows rapid radiationless conversion from the
former to the latter. This seems reasonable in
view of the fact that the orbitals from which the
electron is promoted in these transitions have the
same symmetry. The decrease in the primary
quantum yield with wave length would then arise
from either or both of competition hetween inter-
conversion of the two states and collisional internal
conversion or of a cage effect primary recombina-
tion of fragments with reduced kinetic energy.
The latter would be required to account for the
photochemistry of the Fe(I11) complex.
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