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Photochemistry of cis-[Co(en),(NO.),]*+ T in Acetonitrile

P. Natarajan * and A. Radhakrishnan

Department of Inorganic Chemistry, University of Madras, Madras 600 025, Tamil Nadu, India

Photochemistry of the cis-[Co(en),(NO,),]* ion in neat acetonitrile exhibits unusual features

compared to the excited state processes of the complex ion in aqueous media. In aqueous media
excitation of the complex ion in the ligand-to-metal charge-transfer band, *(Co<-NO,), produces
cobalt(n) ion and the nitrito-linkage isomer. In neat acetonitrile solution excitation of the complex in

the same region produces an intermediate cobalt(n) complex co-ordinated to NO,. Molecular oxygen
scavenges the intermediate quantitatively to produce cobalt(i)—oxygen adducts with a rate constant of
(3.6 £ 0.5) x 105 dm3 mol~ s~'. From the amount of oxygen adduct formed, the quantum yield for the
intermediate formation on irradiation at 365 nm was found to be 0.3 + 0.03 while the quantum vyield

for cobalt(n) formation in deaerated and in air-equilibrated solutions was 0.03 + 0.006. In the absence
of oxygen the photoproduced intermediate leads to the formation of a cobalt(ii) complex. The

complex ion in neat acetonitrile and in water quenches the excited state of [Ru(bipy);]2*

(bipy = 2,2'-bipyridine) with similar rate constants (~9 x 108 dm3 mol~* s~ ). However,

flash photolysis studies show no observable product formation which is attributed to rapid
recombination of the products formed in the solvent cage by an electron-transfer quenching process

or to a physical quenching process which does not lead to any product formation. Absorption

spectral features change markedily in different solvents indicating solvent interaction with the complex.
It is suggested that excited state relaxation processes are intimately coupled with the solvent interactions

with the complex ion.

Investigations have shown that the solvent medium has a
marked effect on the reactivity pattern of excited states.!™*
Photochemical reactions of Werner type co-ordination com-
pounds are studied primarily in aqueous media since many
of these complexes with high charge are only slightly soluble in
non-aqueous solvents. In recent years photochemical studies
in neat non-aqueous solvents indicate that the excited state
processes of co-ordination compounds are affected by the
nature of the solvent medium.’ The predominant excited
state reactions of cobalt(rir) ammines produce redox decom-
position of the metal centre.®” Earlier we have investigated ®
the reactivity of the cobalt(ii) ammine complexes in highly
viscous solutions containing high polymers and concluded
that macroscopic viscosity has no observable effect on the
quantum yields for product formation. Investigations in
mixed alcohol-water solvents have revealed that change in the
solvent environment of the excited state of the ammine
complex leads to different product quantum yields.*™*! In
the present study we have investigated the photochemical
processes of the complex cis-bis(ethylenediamine)dinitro-
cobalt(ir) perchlorate in acetonitrile. Our earlier investig-
ations 2 of the complex ion in aqueous media and in
alcohol-water solutions show that the photochemical behavi-
our follows a pattern similar to that observed for other
ammine complexes.

Experimental

The compound cis-[Co(en),(NO,),][C10,] was prepared by a
standard procedure.!® Steady irradiation experiments were
carried out using an EIMAC 300 W xenon lamp mounted on
an optical bench or a 200 W medium pressure mercury-vapour
lamp. Light of a particular wavelength was obtained using
appropriate glass and interference filters. Solutions for steady
photolysis experiments were deaerated by repeated freeze-
thaw cycles. Solutions for the flash photolysis experiments
were deaerated, in an all-glass apparatus consisting of a flask
connected to the flash photolysis cell, by bubbling with argon

1 cis-Bis(ethylenediamine)dinitrocobalt(ur).

for 1 h. After deaeration the solution was transferred from the
flask to the flash photolysis cell through the connector in an
argon atmosphere and sealed. The flash lamp was xenon
filled and the monitoring lamp was a xenon arc lamp. The
absorbance of the sample was monitored at different wave-
lengths using an Oriel monochromator. The energy per flash
was ca. 250 J and the output from the RCA IP28 photo-
multiplier tube was digitized and the trace was obtained using
an X~Y recorder.

