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The reduction and subsequent reactions of the series of mixed ligand cobalt() complex cations, [Co(bipy)3]
3�,

[Co(phen)3]
3�, [Co(en)3]

3�, [Co(en)2(bipy)]3�, [Co(en)2(phen)]3�, [Co(en)2(5-NO2-phen)]3�, [Co(en)2(DPPZ)]3�,
[Co(bipy)2(NH3)2]

3�, [Co(bipy)(NH3)4]
3�, [Co(phen)2(NH3)2](ClO4)3]

3� and [Co(phen)(NH3)4]
3�, (where bipy is

2,2�-bipyridine, phen is 1,10-phenanthroline, en is ethylenediamine, 5-NO2-phen is 5-nitro-1,10-phenanthroline
and DPPZ is dipyrido[3,2-a:2�,3�-c]phenazine) have been studied using pulse radiolysis. The crystal structures of
the mixed ligand complexes [Co(bipy)2(NH3)2](ClO4)3, [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5, [Co(phen)2(NH3)2](ClO4)3

and [Co(phen)(NH3)4](ClO4)3, have been determined. The mechanism of reduction of the cobalt() centre by e�
aq

has been found to vary depending upon the nature of the ligands present in the complex. When an aromatic ligand is
present the formation of a coordinated ligand radical is observed. This decays via intramolecular electron transfer to
produce the cobalt() complex. The rate constants for the intramolecular electron transfer processes are of the order
of 103–104 s�1. The rates of ligand dissociation of bidentate ligands from the resulting cobalt() complexes have been
determined. The relative rates of the dissociation of the first ligand from the complexes is found to be dependent
upon the identity of the ligand and is related to the ligand structure. For the dissociation of the same ligand from
related complexes, the electronic structure of the complex becomes a factor.

Introduction
One of the striking properties of cobalt is its relative inertness
to ligand substitution in the 3� oxidation state as compared to
the 2� oxidation state. Data on the kinetics and mechanism of
ligand substitution of cobalt() complexes is plentiful. In con-
trast, however, equivalent data on cobalt() complexes is scarce.
The hexa(aqua)cobalt() cation has been studied in detail, and
aquation rate constants have been determined for a limited
number of simple cobalt complexes containing monodentate
ligands, such as [Co(NH3)6]

2�. However, the rate of ligand dis-
sociation from cobalt() is in general too rapid to measure
using normal laboratory techniques. Indeed, even using tech-
niques such as pulse radiolysis, in which the cobalt() analogue
is able to be rapidly produced from the stable cobalt() precur-
sor complex using reducing radicals, it has been found that the
rate of dissociation of the first monodentate ligand may be too
rapid to measure.1,2 Due to this, studies have generally focussed
on the mechanism and rate of polydentate ligand dissociation
from cobalt(), although Cohen et al 3,4 and Simic et al 5–7

have carried out a detailed pulse radiolytic investigation of
cobalt(III) complexes containing a mono- or di-nitrobenzoato
ligand. These investigations have largely been concerned with
the mechanism of the reduction of cobalt() to cobalt() using
reducing radicals.

Systematic investigations of complexes containing polyden-
tate amine ligands such as ethylenediamine, diethylenetriamine
and triethylenetetramine have been conducted for binary and
mixed ammine/halide systems.1,8 In addition to these studies
tris-cobalt() complexes of acetylacetonate,9 glycinate,10 2,2�-
bipyridine and 1,10-phenanthroline 11,12 have been investigated
as well as a mixed ligand complex containing derivatives of
ethylenediamine and acetylacetonate.13 This work has led to
some understanding of structural and coulombic factors affect-
ing the rate of ligand substitution of different ligands bound to
cobalt(). There is, however, a paucity of information on the
substitution kinetics of mixed ligand complexes. To this end, we
have chosen to examine a series of related mixed ligand cobalt

complexes and to compare their kinetic behaviour with that of
the corresponding tris- coordinated complexes. These studies
are also germane to our work in progress on the use of func-
tionalised analogues of the dipyrido[3,2-a: 2�,3�-c]phenazine
moiety as acceptor units in bridged donor–acceptor complexes.
We report here the results of our pulse radiolytic studies on a
series of related cobalt complexes containing nitrogen donor
ligands, in particular the bidentate amine ethylenediamine, the
bidentate imines 2,2�-bipyridine, 1,10-phenanthroline, dipyrido-
phenazine as well as the monodentate ligand ammonia. Pro-
cesses occurring in solution were measured using UV-visible
spectroscopy.

We have also fully characterised the complexes [Co(bipy)2-
(NH3)2](ClO4)3, [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5, [Co(phen)2-
(NH3)2](ClO4)3 and [Co(phen)(NH3)4](ClO4)3 by single crystal
X-ray diffraction so that, when complemented by data from the
literature, structural information is available on the full set of
complexes examined by pulse radiolysis with the exception
of [Co(en)2(5-NO2-phen)]3�. The results of this work are also
described in this report.

