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solution. X-band ESR spectra were obtained with a Varian E-4

- spectrometer equipped with a variable-temperature accessory.
Temperatures quoted in this paper were read from the uncalibrated
temperature controller and are thus of qualitative significance only.
The microwave frequency was measured with a Systron Donner 6054A
frequency counter, The magnetic-field calibration of the E-4
spectrometer was checked with a proton resonance gaussmeter.
Q-band ESR spectra were obtained by Dr. Ira Goldberg, Rockwell
Science Center, Thousands Oaks, CA, with a Varian TEy,, cavity,
Varian V-4561 Q-band microwave bridge, a modified Varian V-4502
spectrometer, and a Magnion 15-in. magnet.
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The photochemical reactivity of the dimeric, mixed dimer, and monomeric sulfophthalocyanines of cobalt(III) and iron(II)
was investigated by steady-state and flash irradiations. The dimeric species photodissociated into sulfophthalocyanine radicals
which were coordinated to either Co(III) or Fe(II) metal centers. Reactions of such intermediates were investigated by

interception with alcohols and O,.

Also, photoredox reactions were detected with monomeric acidocobalt(III) sulfo-

phthalocyanines, These processes produce the oxidation of the acido ligands (CI-, Br, Ny, I") and the reduction of the
metal center. The photoredox dissociation was also investigated by using mixed dimers of the cobalt sulfophthalocyanines
with Cr(bpy);** and Ru(bpy);**. The photogeneration of sulfophthalocyanine radicals was observed as a general reaction

which was produced by excitation of either the Cr(bpy);**

or Ru(bpy);**

units in the mixed dimer. The nature of the

reactive excited states involved in the various photochemical reactions of the sulfophthalocyanmes of Co(II), Co(IID), Cu(II),

and Fe(II) is discussed.

Introduction

The photochemistry of the dimeric and monomeric sulfo-
phthalocyanines of copper(II) and cobalt(II) have been re-
cently investigated.> Such a study has demonstrated that
dimeric species are photodissociated by irradiation of the
ultraviolet bands. Copper(II)-ligand radicals and sulfo-
phthalocyanines with cobalt(I) and cobalt(III) metal centers
are the primary products of these reactions. In addition,
photoredox processes of the monomeric cobalt(II) and cop-
per(II) sulfophthalocyanines were observed when these species
were irradiated in the presence of hydrogen donors. These
photochemical properties of the dimeric and monomeric
complexes were related to the population of a ligand-centered
excited state which is probably an nw* state of the ligand. In
this regard, it seems that there is some parallelism between
the photochemistries of the sulfophthalocyanines and por-
phyrins.>* In fact, it has been reported that population of nx*
excited states of the porphyrins induces their reduction by
tertiary amines.

Also, a photoredox process has been briefly reported for a
methylcobalt(III) sulfophthalocyanine by Day et al.> This
reaction can probably be described as the same homolytic
photodissociation of the metal~carbon bond which is observed
with other methylcobalt(IIl) macrocyclic complexes.®8

Nevertheless, the behavior of the methylcobalt(III) sulfo-
phthalocyanine contrasts with the photochemistries of the
sulfophthalocyanines of copper(II) and cobalt(II). These
differences suggest that a low-energy charge-transfer lig-
and-to-metal, CTTM, excited state is the photoactive state of
the methyl complex.® In this regard, one may expect that the
photochemistry of some sulfophthalocyanines should have the
combined features of the reactions which are originated in
either charge-transfer or ligand-centered states.® In such a
case, the nature of the ligands attached to the metal center
in axial positions will have a large influence on the nature of
the photochemical process.

The study of the photochemistry of the sulfophthalocyanines
of the transition-metal ions has been continued in this work
by use of complexes with d® metal centers, Fe(II) and Co(III).?2
The results, obtained with monomeric and dimeric species, are
compared with those of the copper(Il) and cobalt(Il) com-
plexes.

Experimental Section

Photochemical Procedures. Steady-state irradiations were carried
out with an experimental setup that was previously described in some
detail.' A 300-W xenon Varian lamp, combined with collimating
filters, lenses, and a high intensity Bausch and Lomb monochromator,
was used for ultraviolet-visible photolyses. The entrance and exit
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slits of the monochromator were adjusted until the light output
corresponded to a Gaussian distribution of the intensity with a
half-bandwidth equal to or smaller than 10 nm. Low-pressure mercury
lamps, a Rayonet RPR 2537 A and a GE G4T4.1, were used for
254-nm photolyses. The light intensities used in the determination
of the quantum yields were measured by ferrioxalate actinometry.!!
In addition, the constancy of the light intensity was frequently tested
with Co(NH,);Br?+.12

Flash photolysis experiments were carried out in the same apparatus
which was described elsewhere.!* Nevertheless, some of the more
significant details are explained below. Values of the stored electrical
energy between 250 and 40 J/flash were obtained by charging a 5-uF
capacitor at preselected voltages between 4 and 10 kV. The flash
output and the amount of transient produced per pulse were pro-
portional to the stored energy. The phototube output was displayed
on a 564 Tektronix storage oscilloscope. Pretrigger values of the
phototube voltage were measured with £2 mV accuracy in a de digital
voltmeter with an internal resistance of 10 MQ. Solutions in the
reaction cell were protected from unnecessary exposure to the light
of the monitoring beam. A shutter, used for such a purpose, was
opened a few seconds in advance of the flash. Furthermore, cutoff
filters were placed between the cell and the monitor source in order
to prevent the ultraviolet irradiation (A <380 nm) of the solution.

Solutions used for either continuous-wave or flash-photolysis
experiments were deaerated with streams of argon or nitrogen which
were scrubbed in towers filled with chromous solutions. The liquids,
liberated of oxygen, were handled in a gastight apparatus.

Acido complexes? of cobalt(IID), e.g., Co(PTS)(OH,),_(X), -
with n = 1 or 2 and X~ = CI, Br", N;™ etc., were photochemically
transformed into products when their solutions were exposed to the
laboratory light. These reactions were noticeable, in particular, when
dilute solutions of the substrates had to be deaerated for long periods
of time. Nevertheless, the problem was circumvented by working in
a room illuminated with a red safety light.

Solutions of the Fe(PTS)* were handled in a nitrogen or argon
atmosphere because of the reactivity of the iron(IT) complex with
oxygen; see above and ref 14. Although the oxidation by oxygen seems
to be a slow process, these solutions were made by the addition of
solid samples of the complex to deaerated solvents.