In the photosensitization experiments the lifetime of the
excited state of [*Ru(bipy);Cl,] was measured using a single
photon counting set up (Applied Photophysics, London).
The lifetime of the emitting state in the presence and in the
absence of quenchers was treated by the well known Stern—
Volmer relationship.!* Absorption spectral measurements
were carried out in a Cary 219 spectrophotometer. Aceto-
nitrile used in the investigation was of spectro quality (Aldrich)
and, once opened, solvent from the sealed container was used
for not more than 2 d. Cobalt(ir) estimation was carried out by
the thiocyanate method.’® The [Ru(bipy);Cl,] used in this
investigation was obtained commercially (Alfa).

Results

Absorption Spectra of cis-[Co(en),(NO,),]*.—The absorp-
tion spectra of the complex ion, cis-[Co(en),(NO,),]*, in
aqueous HCIO, (0.1 mol dm™) and in neat acetonitrile in the
u.v.-visible region are shown in Figure 1. In acetonitrile
solution no change in the absorption spectra of the complex
was observed for several hours.

Steady Photolysis of cis-[Co(en),(NO,),]* .—Irradiation of
an air-equilibrated acetonitrile solution of the complex
using a 330 nm cut-off filter shows significant changes in the
absorption spectrum as shown in Figure 2. The dashed line
indicates the spectrum of a solution irradiated until there was
little change in the spectrum. Irradiation for much longer
periods causes a decrease in absorbance in the visible and near-
u.v. regions indicating secondary photoreactions. The absorp-
tion spectrum of the irradiated solution changes much more
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Figure 1. Absorption spectra of cis-[Co(en),(NO,),;]* in 0.1 mol
dm~3 HCIO, (****) and acetonitrile ( ), the photoproduct
(=---), and cis-[Co(en),(NO)H0)F* (— - —)
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Figure 2. Photolysis of cis-[Co(en);(NO,).}* in air-saturated
acetonitrile: unirradiated solution (A); after prolonged irradi-

ation (----)

slowly on standing for several hours also indicating thermal
decomposition of the product. Irradiation of a thoroughly
deaerated solution shows the spectral changes shown in
Figure 3. Aeration of this solution does not produce the
spectral changes similar to those seen corresponding to
solutions irradiated after air equilibration mentioned above.
Quantum yields for the product formation in air-equilibrated
solutions which were determined spectrophotometrically,
knowing the final product spectrum obtained on prolonged
irradiation, are shown in Figure 3. The shaded areas indicate
the quantum yield for cobalt() formation under different
conditions.

A deaerated acetonitrile solution of the complex ion after
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Figure 3. Photolysis of cis-[Co(en),(NO,),]* in deaerated aceto-
nitrile: unirradiated solution (——); photolysed solution (- — — -).
Quantum yield () for the oxygen adduct formation in the photo-
lysis of air-equilibrated solution (77]); quantum yield (¢) for cobalt-
(1) on photolysis in deaerated and air-equilibrated solutions ()
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Figure 4. Flash photolysis of cis-[Co(en),(NO,),]* in acetonitrile:
(a) for deaerated solution and (b) for air-equilibrated solution. Light
on at time = 0 ms. Monitoring wavelength, A = 400 nm; I, =
absorbance of unflashed solution

irradiation was evaporated in a vacuum line to remove the
solvent completely. The residue was dissolved in deaerated
aqueous HC10O, (0.1 mol dm™) and the spectrum obtained.
The spectral features were very similar to those shown in
Figure 2 for the cis-[Co(en),(NO,)(H,0)}** ion. The amount
of cobalt(n) present in the latter solution was found to be
identical to that found in the acetonitrile solution before
evaporation. The quantum yield determined for cobalt(ir) ion
on irradiation of the complex ion in acetonitrile using 365 nm
light was 0.03 + 0.006.
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Figure 5. Difference spectra of the product formed in the flash
photolysis: air-equilibrated solution (QO), deaerated solution (7).
The data reported were obtained after a delay of 100 us
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Figure 6. Kinetics of the growth of the transient absorbance in the
flash photolysis of cis-[Co(en);(NO,).]* in air-equilibrated aceto-
nitrile solution. Monitoring wavelength, A = 400 nm

Flash Photolysis Studies.—Flash photolysis of a deaerated
acetonitrile solution of the complex ion produces no transient
species as shown in Figure 4. However, flash photolysis of an
air-equilibrated acetonitrile solution of the complex produces
the transient species shown in the same Figure. The absorption
spectrum of the transient species formed during the flash
photolysis of an air-equilibrated solution is shown in Figure 5.
The initial rapid portion of the transient growth corresponds
to a first-order growth as shown in Figure 6 and the first-
order rate constants calculated are shown in the Table for
experiments carried out under different conditions.