Experimental

Materials

All reagents used were of AR grade. [Co(bipy)3](ClO4)3�3H2O,
[Co(phen)3](ClO4)3�2H2O, [Co(en)3]Cl3, [Co(en)2(bipy)]Br-
(ClO4)2, [Co(en)2(phen)]Br3, [Co(en)2(5-NO2-phen)]Br3,
[Co(en)2(DPPZ)](ClO4)3�1/2H2O, [Co(bipy)2(NH3)2](ClO4)3,
[Co(bipy)(NH3)4](ClO4)3, [Co(phen)2(NH3)2](ClO4)3 and [Co-
(phen)(NH3)4](ClO4)3, were prepared and purified as described
in the literature.14–20 All reagents used were of AR grade.
Complexes were characterised using NMR and UV-visible
spectrophotometry. UV-visible spectra of aqueous solutions
were measured using a Hewlett-Packard 8452A Diode Array
Spectrophotometer or a Perkin-Elmer Lambda2 Spectro-
photometer. For radiation measurements, solutions of concen-
tration 2 × 10�4–3 × 10�5 M were prepared using ultrapure
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water from a Millipore system and the pH adjusted if required
using KOH (BDH Chemicals). N2 gas (BOC), KOH and
tert-butyl alcohol (AJAX) were used as received.

Crystallography

Crystal data. [Co(bipy)2(NH3)2](ClO4)3: empirical formula
C20H22Cl3CoN6O12, M = 703.72, monoclinic, space group
P21/c (no. 14), a = 11.793(3), b = 13.978(3), c = 17.462(4) Å,
β = 108.69(2)�, V = 2726.7(11) Å3, F(000) = 1432, Z = 4,
Dc = 1.714 g cm�3, µ = 9.97 cm�1, Mo-Kα radiation (graphite
monochromatised) λ = 0.71073 Å, T  = 293(1) K.

[Co(bipy)(NH3)4](ClO4)2.5Cl0.5�1.5H2O: empirical formula
C10H20Cl3CoN6O11.50, M = 573.60, orthorhombic, space group
Pcca (no. 54), a = 18.499(3), b = 32.113(5), c = 14.620(3) Å,
V = 8685(3) Å3, F(000) = 4672, Z = 16, Dc = 1.755 g cm�3,
µ = 12.3 cm�1, Mo-Kα radiation (graphite monochromatised)
λ = 0.71073 Å, T  = 293(1) K.

[Co(phen)2(NH3)2](ClO4)3�H2O: empirical formula C24H24-
Cl3CoN6O13, M = 769.77, monoclinic, space group P21/c (no.
14), a = 14.199(5), b = 14.569(2), c = 14.467(6) Å, β =
91.477(19)�, V = 2991.7(17) Å3, F(000) = 1568, Z = 4, Dc = 1.709
g cm�3, µ = 9.19 cm�1, Mo-Kα (graphite monochromatised)
λ = 0.71073 Å, T  = 293(1) K.

[Co(phen)(NH3)4](ClO4)3: empirical formula C12H20Cl3Co-
N6O12, M = 605.62, monoclinic, space group P21/c (no. 14), a =
10.551(4), b = 28.226(4), c = 15.1401(12) Å, β = 90.838(17)�,
V = 4508.4(19) Å3, F(000) = 2464, Z = 8, Dc = 1.784 g cm�3, µ =
11.89 cm�1, Mo-Kα (graphite monochromatised) λ = 0.71073
Å, T  = 293(1) K.

Single X-ray quality crystals of [Co(bipy)2(NH3)2](ClO4)3,
[Co(bipy)(NH3)4]Cl0.5(ClO4)2.5 and [Co(phen)(NH3)4](ClO4)3

were grown by the slow evaporation of aqueous solutions of the
complexes. The data for [Co(bipy)2(NH3)2](ClO4)3, were col-
lected from a yellow prism of approximate dimensions 0.12 ×
0.14 × 0.22 mm and for [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5 from
an orange prism of approximate dimensions 0.24 × 0.36 ×
0.36 mm in sealed capillary tubes in the presence of mother
liquor. Data for [Co(phen)(NH3)4](ClO4)3 were collected from
an orange prism of approximate dimensions 0.13 × 0.19 ×
0.25 mm. Single X-ray quality crystals of [Co(phen)2(NH3)2]-
(ClO4)3 were grown by the slow diffusion of ethanol into an
aqueous solution of the complex and data was collected from
an orange plate of approximate dimensions 0.10 × 0.11 ×
0.14 mm in a sealed capillary tube in the presence of mother
liquor.

Details of the data collection refer to [Co(bipy)2(NH3)2]-
(ClO4)3. The corresponding details for [Co(bipy)(NH3)4]Cl0.5-
(ClO4)2.5�1.5H2O, [Co(phen)2(NH3)2](ClO4)3�H2O and [Co-
(phen)(NH3)4](ClO4)3 respectively, are given in parentheses.
Accurate unit cell parameters were calculated using a least-
squares procedure from the setting angles of 25 reflections.
Intensity data were collected on an Enraf-Nonius CAD4-
MachS single crystal X-ray diffractometer. The ω (ω, ω–2θ, ω)
scan method and graphite monochromatised Mo-Kα radiation,
λ = 0.71073 Å, were used. During collection three intensity con-
trol reflections were monitored every 7200 (9600, 9600, 7200) s
of X-ray exposure time. These showed no deterioration in
intensity for [Co(bipy)2(NH3)2](ClO4)3, [Co(phen)2(NH3)2]-
(ClO4)3 and [Co(phen)(NH3)4](ClO4)3 but for [Co(bipy)(NH3)4]-
Cl0.5(ClO4)2.5 a deterioration of 35% was observed during the
data collection; for this complex the data were corrected in
order to account for this variation. A total of 7049 (10050,
8299, 8367) reflections were measured, 2 ≤ 2θ ≤ 27� (2 ≤ 2θ ≤ 25�,
2 ≤ 2θ ≤ 27.5�, 2 ≤ 2θ ≤ 25�), of which 5930 (7680, 6883, 7912)
were unique (Rint = 0.0218 (0.0565, 0.0354, 0.0136)) and 4083
(4202, 3471, 5929) considered observed (I ≥ 2σ(I )). Corrections
were applied for Lorentz and polarization effects as well as
for absorption, the corrections for [Co(bipy)2(NH3)2](ClO4)3,
[Co(phen)2(NH3)2](ClO4)3 and [Co(phen)(NH3)4](ClO4)3 being