Electrochemical Procedures. Electrolysis of the Fe'(PTS)* and
Co'(PTS)* complexes was carried out with a DC Hewlett-Packard
6216A power supply. Voltages were measured with a dc Digiec
voltmeter accurate to £0.002 V. Current intensities were determined
with a Fairchild digital panel meter, DC 53, which was modified for
the measurements of intensities larger than 1 mA.

Deacerated solutions of the complexes, prepared as indicated above
(see photolysis procedures), were electrolyzed over platinum electrodes
in a gastight cell. The liquids were stirred with both a magnetic bar
and streams of nitrogen before and during the reaction. Moreover,
these electrochemical processes were normally carried out at current
densities smaller than 1.6 mA /cm? The transformation into products
was followed by means of the absorption spectrum of the solution and
silver coulometry.

Analysis of the Reaction Products. The photochemical formation
of the cobalt(II) sulfophthalocyanine, produced in continuous-wave
photolyses of the various cobalt(III) sulfophthalocyanines, was in-
vestigated by means of the UV-vis absorption spectra of irradiated
samples. These spectra were obtained under anaerobic conditions
in cells with either 1-cm or 1-mm optical path. Calibation curves,
absorbance vs. Co(PTS)* concentration, were constructed for
wavelengths where the sulfophthalocyanines of Co(IT) and Co(I1I)
had a significant difference of absorptivities, e.g., at A ~320 nm and
A ~620 or 660 nm. Solutions with known concentrations of the
cobalt(IT) and -(I1I) sulfophthalocyanines were used for the preparation
of the calibration curves under the experimental conditions which were
used in photochemical experiments.

The formation of aquated metal ions, Co?*(aq), Fe**(aq), and
Fe**(aq), was investigated with procedures reported in the literature.'*
The nitroso-R salt was used for the investigation of Co**(aq). Ferrous
ions were analyzed with 1,10-phenanthroline. Ferric ions were reduced
with ascorbic acid, and the amount of Fe?*(aq), formed in this reaction,
was determined as it is indicated above.

The formation of Fe(PTS)* in photolyses of iron(II) sulfo-
phthalocyanine was followed by means of the absorption spectra of
the irradiated solutions. The absorption spectrum of Fe(PTS)*" in
various media was determined by electrochemical reduction of the
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iron(II) sulfophthalocyanine; see Electrochemical Procedures.

Gas products were investigated by chromatographic and mass
spectrometric procedures that were reported elsewhere,'®

Formaldehyde was determined with chromotropic acid.!”

Materials. Cobalt(IT), cobalt(1II), and copper(Il) sulfophthal-
ocyanines were available from a previous work.!

The aquohydroxocobalt(III) sulfophthalocyanine was anated in
solutions, where sodium salts of the halides and pseudohalides, CI,
Br~, and NCS~, were added in a large excess (a 10:1 molar ratio with
respect to the complex). The concentration of hydrogen ion was
adjusted to 1072 M with perchloric acid. Crystallization from warm
solutions produced solids with the stoichiometry expected for trans
diacido complexes. Results on the stoichiometry of these compounds
and on the nature of other species which are also formed in aqueous
solutions are reported elsewhere in the text.

Iron(II) sulfophthalocyanine was prepared by the procedure of
Weber and Busch.'* The solid compound was stored and handled
under a nitrogen atmosphere. Spectroscopic properties of the complex
agreed well with literature reports.

[Cr(bpy);](ClO,); was obtained by published procedures.!® This
compound and [Ru(bpy);]Cls, purchased from G. F. Smith, were
recrystallized from warm aqueous solutions by addition of sodium
perchlorate.

Alcohols, 2-propanol and methanol, were spectroquality AR and
used without further purification. Other materials were reagent grade.

Results

(A) The Nature of the Species in Aqueous Solutions. The
association of the cobalt(IIl) and iron(II) sulfophthalocyanines
was investigated in aqueous solutions by means of the distinct
absorptions at 600-700 nm.!>2! The association of the
complexes is affected by various medium conditions, namely,
the ionic strength, the nature of the anions (see below), and
the concentration of hydrogen ion. Indeed, the dependence
of the aquocobalt(III) sulfophthalocyanine spectrum on the
concentration of the acid. is shown in Figure 1a.> An
equilibrium constant, K ~ 1077, was estimated from these
results for the dissociation equilibrium, eq 1. The same

[Co(PTS)(OH,),], = 2[Co(PTS)(OH,),)* (1)

tendency toward association was exhibited by iron(II) sul-
fophthalocyanine in aqueous solutions.

The association equilibrium 1 can be displaced by halides,
Cl, Br, and I", or pseudohalides, NCS™ or N;~. It was
observed that, in general, these anions produce changes of the
absorption spectrum of the complex in the region of 600-700
nm. Such modifications show that the proportion of the
monomeric species increases with the concentration of halides
or pseudohalides. This behavior, dissociation of the dimeric
species, is23attributed to an anation equilibria, eq 2, where n
=1lor?2

[Co(PTS)(OHy),]*” + nX™ =
[Co(PTS)(OH,),_,(X),18* (2)

The existence of the anation equilibria is also supported by
the distinct photochemistry exhibited by anated species and
the isolation of some acidocobalt(III) sulfophthalocyanines.
The stoichiometric relationships for these compounds are
shown in Table 1.2

The association of the cobalt(IT) sulfophthalocyanine and
aquocobalt(II]) sulfophthalocyanine with cationic complexes,
e.g., Ru(bpy);2*, Cr(bpy),**, or Cu(tet a)**, produces changes
in the absorption spectra of the sulfophthalocyanines, e.g., in
the 600-700 nm region, Figure 1b,2> which show an increase
in the dissociation of the dimeric species. These transfor-
mations may be explained if equilibrium 1 is perturbed by the
association of the cationic complexes, indicated above, with
aquocobalt(I1I) sulfophthalocyanine. This process is described
in eq 3, where M is Cr (z = 3) or Ru (z = 2). An equilibrium

[Co(PTS)(OHy),]*" + M(bpy),™ =
[Co(PTS)(OH,),™", M(bpy)s™*] (3)
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Figure 2. Transient spectra generated in flash photolyses of sulfo-
phthalocyanines. (a) Spectrum obtained in photolyses of deaerated
acidic (107 M HCIOQ,) solutions of [Co(PTS)(OH,),],*. Points
determined 50 us after 250 J/flash pulses. (b) Time-resolved spectrum
generated in flash irradiations of a deaerated, acidic (107! M HCIO,)
solution of [Fe(PTS)(OH,),),%. Points determined at 0, 200, 400,
600, and 800 us and 10 ms (=) after 250 J/flash pulses.
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Figure 3. Flash photolysis of [Co(PTS)(OH,),]¢". Dependence of
the half-lifetime, ¢,,, for the decay of the 520-nm absorbance upon
the reciprocal of the transient absorbance, A4y, in (a) deaerated
solutions, (b) 4.8 X 10* M O,, and (c) 1.6 X 10* M O,.

constant, K=5X 108, was estimated for the association of

. the aquocobalt(III) sulfophthalocyanine and Ru(bpy);2*.