Photosensitization of cis-[Co(en),(NO,);]* by [*Ru-
(bipy);]**.—The lifetime of [*Ru(bipy);}’* determined in
acetonitrile was 910 4 25 ns. The decrease in lifetime of
[*Ru(bipy);}** due to quenching by cis-[Co(en),(NO,),]* in
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Figure 7. Stern~Volmer plot of quenching of [*Ru(bipy);]** by cis-
[Co(en),(NO,),]* in water (Q) and in acetonitrile (@)

Table. Photolysis of cis-[Co(en),(NO,),]* in acetonitrile. Rate
constants for the formation of the oxygen adduct

10*[Complex})/ A monitoring/ 10-%k'(

mol dm—? nm 10~%fs~* dm®mol-1s-1*
0.38 400 0.46 29
3.8 500 0.52 33
38 500 0.58 3.6
0.33 430 0.53 33
0.33 340 0.57 3.6

* Calculated by using a concentration of dissolved oxygen = 1.6 X
10~2 mol dm~3? (J. F. Cotezee and I. M. Kolthoff, J. Am. Chem.
Soc., 1957, 79, 6110).

acetonitrile and in aqueous perchloric acid solution was
determined. The ratio of the lifetimes t,, in the absence of the
quencher and T, in the presence of quencher was plotted as a
function of the quencher concentration, {Q], according to the
Stern-Volmer equation 1o/t = 1 4+ K,[Q] where K|, =
kqTo (Ksy = Stern-Volmer constant). The bimolecular quench-
ing constants, k4, calculated from such a plot as shown in
Figure 7are (9.0 4:0.5) x 10°dm*mol-'s™*and (9.3 £.0.5) x 108
dm?® mol™ s in aqueous solution and acetonitrile respec-
tively. A solution of [Ru(bipy)s]** (5 X 10~ mol dm™) and
cis-[Co(en),(NO,),]* (3 x 10 mol dm™) in acetonitrile
does not produce a transient on flash photolysis; most of the
light is absorbed by the [Ru(bipy);)** ion. The same solution
on steady irradiation at 450 nm produced no observable
product. In aqueous acidic solutions similar experiments show
transient bleaching of the solution due to the formation of
[Ru(bipy);** as reported for other cobalt(im) ammine
complexes. 1617

Discussion

The spectra of cobalt(y) ammine complexes consist of
absorption bands due to ligand-field transitions in the visible
region, some of which are symmetry forbidden and some both
symmetry and spin forbidden.® At high energies charge-
transfer ligand-to-metal bands are seen, and excitation in this
region results in the formation of the photoredox products.
In the case of cis-[Co(en),(NO,),]* with the easily oxidisable
nitrite ligand, the charge-transfer ligand-to-metal transitions
appear at lower energy probably overlapping the d-d bands.
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The absorption spectral changes shown in Figure 1 when the
complex is dissolved in acetonitrile instead of water indicate
that the complex ion interacts with the solvent. It is often
thought that the changes in the absorption spectra in different
solvents are indicative of the presence of charge-transfer to
solvent transitions.®” In the current situation the absorption
bands of the complex ion are affected in acetonitrile in terms
of the intensity and the energy of the transitions. With water
as the solvent, interactions between water molecules and the
nitrite ligands are rather strong in contrast with the weak
interactions of the ligands with acetonitrile. This is consistent
with the blue shift of the bands in aqueous solution.?
Photoprocesses of cobalt(1r) ammine complexes in aqueous
solutions do show some characteristics common to the
group: (i) excitation in the charge-transfer band pre-
dominantly results in the photoreduction of the metal centre
and (if) excitation in ligand-field bands shows ligand labiliz-
ation reactions with low quantum yields.'”® When nitrite is
present in the complex as one of the ligands along with
ammines, cobalt(ir) complexes also show the photoinduced
nitro—>nitrito linkage isomerization upon excitation in the
charge-transfer band.'® It was suggested that a common
intermediate formed from the excited state as shown by
structure (I) gives rise to cobalt(ir) and the linkage isomer. Ina