evaluated by Gaussian integration 21 whilst that for [Co(bipy)-
(NH3)4]Cl0.5(ClO4)2.5 was evaluated using empirical methods.22 The
maximum and minimum transmission factors were 0.8272 and
0.7517 (0.7275 and 0.3502; 0.8740 and 0.7767; 0.7792 and 0.6370).

The structures of [Co(bipy)2(NH3)2](ClO4)3, [Co(phen)2-
(NH3)2](ClO4)3 and [Co(phen)(NH3)4](ClO4)3 were solved using
a combination of Patterson, direct methods and difference syn-
thesis 23,24 whilst the structure of [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5

was solved by a combination of direct methods and difference
synthesis.23,24 For all complexes the perchlorate anions were
found to be disordered and they were included in the refinement
in up to two orientations. For [Co(bipy)2(NH3)2](ClO4)3,
[Co(phen)2(NH3)2](ClO4)3 and [Co(phen)(NH3)4](ClO4)3 these
were constrained to geometrical estimates. The structures were
refined using a full-matrix least-squares procedure based on F 2.
Hydrogen atoms were located from the difference map and were
constrained to geometrical estimates. Final refinement was
carried out with anisotropic displacement parameters applied to
all non-hydrogen atoms and isotropic for the hydrogen atoms.
A weighting scheme of type [σ2(Fo

2) � (aP)2 � bP]�1 where a =
0.1146 and b = 1.797 (0.1768 and 60.027, 0.672 and 0.000,
0.0797 and 7.4637) was used where P = (max(Fo

2,0) � 2Fc
2)/3.

At convergence, R (I ≥ 2σ(I )) = 0.0650 (0.0990, 0.0651, 0.0549),
wR (all data) = 0.1928 (0.3455, 0.1521, 0.1507), and S = 1.035
(1.092, 0.959, 1.048), where R = Σ||Fo| � |Fc||/Σ|Fo| and wR =
(Σ(w(Fo

2 � Fc
2)2)/Σw(Fo

2)2)1/2. Maximum and minimum residual
peak heights were 1.228 and �0.773 (1.018 and �0.932; 0.524
and �0.415; 1.363 and �0.902) e Å�3 respectively and were
located close to the perchlorate anions.

The atomic scattering factors were those incorporated in the
SHELXL-97 program system.24 Fig. 1 was prepared from the
output of ORTEP3 for Windows.25 Selected bond lengths and
angles for complexes [Co(bipy)2(NH3)2](ClO4)3, [Co(bipy)-
(NH3)4]Cl0.5(ClO4)2.5, [Co(phen)2(NH3)2](ClO4)3 and [Co(phen)-
(NH3)4](ClO4)3 are given in Table 1. Material deposited includes
hydrogen atom coordinates, complete geometry, displacement
parameters and a listing of the observed and calculated struc-
ture factors.

CCDC reference numbers 169187–169190.
See http://www.rsc.org/suppdata/dt/b1/b107392n/ for crystal-

lographic data in CIF or other electronic format.

Radiation techniques

This work was carried out at the ARPANSA (Australian
Radiation Protection and Nuclear Safety Agency) laboratories
using a 20 MW linear accelerator (Linac) delivering a train of
6–20 MeV electron pulses with a pulse repetition rate of 50 Hz.
The pulse duration typically used was 400–700 ns. The electron
beam was focussed into a quartz flow cell with an optical path
length of 10 mm containing a solution of the complex being
studied. The monitoring light source employed was an Osram
XBO 450W xenon arc lamp, coupled to a Bausch & Lomb
monochromator with a grating of 1200 grooves mm�1. Data
was captured and digitised on a CompuScope 250 data acqui-
sition card interfaced to a PC. The transmission/time data was
fitted to single or double exponential functions using IGOR Pro
version 3.12 (Wavemetrics). All rate constants reported are the
average of at least 12 different scans at no less than 3 different
wavelengths and have an estimated error of 20%.

The total dose per pulse was determined before each series of
experiments by measuring the change in absorbance of an
aqueous solution (N2O-saturated) of potassium thiocyanate.
The dose received was calculated using ε (480 nm) (CNS)2

� =
7600 M�1 cm�1.26 The dose per pulse was varied by a factor of
20 by either varying the gun current on the linac or the duration
of the pulse received. Doses of between 3.2 and 64 Gy/pulse
were used (corresponding to a concentration of between 1 ×
10�6 and 2 × 10�5 M e�

aq). Samples were prepared immediately
prior to use and dissolved oxygen was removed by purging
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Table 1 Selected bond lengths (Å) and angles (�) for the complexes [Co(bipy)2(NH3)2](ClO4)3, [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5, [Co(phen)2-
(NH3)2](ClO4)3, and [Co(phen)(NH3)4](ClO4)3

[Co(bipy)2(NH3)2](ClO4)3 [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5 [Co(phen)2(NH3)2](ClO4)3 [Co(phen)(NH3)4](ClO4)3