(B) Photochemistry of the Dimeric Species. The photo-
chemical reactions of [Co(PTS)(OH,),1,% and [Fe(PTS)-
(OH,),],* were studied by continuous-wave and flash irra-
diations. Although these complexes present several photo-
chemical features which are largely related, the results ob-
tained with each of them are presented in separate subsections.

(1) Flash Photolysis of [Co(PTS)(OH,),],*. Deaerated,
acidic (107-107 M HCIO,) solutions of [Co(PTS)(OH,),],*
(concentrations =107 M) were photolyzed at wavelengths
larger than 220 nm. A transient spectrum, observed under
those conditions, had a maximum absorption, Ay, ~520 nm,
Figure 2a, which is expected for sulfophthalocyanine radicals
Co”l(PTS)“* and Co(PTS)*.13324 The absorbance, produced
with the life of the flash, disappears by a second-order reaction;
see curve a in Figure 3. A ratio of the second-order rate

constant to the extinction coefficient k/e = 2.7 X 10* cm s™!

was obtained at A, 520 nm. Flash irradiations of [Co-
(PTS)(OH,),],* (concentrations =105 M) in acidic solutions
(107" M HCIO,) which were saturated with air under a
pressure of 1 atm, [Q,] =~ 4.8 X 10™* M, also produce transient
absorbances. The decay of these absorbances no longer obeys

(PTS)* with 2- -propanol.
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Figure 4. Interception of the intermediates produced in flash irra-
diations of acidic (10! M HCIO,) solutions of [Co(PTS)(OH,),],*
Dependence of the rate constant for the decay of the 480-nm transient
absorbance upon 2-propanol concentration in (a) deaerated solutions
and (b) 4.8 X 10™* M O, solutions.

a second-order rate law as shown in curve b of Figure 3. In
addition, the disappearance of this transient takes place by a
first-order process in solutions saturated with oxygen under
a pressure of 1 atm ([0,] & 1.6 X 107° M; curve c in Figure
3). This deviation from a second-order rate law was attributed
to a reaction of the intermediate Co(PTS)* with oxygen as
it was already observed with a copper(II) sulfophthalocyanine
radical, Cul'(PTS)*".12425 A second-order rate constant, k
= 1.7 X 10° M1 5! for the reaction of the intermediate with
oxygen, was estlmated from the results which were reported
above.

Also, the radical nature of the intermediates was investigated
by intercepting these transients with alcohols! These reactions
were studied in deaerated acidic (1071 M HCIO,) solutions
of [Co(PTS)(OH,),1,*, which has 2-propanol in various
concentrations, 0.1 M =< [2-propanol] < 0.6 M. The rate of
the absorbance decay, followed at A, ~480 nm, exhibited
a first-order dependence in alcohol concentration; see Figure
4.  The slope of the curve in Figure 4 corresponds to a
second-order rate constant, k = 2.6 X 10* M 571, for the
reaction of the transient Co(PTS)?" with 2-propanol. Fur-
thermore, the value of the rate constant, &° 4, obtained by
extrapolating to zero the 2-propanol concentration in Figure
4, is equivalent to a reaction half-life, ¢,,, = 3.3 X 107 s, for
an initial transient absorbance, 4y = 0.220. These values were
in good agreement with a ¢, = 3.7 X 107 s, which was
determined by direct measurements; see above and curve a in
Figure 3.

A stable product, characterized as cobalt(II) sulfo-
phthalocyanine by means of the absorption spectrum (see
below), was formed by interception of the intermediate Co-
The formation of the reaction
product was investigated in deaerated, dilute solutions of the
aquocobalt(III) sulfophthalocyanine complex (~5.7 X 1073
M in 0.1 M HCIO,) at A =540 nm. The recovery of the
bleached absorbance, due to the transformation of the reduced
ligand radical Co(PTS)* into cobalt(IT) sulfophthalocyanine,
obeys a first-order rate law with k ~ 1.8 X 102!,

The reactivity of the transient was also investigated by a
competitive interception with 2-propanol and oxygen. These
experiments were carried out with acidic (10~ M HCIO,)
solutions of [Co(PTS)(OH,),],% in 0.05-1.0 M 2-propanol
saturated with air at 1 atm. The dependence of the reaction
half-life on 2-propanol concentration, less marked in aerated
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than in deaerated solutions, Figure 4, shows that oxygen and
2-propanol react with two distinct intermediates.

(2) Flash Photolysis of [Fe(PTS)(OH,),],*. Acidic so-
lutions (107-10"* M HCIOy) of the dimeric iron(II) complex
were irradiated at wavelengths larger than 220 nm. The
spectrum, generated in the life of the flash, decays by forming
new transient absorptions which can be followed at A < 445
nm, Figure 2b. The growth of the absorbance at 410 nm and
the decay at 460 nm take place by first-order reactions (rate
constants k4o = ksp = (6.3 £ 0.5) X 10% s7!), which are
attributed to a transformation of a primary ligand radical
species, Fe(PTS)*, into iron(I) sulfophthalocyanine.
Moreover, the slow disappearance of the absorbance, detected
at 460 nm for reaction times larger than 1 ms, Figure 2b, obeys
a second-order rate law with a ratio of the rate constant to
the molar extinction at 460 nm of k/e = 6.7 X 102 cm s™. The
final transformations of the absorption spectrum, bleach of
the absorbance at A 2450 nm and increments at A <450 nm,
indicated for r = « in Figure 2b, are also produced when
iron(I) sulfophthalocyanine is generated by electrochemical
reduction® or continuous-wave photolysis (see below) of the
iron(IT) sulfophthalocyanine.