(o]
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(NH3)sCoZ~

~
~

2

o

(1)

later publication ® it was suggested that an increase in the
quantum yield for the linkage isomer and a corresponding
decrease in cobalt(ir) formation in viscous solvents was evi-
dence for such an intermediate. The photochemistry of cis-
[Co(en),(NO,),]* 1* in aqueous solution and in mixed
alcohol-water solvents shows very strong similarities with
the excited state chemistry of [Co(NH;)s(NO,)**, suggesting
that the excited state relaxation processes are governed by
similar factors for these complexes.*

Excitation of deaerated acetonitrile solutions of cis-[Co-
(en),(NO,),]* in the low energy charge-transfer band produces
cobalt(1r) with a quantum yield of 0.03 4 0.005. More inform-
ation on the photochemical pathways is obtained when mole-
cular oxygen is present in the solution as a scavenger for any
reactive species produced. Spectral changes seen in Figure 2
correspond to the product formed between the initial photo-
product and molecular oxygen. The presence of isosbestic
points does suggest that oxygen scavenges the photoproduct
almost quantitatively. Binuclear cobalt(i) peroxo-complexes
with ammine ligands show two closely spaced ligand-to-metal
charge-transfer band systems in the region 25000—33 000
cm™.2° The spectrum of the adduct between oxygen and the
photoproduct indicates a maximum at 31 700 cm™ with a
molar absorptivity of ~5 000 dm® mol™ cm™ and a shoulder
at 24 400 cm™ with a molar absorptivity of 610 dm*® mol™!
cm™!, These two features are very similar to that of other 2: 1
cobalt : oxygen complexes with the oxygen in the peroxo
form.?! Additionally, the observation that the oxygen adduct
does not show any e.s.r. signal in solution at room tempera-
ture indicates that the oxygen in the final product is in the
peroxo-form and not in the superoxo-form.?> The quantum
yield for the formation of the oxygen adduct indicates that
the complex is very photosensitive. In addition, the quantum
yield profile indicates that the photoproduct results from the
excitation of the band with a maximum around 30 000 cm™.
This band is assigned to the charge-transfer ligand-to-metal
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transition from the co-ordinated nitro-ligand *(Co<-NO,).
The quantum yield for cobalt(i) on irradiating into this band
is an order of magnitude smaller, and it is not clear whether
cobalt(n) results from the excited state, *(Co<—NO,) or
from the high-energy *(Co<—en) excited state which has the
tail of the band extended to longer wavelengths.

Results of the flash photolysis studies provide further
information on the primary photolysis product. Failure to see
any transient during the flash photolysis of the complex in
deaerated solution indicates that the primary photolysis
product is formed within the duration of the flash. In the
presence of oxygen the photolysis product reacts with oxygen
to form the oxygen co-ordinated complexes. The rate con-
stant determined from the flash photolysis study for the 1 : 1
cobalt and oxygen adduct formation is (3.5 + 0.5) x 10° dm?
mol ' s™1.2 * This value is very similar to the values reported
for the addition of O, to the ammine complexes of cobalt(ir).>*
The value reported in the present study is the first estimate on
the kinetics of oxygen addition to cobalt(i) complexes in
non-aqueous solvents. Cobalt(i) formed in thoroughly
deaerated solutions amounts to only a tenth of the oxygen
adduct produced in oxygenated solutions. From the rate
constant for the oxygenation, the lifetime of the intermediate
species is calculated to be longer than milliseconds.? The inter-
mediate thus cannot be an excited state of the complex ion.
This observation indicates that the intermediate formed is
converted to the cobalt(ir) complex which on addition of
dilute acid produces cis-[Co(en),(NO,)(H,0)}**. The question
then is the nature of the primary photolysis product. There
are two possible structures for the photoproduced inter-
mediate which could explain the results. The first, structure (I1),
is an adduct of the cobalt() complex and NO, bound by a
n-type bonding.