Co–N(1)� 1.939(4) Co–N(1) 1.938(10) Co–N(10�) 1.944(4) Co–N(5) 1.952(4)
Co–N(1) 1.943(4) Co–N(1�) 1.938(10) Co–N(3) 1.946(4) Co–N(10) 1.952(4)
Co–N(1�)� 1.944(4) Co–N(3) 1.942(10) Co–N(1) 1.946(4) Co–N(1) 1.962(4)
Co–N(3) 1.951(4) Co–N(5) 1.949(9) Co–N(10) 1.946(4) Co–N(3) 1.962(4)
Co–N(1�) 1.953(4) Co–N(2) 1.974(10) Co–N(1�) 1.948(4) Co–N(2) 1.964(4)
Co–N(4) 1.957(4) Co–N(4) 1.977(10) Co–N(2) 1.955(4) Co–N(4) 1.964(4)
  Co�–N(1)� 1.943(9)   Co�–N(3)� 1.955(4)
  Co�–N(1�)� 1.953(9)   Co�–N(10)� 1.957(4)
  Co�–N(2)� 1.957(9)   Co�–N(5)� 1.958(4)
  Co�–N(5)� 1.967(9)   Co�–N(2)� 1.962(4)
  Co�–N(4)� 1.968(10)   Co�–N(1)� 1.964(4)
  Co�–N(3)� 1.982(10)   Co�–N(4)� 1.969(4)

Fig. 1 Structures of the (a) [Co(bipy)2(NH3)2]
3�, (b) [Co(bipy)(NH3)4]

3�, (c) [Co(phen)2(NH3)2]
3� and (d) [Co(phen)(NH3)4]

3� cations. Displacement
ellipsoids are at the 50% probability level. Hydrogen atoms have been omitted.

with N2 gas for at least 15 min. During irradiation samples
were exposed to as little UV light as possible to avoid photo-
decomposition, although no evidence of this occurring was
found within the time frames monitored. Measurements were
carried out at pH 7 and 25 �C unless otherwise noted.

Results

Crystal structures

Selected bond lengths and angles for complexes [Co(bipy)2-
(NH3)2](ClO4)3, [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5, [Co(phen)2-

(NH3)2](ClO4)3 and [Co(phen)(NH3)4](ClO4)3 are given in Table
1. Fig. 1 shows the structures of the cations [Co(bipy)2-
(NH3)2]

3�, [Co(bipy)(NH3)4]
3�, [Co(phen)2(NH3)2]

3� and [Co-
(phen)(NH3)4]

3�.

Pulse radiolysis

The radiolysis of an aqueous solution generates the reactive
species e�

aq, OH� and H atoms according to the following
equation

(1)
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where the numbers in parentheses represent the G values
(number of molecules produced per 100 eV of energy absorbed)
of the species.26 The production of the reactive species and their
diffusion into the bulk solution is complete within 10�8 s,26,27

hence the kinetics of subsequent radiation induced reactions
are homogeneous. In our experiments, OH� and H� were scav-
enged using tert-butyl alcohol (0.1 M), which reacts with OH�

and H� atoms to form tert-butyl alcohol radicals.8 The tert-
butyl alcohol radicals are unreactive towards cobalt complexes
and the hydrated electron.1,8 The rate of reaction of e�

aq with
cobalt() complexes is diffusion controlled, k ∼ 2.5 × 1010–
8.5 × 1010 M�1 s�1 and is complete within the time of the pulse
at the concentrations employed.5,7,10,12,28–33 For all complexes
investigated the kinetic data were found to be independent of
both radiation dose and complex concentration.

The plots of absorbance vs time obtained upon radiolysis
were for all complexes of the same general form. Representative
plots for [Co(en)2(bipy)](ClO4)2Br are shown in Fig. 2. Over dif-

ferent timescales a number of processes were observed. The first
of these is due to the reaction of e�

aq with the cobalt() com-
plex, and is complete within the time of the electron pulse (Fig.
2(a)). The magnitude of the absorbance change is dependent
upon the complex and wavelength (at some wavelengths an

Fig. 2 The individual components of kinetic processes occurring
during a typical scan for [Co(en)2(bipy)](ClO4)3 (concentration 3.0 ×
10�5 M, at T  = 24 �C, pH 7.4) at 315 nm, radiation dose 4.5 Gy.
Experiments were carried out at sample intervals of 1 µs for (a) and
(b) and 100 µs (c), each graph represents the average of four separate
experiments.

emission spike is observed due to Cerenkov radiation). Follow-
ing reaction of e�

aq with the cobalt complex a number of decays
are observed corresponding to electronic re-organisation within
the complex and ligand dissociation. Within the time period
from the initial reaction to 1 ms following reaction a fast decay
occurs (Fig. 2(b)). For all complexes, with the exception of
[Co(en)3]

3� and [Co(en)2(5-NO2-phen)]3�, this process has kin-
etics which are best fitted to two first order processes. For
[Co(en)2(bipy)](ClO4)2Br, [Co(en)2(phen)]Br3, [Co(en)2(DPPZ)]-
(ClO4)3 and [Co(phen)2(NH3)2](ClO4)3 these processes can be
measured separately in wavelength regions where only one of
these decays is present, with the other decay showing negligible
absorbance change. The complexes [Co(bipy)(NH3)4](ClO4)3

and [Co(phen)(NH3)4](ClO4)3 display regions in which the
absorbance changes of the two decays are in opposite direc-
tions. For [Co(en)3]

3� and [Co(en)2(5-NO2-phen)]3� the decay
consists of only one first order process within this time regime.