The radical character of the intermediates that were pri-
marily generated in flash photolysis was investigated by
scavenging with alcohols. Flash irradiation (A, =220 nm)
of acidic (102 M HCIOQ,) solutions of [Fe(PTS)(OH,),],*
in either 10715 X 10~ M 2-propanol or 107'~102 M methanol
produced iron(I) sulfophthalocyanine. The formation of this
product, followed at 410 nm, obeys a first-order rate law with
a rate constant k = 6.9 X 103s7!, This value and one obtained
in the absence of scavengers (see above) are in good agreement.
In addition, the rate of the disappearance of the absorbance
with A ., ~460 nm (see Figure 2b) increases with 2-propanol
concentration. Such a behavior indicates that the maximum
absorbance at 460 nm (see Figure 2b) must be assigned as an
iron(II) ligand radical, Fe(PTS)%; see above and Discussion.

(3) Continuous-Wave Irradiations of [Co(PTS)(OH,),],¢".
The irradiation of {Co(PTS)(OH,),],% in oxygen-free
107110 M HCIO, was carried out at wavelengths of the
Soret band (~30000 cm™) and bands placed at larger en-
ergies. Products, Co’*(aq) and cobalt(IT) sulfophthalocyanine,
were not detected in samples irradiated for short periods, e.g.,
less than 30 min with I ~ 10™* einstein/(L min) at 254 nm
under the conditions stated above. However, extended ir-
radiations, e.g., 3—4 h with I, ~ 8 X 107 einstein/(L min) at
254 nm, produced small changes of the absorption spectrum.
A limit yield, ¢ <7 X 107, was estimated for the formation
of Co**(aq) or cobalt(1I) sulfophthalocyanine in ultraviolet
irradiations, namely, Ay <400 nm.?’

Also, the photochemical reactions of the dimeric cobalt(I11)
sulfophthalocyanine were investigated in acidic (107'-10* M
HClO,) solutions containing 3.0-0.1 M 2-propanol. The
spectra of irradiated samples and blanks exhibited differences,
e.g., increase of the absorbance at 650 nm and decrease at 320
nm, which indicate that cobalt(IT) sulfophthalocyanine is
formed by photolysis under the conditions stated above. Yields
of this product, Co(PTS)*, are markedly dependent on the
wavelength of the excitation, as it is shown in Table II.

(4) Continuous-Wave Irradiations of [Fe(PTS)(OH,),],*.
Photolyses of [Fe(PTS)(OH,),],* were carried out in neutral
or acidic (107 M HCIO,) solutions. Excitation at 254 or 225
nm produces a gradual decrease of the absorbances at 550-700
and 260-400 nm; see Figure 5a. Moreover, Fe3*(aq) was
detected as a reaction product in irradiated samples. These
observations suggest some degradation of the ligand, e.g.,
opening of the phthalocyanine ring, in reactions which follow
the photochemical formation of iron(II)-ligand radicals. The
yields of Fe3*(aq) were estimated to be ¢ = (3.0 £ 0.3) X 1073
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Table II." Quantum Yields for Photolyses of
Sulfophthalocyanine Complexes of Cobalt(111) and Iron(II)

Aexeits o> instein/ [2-propanol],b
nm (L min) 10°¢redox” M
(a) [Co(PTS)(OH,),],*¢
345 6.4x10°° <6x 107 € 10.6
280 5.8 x 10°° 2.5+£0.2(3) 10.6
254 2.2x 107 0.63+£0.03(3) 0.27
254 2.2 X 10-¢ 0.44 =+ 0.05 4) 0.81
254 2.2%x 10" 1.51 £ 0.07 (3) 1.33
254 22x10™ 3.3:0.1(2) 4.0
254 22x 107 5.0+ 0.1(5) 8.0
254 2.2x10™ 7.5+0.2 (%) 10.6
225 3.0x 107 0.05 = 0.03 (10) 10.6

(b) [Co(PTS)(OH,), U7, ] G+~ (n =1, 2)de

460 8.0x 10°° 12:33)
430 8.2% 107° 10 = 3 (4)
345 6.4% 1078 13£23)
280 5.8% 107 12:3(3)
(c) [Fe(PTS)(OH,),]," (3.0 X 107¢ M)
345 6.4 % 10°° <104 ¢ 3.3
280 5.8% 10°% 4.8+0.3(3) 3.3
254 80 x 10°¢ 25 + 4 (5) 33
254 8.0 X 107* 24 :5(3) 3.37
225 3.0 X 1079 32:5(2) 3.3

2 Yields of cobalt(Il) sulfophthalocyanine, Co(PTS)*", and
iron(1) sulfophthalocyanine, Fe(PTS)(OH,), ", which are
formed under the conditions stated above. Number of deter-
minations in parentheses. ? Solutions deaerated with nitrogen
streams. € Upper detection limits. ¢ Yields measured in 0.1
M HCIO,. © Yields measuredin 0.1 M I~ f[[Fe(PTS)(OHZ)]ZB’]
=0.8 X 10™* M.

05+

! L L !
300 400 500 600
A, 0m

Figure 5. Changes in the absorption spectrum of [Fe(PTS)(OH,)].*
solutions irradiated by various periods at 254 nm (J; =~ 3 X 1075
einstein/(1. min)): (a) solutions in 107! M HCIO; photolyzed (0)
zero min, (1) 15 min, (2) 30 min, and (3) 45 min; (b) solutions with
1.3 M 2-propanol and 107! M HCIO, photolyzed (0) zero min, (1)
2.7 min, and (2) 5.4 min.

for excitations at 254 nm (/; = 8.0 X 107 einstein/(L min))
and ¢ = 0.030 for excitations at 225 nm (I, = 5.0 X 107*
einstein/(L min)).