NO,
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CH,
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Oxygen replaces NO, to give the oxygen adduct. In the
absence of oxygen, solvent replaces NO, to give the solvent
substituted cobalt(ir) complex. Since the linkage isomer does
not dissolve in acetonitrile it is presumably not formed from
the intermediate. The alternative structure involves a cobalt(ir)
complex in association with a solvent molecule combined with
NO, as shown by structure (I1I).

Adducts formed from NO, with acetonitrile are known.?
Both structures account for the formation of oxygen adducts
in aerated solution and formation of a stable cobalt(ir)
complex in the absence of oxygen. In fact the former structure
was suggested as an intermediate in the photolysis of [Co-
(NH;)s(NO,)I** by Balzani et al.'® Whether such an inter-
mediate could live over a millisecond is uncertain. On the
other hand, similarity in the rate constants for the oxygen
adduct formation with the well known rate constants > for a
cobalt(i) amine-oxygen reaction in water suggests a cobalt(ir)
complex as an intermediate which is consistent with the latter
structure.

Photosensitization of the complex ion by [*Ru(bipy):]** in
aqueous solution which results in the formation of the redox
products [Ru(bipy);]** and cobalt(11) ion ¢ contrasts with the

* The rate constant was calculated knowing the concentration of
oxygen in air-saturated acetonitrile to be 1.6 x 10~% mol dm™?
(J. F. Coetzee and 1. M. Kolthoff, J. Am. Chem. Soc., 1957, 79,
6110).
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Figure 8. Excited state pathways of cis-[Co(en),(NO;).]* in the
*(Co<-NO,) charge-transfer state. (i) Indicates the relaxation of
the initial excited state produced

lack of formation of any kind of products in acetonitrile
medium. Sensitization of cobalt(ii) ammine complexes by
[*Ru(bipy);]** is known to result in the excited state electron
transfer to the cobalt(ir) centre.?® In acetonitrile solutions,
failure to see any [Ru(bipy);** ion formation in the flash
photolysis experiments does suggest the influence of solvent
on the reaction. Failure to see the redox products in the bulk
solution indicates a very rapid back electron-transfer process;
such rapid back electron-transfer reactions are suggested for
the quenching of nitro aromatics by [*Ru(bipy);)*+.?’
Alternatively, excited state manifolds of the complex ion are
perhaps altered in acetonitrile compared to water which
results in the physical quenching process deactivating [*Ru-
(bipy);J**.

Excited State Processes in Aqueous and in Acetonitrile
Solutions.—Excitation of the complex ion with 365 nm light
produces cobalt(i) and the linkage isomer with a total
quantum yield of 0.053 in aqueous solution whereas the total
photochemical quantum yield in acetonitrile is 0.36 + 0.04.
Thus in acetonitrile nearly 409, of the molecules result in
fragmentation whereas in water only about 5% of the excited
species undergo decomposition. Flash photolysis studies do
not show any recombination between the primary photo-
products to give back the starting materials. Geminate
recombination events of course could in principle operate.?:2
However, even such processes would be more favourable in a
less polar solvent such as acetonitrile. It thus appears that
there are inherent features in the photochemical processes of
the complex ion which involve the solvent environment more
strongly.

Various relaxation processes occurring from the excited
state of the complex ion are shown in Figure 8. Since the
complex does not emit from the excited state even at low
temperature it is a formidable task to assign the role of the
solvent in the relaxation process of any particular excited
state. With the related system [Co(NH,)s(NO)P* it was
observed that in the solid state only the linkage isomer and
not the cobalt(11) complex is produced on photoexcitation.3?
It appears that the excited state, depending upon the environ-
ment, goes to produce cobalt(m), the linkage isomer, or any
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other species. The high quantum yield observed in aceto-
nitrile suggests that the solvent has a role even in the relax-
ation processes [({) in Figure 8] from the initial excited state
produced on excitation. It is possible that the radiationless
decay from the charge-transfer excited state to the ground
state is decreased in acetonitrile facilitating the formation
of the lower lying photoreactive excited state.
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