Fig. 3(a) shows the change in absorbance directly following

the electron pulse and this data can be used to produce the
spectrum of the initial species (Fig. 3(b)). For the complex
[Co(bipy)3]

3� the absorption spectrum of the initial transient
formed upon reduction has a peak at 365 nm and a more
intense peak at 305 nm. The absorption spectrum of the free,
uncomplexed 2,2�-bipyridine radical also displays the previ-
ously reported 34–36 peak at 365 nm. It has been shown for
aromatic ligands such as those here 12,36–39 that the spectrum of a
coordinated radical is similiar to that of the free, uncomplexed
species. Hence one of the species formed initially is likely to be a
Co() centre containing a coordinated aromatic bipyridine rad-
ical. The peak at 365 nm disappears totally during the initial
decay processes. The initial transients of the other complexes
containing aromatic ligands also display broad peaks in the
wavelength region 340–400 nm as expected for the correspond-
ing radical (2,2�-bipyridine,34–36 1,10-phenanthroline,35 5-nitro-
1,10-phenanthroline (this work) and dipyridophenazine 40). The
initial product formed upon reaction of [Co(en)3]

3� with e�
aq

absorbs only in the 270–330 nm region. Therefore, for all com-
plexes studied one of the initial transients formed is assigned as

Fig. 3 Differential absorbance and spectrum due to the initial tran-
sient formed upon reaction of [Co(bipy)3]

3�, with e�
aq (concentration

3.0 × 10�5 M, T  = 22.0 �C, pH 7.1).
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a cobalt() centre containing a coordinated ligand radical. We
propose that this species then decays via intramolecular elec-
tron transfer to form the cobalt() species. This is supported by
the similarity of the spectra at the completion of this decay and
those of independently prepared solutions of the appropriate
Co() tris-complex ([Co(N–N)3]

2�) (Fig. 4).

For the complexes studied the rates of intramolecular elec-
tron transfer to form cobalt(), ket(1) and ket(2), are consistently
in the range of 103–105 s�1 and are reported in Table 2.

All further decays were found to be first order (Fig. 2(c)) and
correspond to ligand loss from the labile cobalt() complex. For
all complexes the final spectra obtained were the same as those
of stoichiometric solutions of cobalt() and containing the
appropriate ligands. Controlled electrolytic Co()/Co() reduc-
tion of all complexes was also carried out. The spectra taken
during the reduction were of the same form as that obtained
from the stoichiometric solutions and from pulse radiolysis
(Fig. 5).

Due to the high equilibrium constants for the coordination
of successive bipyridine and phenanthroline ligands in the
complexes [Co(bipy)3]

2� and [Co(phen)3]
2� full aquation of

the resultant cobalt() ion does not occur. In these cases the
final products exist in solution as equilibrium mixtures of the
mono- and bis-bipyridine/phenanthroline cobalt() species. For
[Co(bipy)3]

2� the loss of two bipyridine ligands was observed,
however the rate constant for the loss of the second could
not be determined due to the slow nature of the decay. For
[Co(phen)3]

2� the loss of only the first phenanthroline ligand
was observed consistent with both its higher equilibrium
constant for coordination to cobalt() and slower rate of
dissociation.

For the mixed ligand complexes [Co(en)2(bipy)]2�, [Co(en)2-
(phen)]2�, [Co(en)2(5-NO2-phen)]2� and [Co(en)2(DPPZ)]2� the
first ligand to dissociate is assigned as the ethylenediamine
ligand. The assignment is based upon the similarity between

Fig. 4 Spectrum of the second transient formed upon pulse radiolysis
of [Co(phen)3](ClO4)3, (�) (concentration 3.0 × 10�5 M, at T  = 22.0 �C,
pH 7.1) and the spectrum of an independently prepared solution of
[Co(phen)3]

2� (—).

Table 2 Rate constants and half lives for intramolecular electron
transfer processes

Complex First decay Second decay
 ket(1)/s�1 ket(2)/s�1

[Co(bipy)3]
3� 4.4 ± 0.6 × 104 9.6 ± 0.7 × 103

[Co(phen)3]
3� 4.0 ± 0.1 × 104 9.1 ± 0.1 × 103

[Co(en)3]
3�  7.4 ± 0.1 × 103

[Co(en)2(bipy)]3� 4.3 ± 0.4 × 104 4.3 ± 0.3 × 103

[Co(en)2(phen)]3� 3.2 ± 0.1 × 104 2.3 ± 0.1 × 103

[Co(en)2(5-NO2-phen)]3� 2.7 ± 0.1 × 104  
[Co(en)2(DPPZ)]3� 2.6 ± 0.3 × 104 3.3 ± 0.6 × 103

[Co(bipy)2(NH3)2]
3� 3.9 ± 0.6 × 104 2.7 ± 0.2 × 103

[Co(bipy)(NH3)4]
3� 7.2 ± 1.9 × 104 4.3 ± 0.5 × 103

[Co(phen)2(NH3)2]
3� 3.8 ± 1.0 × 104 2.4 ± 0.5 × 103

[Co(phen)(NH3)4]
3� 2.6 ± 0.2 × 104 2.3 ± 0.2 × 103

the observed rate constants and the rate constants found for the
loss of the first ethylenediamine ligand from [Co(en)3]

2� (Table
3), combined with the typically small changes in the UV spectra
due to the dissociation of the ethylenediamine ligand compared
to the larger changes seen for the aromatic ligands. This con-
clusion is also consistent with the equilibrium constant for the
binding of ethylenediamine to a cobalt() centre being lower
than that of the diimines. Dissociation of all three bidentate
ligands was observed for [Co(en)2(bipy)]2� and [Co(en)2-
(DPPZ)]2�. For [Co(en)2(phen)]2� and [Co(en)2(5-NO2-phen)]2�

the absorbance change upon dissociation of the second ethyl-
enediamine ligand was too small to allow accurate and reliable
determination of its dissociation rate.