The photochemical reactivity of [Fe(PTS)(OH,),},* was
also investigated with 1.0-0.1 M 2-propanol; see flash pho-
tolysis section. The spectra of irradiated samples and blanks
exhibited differences, e.g., new absorptions at 330, 450, and
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Table III. Rate of the Formation and the Decay of |ColTl(PTS)(OH,),.,(CD1¢**™)~ during Flash Photolysis of

[CoMI(PTS)(OH,), ., (CD,, 1©**™)" in Aqueous Acidic Solutions®

conditions?®

(a) I'ormation of the 550-nm Transient Absorption

Kobsa:” 5 AAmax
6.7 0.102 i
6.0 0.092
6.3 0.075
6.3 0.062
5.8 0.038
6.3 0.023
6.6 0.102
6.7 0.102

13.8 0.130
26.3 0.140

0.1 M HCl, 203 J/flash
0.1 M HCl, 160 J/flash
0.1 M HCl, 122 J/flash
0.1 M HCI, 90 J/flash
0.1 M HC, 63 J/flash
0.1 M HCl, 40 J/flash
0.1 M NaCl, 0.01 M HCI, 203 J/flash
0.1 M NaCl, 0.005.M HCl, 203 J/flash
0.1 M HCl, 203 J/flash,
[Co(PTS)OH,),-n (C), ] G+ = 4.0 X 10°5 M
0.1 M HCI, 203 J/flash,
[Co(PTS)(OH, ), 1, (C1), JOM)- = 8.0 X 1075 M

(b) Decay of the 500-nm Transient Absorption

8.1 0.113
8.4 0.095
8.2 0.084
8.2 0.065
8.0 0.044
13.8 0.113
6.9 0.114
5.6 0.110
~4.3 0.115

0.02 M HCI, 0.1 M Nacl; 203 J/flash
0.02 M HCl, 0.1 M NaCl; 160 J/flash
0.02 M HCl, 0.1 M NacCl; 122 J/flash
0.02 M HCL, 0.1 M NaCl; 90 J/flash
0.02 M HCI, 0.1 M NaCl; 63 J/flash
0.10 M HCI, 0.1 M NaCl; 203 J/flash
0.06 M HCI, 0.14 M NaCl; 203 J/flash
0.02 M HCI, 0.18 M NaCl; 203 J/flash
107* M HCl, 0.20 M NaCl; 203 J/flash

@ Irradiations with A > 260 nm in solutions deacrated with Ar streams. The concentration of {Co(PTS)(OH ., (Cl), ] (>*7)- was 2.0 X

1075 M for these experiments unless specially stated.
are X10.

700 nm and a decrease of the absorbance at other wavelengths,
Figure 5b, which indicated that iron(I) sulfophthalocyanine
is the reaction product. Moreover, the différence in the values
of the molar extinctions of iron(I) and iron(1I) sulfophthal-
ocyanines at 450 nm, ¢ 7.8 X 10* M~ ecm™ for Fe!(PTS)% and
€ 4.6 X 10° M cm™ for [Fe(PTS)(OH,),];%, were used for
the evaluation of the product yields; see Table II. These
efficiencies were obtained by use of 1-2% conversions into
products since secondary processes became otherwise no-
ticeable.

(C) Photochemical Properties of Cobalt(III)-Acido and
Mixed Dimer Species. (1) Photolysis of Acidocobalt(III)
Sulfophthalocyanines. Flash photolyses of the acidocobalt(III)
sulfophthalocyanines Co™(PTS)(H,0),_,(X),8™ (n=1, 2;
X = CI', I, SCN") were carried out in deaerated, acidic (107
M HCIO,) solutions, where the ionic strength was adjusted
with both the corresponding sodium halide and sodium per-
chlorate ([NaClQ,] + [NaX] = 1.0 M). A cutoff filter, 100%
transmission at A =350 nm, was used in order to prevent the
irradiation of the nonanated species at wavelengths shorter
than 350 nm, where they present a large photosensitivity; see
section B and ref 1 and 5.

Flash photolyses of Co(PTS)(H,0),_,(Cl),**”" in solutions
equilibrated with 1.0 M NaCl (see above) produce transient
absorptions with a maximum absorption at A, ~500 nm,
Figure 6a. The growth and the decay of the absorbance,
Figure 6b, are first-order reactions independent of the flash
energy; see Table III and the Appendix. However, the rate
of growth also has a first-order dependence on the concen-
tration of the complex as is discussed in the Appendix. The
disappearance of the absorbance is, in addition, dependent on
the concentration of hydrogen ions, as indicated in Table III,
the Appendix, and eq 4.

1

_1 ’
) ° @

kobsd = (45 + 0.5

Transient bleach of the absorbance at 420-540 nm and
transient absorbances at 420-540 nm were observed when
Co(PTS)(H,0),_,(SCN),3+ (n = 1, 2) was flash photolyzed

Average of 3-7 determinations. € Values for & gpgq for (a) are X 10 and for (b)
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Figure 6. (a) Transient spectrum obtained 600 us after the pulse in
flash photolyses of [Co(PTS)(OH,),_,(C1),]¢*"- (conditions: 1 M
HCI and 2.0 X 107° [Co(PTS)(OH,),_,(C),]@+"-; deaerated so-
lutions). (b) Oscillographic traces showing (1) the growth and (1)
the decay of the 500-nm transient absorbance. -

in 1.0-0.1 M NCS~. These transformations of the spectrum
indicate that Col'(PTS)* is formed during the life of the flash.
The amount of the absorbance change, measured at 420 and
580 nm, shows that the amount of the cobalt(II) sulfo-
phthalocyanine, 6.4 X 10~° M J*! for flash energies £ < 250
J/pulse, has a linear dependence on flash energy. Moreover,
the recovery of the 420-540-nm absorbance obeys a sec-
ond-order rate law with a rate constant k = 2.5 X 10® M™!
571, Such a value of the rate constant was obtained from the -
half-life of the reaction and the concentration of cobalt(II)



1010 Inorganic Chemistry, Vol. 18, No. 4, 1979

sulfophthalocyanine produced during the life of the flash.

Both species, the radical 1,” and Co(PTS)*", were generated
during the life of the pulse in flash irradiations of Co-
(PTS)(H,0),.,(1),®*~ (n =1, 2) in 0.1 M Nal. The iodine
radical I,”, detected from its absorptions at A <420 nm,
disappears in a second-order reaction, rate constant k = 6.7
x 10° M' 57!, by producing I;~. It was estimated from the
absorbance change that Co(PTS)* and I,” were produced
in a 1:1 stoichiometric relationship as indicated in eq S5, where
8=(27+03) xX10°MJ"

[I7]g = [Co™(PTS)s]o = 8 X flash energy  (5)

Continuous-wave photolyses of Co(PTS)(H,0),_,(1),5t""
(n =1, 2) were carried in deaerated, acidic (107! M HCIOQ,)
solutions containing 0.1 M Nal. The irradiation produces
spectral transformations (see above) which indicate that the
product of the reaction is Co''(PTS)*. Quantum yields for
excitations at various wavelengths, Table II, show that this
process is produced with an energy threshold, E,; < 64
kcal/mol, which is placed at a photonic energy smaller than
the threshold for the photoredox dissociation of the dimeric
[Co(PTS)(OH2)2] , E;y == 100 keal/mol; see Table I1.