For the mixed ligand complexes containing ammonia,
[Co(bipy)2(NH3)2]

2�, [Co(bipy)(NH3)4]
2�, [Co(phen)2(NH3)2]

2�

and [Co(phen)(NH3)4]
2� the dissociation of the first mono-

dentate ligand was too fast to be determined. For these com-
plexes the rate determining step was the reduction of cobalt()
to cobalt() rather than ligand dissociation. Following reduc-
tion either one or two first order decays due to ligand dis-
sociation were observed. For [Co(bipy)(NH3)4]

3�, marginally
faster intramolecular electron transfer rates as well as two
subsequent first order decays with rate constants of 10 s�1 and
0.85 s�1 were seen. The origin of the slower of the processes is
uncertain. The complexes [Co(phen)2(NH3)2]

3� and [Co(phen)-
(NH3)4]

3� both displayed very slow decays with small absorb-
ance changes following reduction of cobalt(). Due to the
length and small amplitude of these decays the rate constants
could not be determined with any certainty.

Discussion

Description of crystal structures

In order to examine any connection between the structures and
kinetics of ligand dissociation from the complexes, crystal

Fig. 5 (a) UV-visible spectrum obtained following the controlled
potential electrolysis of [Co(en)2(phen)]Br3 (—), pulse radiolysis
permanent product of [Co(en)2(phen)]Br3 (�) (c = 3.0 × 10�5 M, T  =
23 �C, pH = 7.1) and spectrum of a solution of cobalt() containing
two equivalents of ethylenediamine and one equivalent of 1,10-phen-
anthroline (- - -). (b) UV-visible spectrum obtained following the
controlled potential electrolysis of [Co(en)2(DPPZ)](ClO4)3 (—) and the
pulse radiolysis permanent product of [Co(en)2(DPPZ)](ClO4)3 (�) (c =
3.0 × 10�5 M, T  = 25 �C, pH = 7.1).
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Table 3 Rate constants for ligand loss from cobalt()

Complex kL1/s
�1 kL2/s

�1 kL3/s
�1

[Co(bipy)3]
2� 2.6 ± 0.2   

[Co(phen)3]
2� 0.81 ± 0.2   

[Co(en)3]
2� (3.8 ± 0.9) × 102 50 a 14 a

[Co(en)2(bipy)]2� (3.1 ± 0.1) × 102 5.8 ± 0.3 0.76 ± 0.19
[Co(en)2(phen)]2� (2.7 ± 0.9) × 102  0.81 ± 0.2
[Co(en)2(5-NO2-phen)]2� (4.8 ± 0.4) × 102  ∼0.4
[Co(en)2(DPPZ)]2� (1.1 ± 0.2) × 102 4.5 ± 0.2 ∼0.37
[Co(bipy)2(NH3)2]

2� 5.9 ± 1.6 0.65 ± 0.5  
[Co(bipy)(NH3)4]

2� 10 ± 4.0 0.85 ± 0.07  
[Co(phen)2(NH3)2]

2� —   
[Co(phen)(NH3)4]

2� —   
a Ref. 8. 

structures for each were required. The crystal structures of
[Co(bipy)3]

3�, [Co(phen)3]
3�, [Co(en)3]

3�, [Co(en)2(bipy)]3�,
[Co(en)2(phen)]3� and [Co(en)2(DPPZ)]3� have been reported
previously,19,41–43 however, no information concerning the struc-
ture of cobalt() complexes containing ammonia and aromatic
ligands is available. We have determined the single crystal X-ray
structures of [Co(bipy)2(NH3)2](ClO4)3, [Co(bipy)(NH3)4]Cl0.5-
(ClO4)2.5, [Co(phen)2(NH3)2](ClO4)3 and [Co(phen)(NH3)4]-
(ClO4)3.

In each of the structures, the Co–N bond distances (1.94–
1.97 Å range) are typical of those found for other cobalt-
nitrogen complexes.19,41–43 Bidentate ligand bite angles impose a
slight distortion on the octahedral geometry of the cobalt()
ion. In all four complexes the phenanthroline ligands are
slightly distorted in a bowl shaped manner and bipyridine in an
S-shaped manner along the length of the ligand in a manner
similar to that observed for the related mixed ligand complexes
[Co(en)2(bipy)]Br(ClO4)2 and [Co(en)2(phen)]Br3.

19 In the com-
plexes containing two aromatic ligands, [Co(bipy)2(NH3)2]-
(ClO4)3 and [Co(phen)2(NH3)2](ClO4)3 one of the aromatic
ligands is distorted more from planarity than the other. The
cobalt atom lies out of the plane of the aromatic ligand to
varying degrees. It is of interest to note that both complexes
containing only one aromatic ligand, [Co(bipy)(NH3)4]Cl0.5-
(ClO4)2.5 and [Co(phen)(NH3)4](ClO4)3, crystallise with a larger
number of asymmetric units within the unit cell than the com-
plexes [Co(bipy)2(NH3)2](ClO4)3 and [Co(phen)2(NH3)2](ClO4)3.
The crystal of complex [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5 was isol-
ated from a reaction mixture containing both a large amount of
LiCl and LiClO4, and the crystal was analysed as a mixed salt
with the composition [Co(bipy)(NH3)4]Cl0.5(ClO4)2.5. Recrystal-
lisation of this from an aqueous solution of LiClO4 is likely
to produce the pure perchlorate salt as reported,20 however,
crystals suitable for structure determination were not obtained.

In all structures extensive hydrogen bonding is observed
between the perchlorate anions and ammonia ligands.

Pulse radiolysis

Although all groups that have investigated the complex
[Co(bipy)3]

3� report the final product of the reaction as a par-
tially aquated Co() species, two very different rate constants
for the first order decay of the reaction product formed
immediately after the electron pulse have been reported. Waltz
and Pearson 28 and Baxendale and Fiti 44 observed a broad,
weak transient with a λmax at approximately 620 nm that
decayed with an observed rate constant around 104 s�1. Both
groups observed that the kinetics of this decay was not purely
first order and predicted the involvement of another process in
aqueous solution. Simic et al.,12 however, did not observe this
first transient, but rather a transient with an intense λmax at
290 nm which decayed with k = 3.4 ± 0.4 s�1 to the final
product. A decay with a similar rate constant was also reported

following the chemical reduction of tris(2,2�-bipyridine)-
cobalt().45 Our results for [Co(bipy)3]

3� appear to reconcile
the literature reports as both of the reported transients and
decays (a fast initial decay comprised of two first order
components and a slower decay) have been observed and the
rate constants of both have been determined within the one
experiment.

Whilst neither Waltz and Pearson 28 or Baxendale and Fiti 44

extended their studies below 400 nm, the fact that their tran-
sient displayed a broad peak at approximately 620 nm, as does
the free bipyridine radical indicates their initial transient is the
same transient we observe immediately following the reaction
of the complex with e�

aq. This transient then decays via two
first order processes to form the cobalt() complex. The
cobalt() species thus formed then decays via first order kinetics
with a rate constant in good agreement with that found by
Simic et al.12 This decay is due to the dissociation of the first
bipyridine ligand.

The broadness and low absorbance of the aromatic radical
ligand peaks observed at λ > 340 nm (when compared to the
absorbances observed for the free ligand radical under the same
radiolysis conditions) indicate that the formation of the
coordinated ligand radical is not quantitative. Hence we pro-
pose that reduction of the cobalt() centre to cobalt() can
also occur by direct reaction of the metal centre with e�

aq with-
out the formation of a coordinated radical ligand. This type of
competition has also been observed in the nitrobenzoato cobalt
system 7 leading to the proposal that, due to the very strongly
reducing nature of e�

aq, an initial excited state of higher energy
is formed upon reaction of e�

aq with the complex. Following
this, the electron may be transferred to either metal centered
orbitals to directly reduce cobalt() or the ligand localised π*
orbitals. The intramolecular electron transfer from the ligand
π* orbitals to the metal centered orbitals also results in the
production of the reduced metal species.7 The resultant short
lifetime of the coordinated ligand radical may explain the
observed lack of reaction between the complex [Co(bipy)3]

3�

following radiolysis with O2 or p-benzoquinone.12 Moreover,
the observation of only one fast decay process for the intra-
molecular electron transfer of the complex [Co(en)2(5-NO2-
phen)]3� is the result of a significant change in the electronic
properties of the ligand. To be consistent with the other aro-
matic based systems, it must be postulated that the decay of the
initial excited state of [Co(en)2(5-NO2-phen)]3� formed is either
too rapid to be observed (>107 s�1) by the detection system
or that it is this step that is the rate determining step with a
subsequent fast step occurring.

The absorption spectrum of the initial species formed upon
reaction with e�

aq is hence a composite of cobalt() complexes
produced by direct reduction of the cobalt() centre and
cobalt() centres. The proportion of cobalt() that is directly
reduced to cobalt() depends upon the both the number and
nature of ligands present. Reduction of complexes containing
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the ligand 2,2-bipyridine proceeds with a smaller proportion of
cobalt() being directly reduced than those containing 1,10-
phenanthroline, as do complexes containing a lower number of
aromatic ligands. In the less sterically crowded ligand systems
the metal orbitals are more directly accessible.

The rate constants observed for the intramolecular electron
transfer from radical mono- or di-nitrobenzoato ligands to
cobalt() may be as low as 102 s�1.3–6 It has been suggested that
the linking carboxylate group of the nitrobenzoato ligand acts
to inhibit the electron transfer to varying degrees depending
upon the position/s of substitution of the nitro- group on the
benzene ring.7 We observe that the rates of intramolecular
electron transfer for the present complexes are all relatively
rapid and vary little throughout the series. This is consistent
with the experimental results obtained for the nitrobenzoato
complexes in that the metal bonding of the 2,2�-bipyridine,
1,10-phenanthroline and dipyridophenazine is not expected to
be vastly different for each of these aromatic ligands.40,46–49

Furthermore, the modulation of the electronic structure of
1,10-phenanthroline by the addition of a strongly electron
withdrawing nitro-group would be expected to change the
kinetics of the intramolecular electron transfer. This change is
observed with the kinetics of decay best fitting two first order
processes for complexes containing 1,10-phenanthroline,
whereas the introduction of the nitro-group to the ligand in the
5 position as 5-nitro-1,10-phenanthroline leads to the decay
kinetics following only one first order process.