The species anated with SCN™ or Nj~ also show photoredox
reactions for excitations at wavelengths larger than 300 nm.
Indeed, photolyses (Agge 400 nm; I, = 7.5 X 107 einstein/ (L
min)) of Co(PTS)(H,0),.,(N3),* in solutions with 1072
M NaN, produce nitrogen (¢ = 0.11) and Co'(PTS)* (¢ =
0.10).

(2) Photolysis of Mixed Dimer Species. Flash photolyses
of the mixed dimer [Co™(PTS)(OH,),*",Ru(bpy);>*] were
carried out at wavelengths larger than 420 nm, where no
photochemical transformations were observed with either
monomeric or dimeric cobalt(1II) sulfophthalocyanines; see
above. Concentrations of Ru(bpy);>* (102-5 X 107> M) were
adjusted in order to associate 99.9% of the Co(PTS)(OH,),*
(107%=5 % 10 M). The photochemical reaction was followed
at 520 nm, where large absorptions have been reported for
various reduced sulfophthalocyanine radicals coordinated to
metal ions; see section B(1) and ref 1, 24, and 25. A transient,
detected under these experimental conditions, can be a551gned
as a cobalt(III) reduced hgand radical, Co(PTS)(OH,),*,
which is also produced in the photoredox dissociation of
[Co(PTS)(OH,),],%; see section B(1). This metastable
species, Ay ~ 530 nm, transforms into Co''(PTS)* by a
first-order reaction with k = 1.6 X 10*s™*, This transformation
was also followed at wavelengths where the absorptivities of
the cobalt(IIT) sulfophthalocyanine were the largest of all the
species, e.g., at A =580 nm. The absorbance, bleached during
the life of the flash, recovers by two successive stages. The
first has a first-order rate constant, k = 1.7 X 102 s}, which
is the same as the transformation of Co™(PTS)(OH,),* into
Co(PTS)*; see above. Moreover, the half-life is dependent
on the initial amount of the bleached absorbance for the second
stage. Such a stage was assigned as a reoxidation of the
Co''(PTS)* by Ru(bpy);**. The ratio of the second-order rate
constant to the extinction coefficient, k/e = 2.7 X 10* cm 57,
was measured at 580 nm. The rate constant k = 4.5 X 107
M1 was obtained from such a ratio by use of the difference
in the molar extinctions, Ae ~1.7 X 103> M~ cm™!, of the
cobalt(IIT) and cobalt(II) sulfophthalocyanines.

Photochemical reactions of the mixed dimer [Coll-
(PTS)*,Cr(bpy),*t] were investigated in solutions (1076 =
[Co(PTS)#+] and 1072 = [Cr(bpy);**] = 5.0 X 107 M) where
more than 90.0% of the complex was associated with Cr-
{bpy)s**.2® Appropriate cutoff filters were used in order to
prevent irradiation at wavelengths shorter than 420 nm. This
reaction, followed at 560 nm, shows that the absorbance—
bleached during the life of the flash—is recovered by two
successive stages; see Figure 7a. Also, transient absorbances
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Figure 7. (a) Oscillographic traces obtained in flash photolysis of
the mixed dimer {Co(PTS)* Cr(bp))f*] (conditions: Co(PTS)%,
1.1 x 1076 M; Cr(bpy);*", 5.0 X 107 M in deaerated 10~ M HCIO,;
250 J/pulse). Reaction was followed at 360 nm showing the ’E
Cr(bpy);>* (trace I) and the first stage (trace II) and the second stage
(trace I11) of the recovery of the bleached absorbance. (b) Dependence
of the half-lifetime for the second stage upon the reciprocal of the
amount of the absorbance bleached 1 ms after the flash, AA,.

were observed after the decay of the 2E Cr(bpy);** at 500-520
nm. The same half-life (¢,,, = (1.9 £ 0.2) X 107 s), inde-
pendent of the flash energy, was obtained for the short-lived
stages of the absorbance decay at 500 nm and the recovery
at 560 nm. Furthermore, the transient absorbances at 450—620
nm indicate that both Cr(bpy);>* and an oxidized ligand
radical, Coll(PTS)?", are primarily formed in this reaction.
Therefore, the short-lived stage was assigned as a transfor-
mation of the coordinated radical Co(PTS)?* into the stable
cobalt(III) sulfophthalocyanine. The long-lived stage, followed
either at 500 or 560 nm, Figure 7b, obeys a second-order
reaction attributed to the reduction of the cobalt(IIl) sul-
fophthalocyanine by Cr(bpy);**; see above. The ratio of the
second-order rate constant to the extinction coefficient, & /e
= 1.9 X 10° cm s7! at 560 nm, gave a rate constant, k = 8.2
X 108 M~ s7!, for this reaction.

Also, the photodissociation of the mixed dimer [Co-
(PTS)*,Ru(bpy),>*] was investigated by use of deaerated,
acidic (107107 M HCI) solutions with excess Ru(bpy);>*
(1072-107 M). Flash irradiations (Aeg; =420 nm) produced
a transient spectrum with a maximum absorbance at 520 nm.
This absorbance disappears in two successive steps. The
shortest lived stage, followed at 520 nm, has a half-lifetime
independent of the flash energy (¢1,;, = 600 us for £ < 250
J/flash). This step was assigned as a transformation of a
primarily formed radical, Co'(PTS)>, into Co'(PTS)*" with
a rate constant k¥ = (1.2 £ 0.3) X 10° s!. In addition, the
cobalt(I) species, Col(PTS)%, is reoxidized by Ru(bpy)33+ in
the longest lived decay of the transient absorbance. A sec-
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ond-order rate constant k = 2.9 X 108 M~! s7! was estimated
for such a reaction.

Discussion

The results, reported above, show that the photochemistry
of the cobalt(III) and iron(II) sulfophthalocyanines can be
easily influenced by various experimental conditions. Indeed,
the association and the nature of the monomeric species,
controlled by various media conditions, determine the kind of
processes which will be induced by the absorption of light.
Some aspects of these processes are discussed next.

The primary species, observed in flash photolysis of the
dimeric cobalt(IIT) and iron(II) sulfophthalocyanines, do not
have the spectra expected for complexes with reduced and
oxidized metal centers. Furthermore, such species exhibit a
chemical reactivity toward oxygen and alcohols which is
expected for ligand radicals of the transition-metal sulfo-
phthalocyanines.! In this regard, the photochemistry of the
dimeric cobalt(IIT) and iron(II) species exhibited features that
were previously reported for photolysis of the dimeric cop-
per(I1) sulfophthalocyanine. This photochemical reactivity
is represented in a general form by eq 6-9, where M = Co(III)

[M(PTS)(OH,),],2¢ 2" + hy — (excited state) (6)
(excited state) ww— [M(PTS)(OH,),] 262 (7

(excited state) —
M(PTS)(OH,),*" + M(PTS)(OH,)," "~ (8)

M(PTS)(OH,),* + M(PTS)(OH,),"? — ‘
[M(PTS)(OH,),],*?" (9)

(z =3),Fe(Il) (z = 2),or Cu(ll) (z=2)and n =0, 1, or
2. Recombination of the coordinated radicals, eq 9, returns
the photodissociated dimers to their initial condition.

The common features, exhibited by the photochemistries
of the dimeric Co(III), Cu(II), and Fe(Il) sulfophthalo-
cyanines, show that they must be originated in similar excited
states. The nature of this state, charge transfer between units
of the dimer or a ligand-centered state, was briefly discussed

elsewhere for cobalt(I1) and copper(Il) sulfophthalocyanines.!

Moreover, a comparison of the threshold energies for the
photoredox dissociation for these complexes (see Table II and
ref 1) demonstrates that such energies are almost the same,
Ey =~ 100 kcal/mol. This independence of the metal ion
suggests that the photoreactions are produced in an excited
state, where the participation of the metal orbitals must be
at a minimum. Such a ligand-centered excited state, e.g., an
nw* state of the sulfophthalocyanine, may be mainly localized
in one unit of the dimer which will oxidize the ligand or the
metal center of the other. This electron-transfer process,
between one unit in an excited state and the other in the ground
state, does not have to produce primary species, eq 8, with the
same nature as that of the products generated by electro-
chemical means.?»?> However, one may expect the trans-
formation of the photochemically generated species into more
stable redox products by secondary thermal reactions. This
seems to be the case of the iron(II) sulfophthalocyanine, where
the reduced ligand radical Fe(PTS)(OH,),*, formed in re-
action 5, was observed to transform into iron(I) sulfo-
phthalocyanine in a slow process, eq 10.

Fe'(PTS)(OH,),* — Fe!(PTS)(OH,),* (10)

The yields of the photoredox dissociation for cobalt(III),
copper (II), and iron(1I) sulfophthalocyanines increases with
photonic energy. However, 225-nm photolysis of the dimeric
cobalt(III) sulfophthalocyanine induces the redox dissociation
but with a low yield (see Table II). This behavior is attributed
to a competitive population of a new excited state. Indeed,
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the photochemistries of the acidocobalt(1II) sulfophthalo-
cyanines (see below) suggest that states with charge-transfer
character, from axially coordinated ligands to Co(III), can be
competitively populated for photonic energies larger than 100
kcal/mol. Indeed, the results on the photochemistry of the
monomeric acidocobalt(IIT) sulfophthalocyanines, [Co-
(PTS)(OH,),_,(X),]®*" with n = 1 or 2 and X~ = CI", Br,
I, SCN-, or Ny, show that they present a significant amount
of photoredox chemistry which involves axially coordinated
ligands. The photochemical processes can be described by eq
11-15, where CTTM stands for a reactive charge-transfer

[Coll(PTS)(OH,).,(X),]®*" + hy — CTTM (11)
CTTM — [Co™(PTS)(OH,),-,(X),**?~  (12)
CTTM — {[Co™(PTS)(OHy)5-(X),1]**7 X} (13)

{{Co(PTS)(OH,)5-5(X) 1] 77X} —
[Co™(PTS)(OH,),-(X),] ¥ (14)

{[Co™(PTS)(OH,)5-n(X) - 1]1¥¥M" X} —
Col(PTS)* + (n-1)X~ + X- (15)

ligand-to-metal state; see below., Products of reaction 13 can
be regarded as ion—radical pairs with the same nature as that
of the species which are obtained in the photoredox processes
of the acidopentaamminocobalt(III) complexes.'3%-32
Reactions 11-15 are followed by secondary reactions.
Radical complexation and disproportionation are processes
which dominate the decay of the radicals generated with iodide
and thiocyanate complexes.**** Reactions of I, or (SCN),”
with acidocobalt(III) sulfophthalocyanine complexes were not
detected. However, a metastable species, assigned as a co-
balt(IIT) sulfophthalocyanine radical, [Co(PTS)(OH,),_,~
(C1),]@*, was observed in photolysis of the chloride-anated
complex [Co(PTS)(OH,),_(Cl),]®*". Species with a similar
radical nature have been obtained by chemical oxidation of
a nonsulfonated phthalocyanine of cobalt(III) in nonaqueous
solvents.3> Moreover, the radical [Co(PTS)(OH,),.,(Cl),] @~
is closely related to the oxidized product of the reaction 8. The
formation of the oxidized radical can be attributed to the
oxidation of the [Co(PTS)(OH,),_,(C1),]**"~ complex by
chlorine radicals as is indicated in eq 11-17. The disap-

Cl + CI = Cl, (16)

Cly™ + [Co(PTS)(OH,), ,(C1),]+7~ —

' Cl~ + [Co(PTS)(OH,),_,(C),]**»- (17)
pearance of [Co(PTS)(OH,),_,(C1),]**"- is a base-assisted
process; see eq 4 and the Appendix. Such behavior agrees with
reports on the reactivity of a similar sulfophthalocyanine
radical coordinated to copper(I1).1?>?* 1In this regard, the
decay of the intermediate can be represented by an acid—base
equilibrium which involves the oxidized ligand, eq 18, followed
[Co™(PTS)(OH,), (C1),]**"~ + H,0 =

[Co™({PTSJOH)(OH,),(C1),]®*"~ + H* (18)

by degradative reactions of the conjugated forms, eq 19 and
[CO™(PTS)(OH,),,(CI),,} @*"~ —

Co?*(aq) + ligand degradation products (19)
20; see also the Appendix.
[CoM({PTSJOH)(OH,),,(C1),] ¢+~ —

Co?*(aq) + ligand degradation products (20)

The photochemical reactivities of the acidocobalt(III)
sulfophthalocyanines show that ligand-to-metal charge-transfer
states are underlying the ligand-centered states. Therefore,



1012 [Inorganic Chemistry, Vol. 18, No. 4, 1979
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the less significant role of the charge-transfer states in the
photochemistry of the dimeric cobalt(III) sulfophthalocyanine
can be attributed to a very unfavorable position, namely, above
the energy of the photoactive ligand-centered state. This
inversion is expected upon consideration of the distinct energies
that are associated with the oxidation of the axial ligands, H,O
or I, in the charge-transfer process.31:¥ It is feasible that
similar arguments would be valid in the case of the monomeric
sulfophthalocyanines of copper(II) and cobalt(II), where the
observed photochemistry is largely related to the population
of the ligand-centered states.!

The primary photochemical formation of cobalt(I) and
cobalt(I1I) sulfophthalocyanines in the photoredox dissociation
of the dimeric cobalt(II) sulfophthalocyanine was reported
previously; see ref 1. The photochemical behavior of the Co(II)
complex cannot be explained by assuming that such a reactivity
is originated in a pure ligand-centered state. Indeed, it is clear,
by comparison with sulfophthalocyanines of Co(IIl), Fe(II),
and Cu(II), that the cobalt(II) complex is abnormal for both
photochemical! and electrochemical processes.?? One can
attribute these departures from the behavior of the other
sulfophthalocyanines to large electronic interactions between
metal centers of the dimeric cobalt(II) species.?® Such a
possibility was tested by use of mixed dimers which contain
sulfophthalocyanines associated with Ru(bpy);** or Cr-
(bpy)s**. Negligible or extremely weak interactions between
metal centers are expected for these dimers.

The general feature of the electron-transfer processes is the
formation of oxidized or reduced sulfophthalocyanine radicals.
The intramolecular oxidation or reduction of the metal center
in the radical species is observed as a slow secondary process.
Indeed, the formation of a stable reducing radical coordinated
to an oxidizing metal center, Scheme III, and vice versa,
Scheme II, suggests that the overlap between the electronic
clouds of the metal center and the sulfophthalocyanine ligand
must be weak in these intermediates.

The formation of ligand radicals in the primary electron-
transfer process of the cobalt(II) sulfophthalocyanine mixed
dimers, Schemes I and II, contrasts markedly with the
photoredox reaction which involves both cobalt(II) centers in
the dimeric cobalt(Il) sulfophthalocyanine.! The distinct
photochemical behavior exhibited by these species may be
attributed to different interactions between metal centers as
it is indicated above. In this regard, this argues in favor of
the participation of the cobalt(Il) orbitals with a larger
proportion than in the case of other metal sulfophthalo-
cyanines, e.g., cobalt(III), copper(II), and iron(II), in the
description of the excited state.
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The formation and decay of the intermediate, generated in
flash photolyses of [Co(PTS)(OH,), .(C1),]®*?", can be
represented by eq 21-23 for a more simple mathematical

A+h—1+X 21
k
X+A>T (22)
ko
T — products (23)

treatment of the problem. The formation of the precursor X
(notice X = Cl;7), eq 21, is regarded as a process faster than
reactions 22 and 23. In addition, the intermediate T is
equivalent to the observed transient species [Co(PTS)-
(OH,), ,(C1),]®*M~; see (7) in the Discussion. The rate law
for this intermediate is shown in eq 24. Conventional methods

d[T]/dr = k [A][X] - ko[ T] (24)
gave the integrated expression of the rate, eq 25, where [X],
[T] = [X]o _AlA [eh[A]r - err]  (25)

ko — ki[A]

is the concentration of X generated in the life of the flash. The
growth and decay of T (see Figure 6) gives a maximum
concentration [T],, eq 26, at a reaction time 7, eq 27. Values

kA k(A
mm=[X10[ 1,50]]— ‘[_]ko (26)

ki[A]

1 n ki[A]
ki[A] - ko ko

of the rate constants were obtained from direct measurements
at various concentrations of [Co(PTS)(OH,),_.(X),]¢*-, [A]
<2 X 107 M, and flash energies, 250-40 J/flash. In one of
these experiments with [A] = 2.0 X 1075 M (see also Table
III and Figure 6) the values of the rate constants were k; =
33 X108 M1 s and ky = 1.2 X 1025”1, Substitution of k,
and k, in eq 24 gave T = 625 X 107% s which is in good
agreement with an experimental value 7 = (650 £ 50) X 107¢
.

The base-assisted decay of [Co(PTS)(OH,),_,(Cl),] @+~
was represented by eq 18-20, where the acid-base equilibrium
18 is expected to be very fast. Therefore, the conjugate species
can be regarded as being in equilibrium throughout the re-
action. Such an assumption yields eq 28 for the expression

k20 - k19
ko = ko t+ [m][{ (28)

(27

T =

of kg, where K is the dissociation constant of equilibrium 18
and k4 and ky, are the rate constants for the conjugate species.
Values of k,, obtained with various concentrations of acid, were
used in conjunction with eq 28. The values obtained were k3
~ 45X 10s7), kyy = 1.4 X 10257, and K =~ 5.9 X 103,
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The charge-transfer spectroscopy and photochemistry of the title compounds Fe(das),XY* (X~, Y~ = CI', Br", I") are reported.
The d-orbital energies are determined from the arsine-to-iron charge-transfer spectra. Ligand field and angular overlap
parameters are calculated from the charge-transfer spectra and compared to those of other first-row transition-metal (I1I)
compounds. Fe(das),Cl," reacts photochemically in the presence of organoiodides to produce Fe(das),ClI* with quantum

yields on the order of 1073,

The electronic spectroscopy and photochemistry of metal
complexes containing ligands having low optical electroneg-
ativity are not well understood. - Accurate determination of
the ligands’ spectrochemical properties is frequently prevented
by low-energy ligand-to-metal charge-transfer absorption
bands which obscure the ligand field transitions. Photo-
reactions from charge-transfer states include photoredox
reactions and reactions of coordinated ligands for which
detailed understanding is lacking. Recent spectroscopic and
photochemical studies of charge-transfer excited states suggest
that the photoreactions can ‘be interpreted in terms of a

formally reduced metal center in ligand-to-metal charge-
transfer (LTMCT) excited states!™ and a formally oxidized
metal in metal-to-ligand charge-transfer (MTLCT) excited
states.”® However, many CT states transfer energy via in-
tersystem crossing to lower lying ligand field states, and many
are photoinactive.-?

During spectroscopic and photochemical studies in this
laboratory of metal complexes of bis[o-phenylenebis(di-
methylarsine)], das, it was observed that the slightly pho-
toactive trans-dihaloiron(III) complexes contained four
well-resolved charge-transfer absorptions in addition to much
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