For the complexes containing at least one 2,2�-bipyridine,
1,10-phenanthroline or dipyridophenazine ligand, the observ-
ation that the processes occurring within the first millisecond
follow biphasic kinetics, and where the rate constants for the
first and second processes do not vary significantly throughout
the series, is surprising and difficult to rationalise.

For complexes containing only 2,2�-bipyridine and the mixed
ligand complexes containing ethylenediamine, it might be
possible that the first decay is a simple intramolecular elec-
tron transfer from a coordinated aromatic ligand radical to
cobalt() whilst the second process observed is the dissociation
of one end of the bidentate ethylenediamine or 2,2�-bipyridine
ligand from the now labile metal ion.8 This, however, does
not seem reasonable for the complexes [Co(phen)3]

2�,
[Co(phen)2(NH3)2]

2� and [Co(phen)(NH3)4]
2� where the rigidity

of the 1,10-phenanthroline ligand is generally accepted as
precluding a monodentate intermediate species. In addi-
tion, it seems unlikely that the rate of dissociation of one
end of the structurally different ligands ethylenediamine and
2,2�-bipyridine would be so similar (Table 2).

A model which seems more consistent to us is one in which
an initial excited state, formed upon reaction of e�

aq with the
complex, decays via intramolecular electron transfer to directly
reduce cobalt() or forms a metastable coordinated ligand
radical. Intramolecular electron transfer from the coordinated
ligand radical to the cobalt() centre then quantitatively forms
cobalt(). These two intramolecular electron transfer steps
would result in the observation of biphasic kinetics, with rate
constants ket(1) and ket(2), leading to the reduction of the
cobalt() centre. For complexes containing ammonia ligands,
we should note that the loss of the ammonia would be strongly
coupled to the reduction step, based upon the report that
loss of the first three ammonia ligands from the complex
[Co(NH3)6]

2� occurs in less than 2 µs.2

This proposal may be integrated with that of Lilie et al.1,8 for
the dissociation of bidentate ligands. The initial transient of
[Co(en)3]

3�, the only complex not containing an aromatic lig-
and, is observed by us to decay via one simple first order process
with a rate constant of 7.4 × 103 s�1. This is only a factor of two
different from the extrapolated value of 1.5 × 104 s�1 obtained
by Lilie et al.8 for ethylenediamine, where under his conditions
monodentate ligand formation leads immediately to ligand loss.
Our proposal would suggest that monodentate ligand form-

ation for ethylenediamine is limited by the rate of metal ion
reduction (k = 7.4 × 103 s�1 in our experiments). For complexes
in which the first ligand to dissociate is aromatic and more
sterically hindered, the reduction of the cobalt() centre would
not be expected to be the rate determining step for mono-
dentate ligand formation and ligand dissociation is observed to
take place in longer time regimes.

Whilst the explanation offered accounts for the observed
biphasic kinetic behaviour and data, we must regard it as con-
jecture; at this stage we only seek to report the results of our
pulse radiolysis studies. Further insights into the details of the
mechanism (in particular the nature of any excited state) may
be afforded by molecular orbital calculations designed to estab-
lish the accessible energy levels in the complexes, but these are
beyond the scope of the present study.

Studies of ligand dissociation from cobalt() complexes
formed by reduction of the corresponding cobalt() species
have focussed primarily on the mechanism of dissociation.
Polydentate ligands have been found to dissociate via a “peeling
off” or “unzipping” of the ligand from the metal centre follow-
ing the scission of the first cobalt()–ligand bond and sub-
sequent protonation of the free, uncoordinated heteroatom.1,8,9

As the reformation of the chelate ring and protonation of the
heteroatom are in competition it thus follows that the rate of
ligand detachment is pH dependent in the absence of steric
effects.12,45 The kinetics of these ligand detachments have been
rationalised in terms of the rigidity and charge of the ligand,
where the more flexible ligands dissociate more rapidly than
rigid ligands due to their ability to rotate away from the metal
ion and prevent reformation of the chelate ring. This effect is
seen in our results where for the tris-complexes, in accordance
with its greater flexibility, ethylenediamine dissociates more
rapidly than 2,2�bipyridine which in turn is more labile than
1,10-phenanthroline. The rates reported for dissociation of
ethylenediamine and 2,2�bipyridine from their respective tris-
cobalt() complexes, [Co(bipy)3]

2� and [Co(phen)3]
2�, agree

within experimental error with those previously reported.1,8,12

As the first ligand to dissociate from the complexes
[Co(en)3]

2�, [Co(en)2(bipy)]2�, [Co(en)2(phen)]2�, [Co(en)2-
(5-NO2-phen)]2� and [Co(en)2(DPPZ)]2� is ethylenediamine,
these complexes may be used to probe the effect of the other
ligands on the rate of the ethylenediamine dissociation. The
ligands employed throughout this work are all strong σ-donors.
Although 2,2�-bipyridine, 1,10-phenanthroline and dipyrido-
phenazine differ in the extent of their π system, their σ-donor
orbitals are remarkably similar.40,46,48 In contrast the nitro-
group in 5-nitro-1,10-phenanthroline exerts its electron with-
drawing effect through the σ-bonding orbitals 50 and might be
expected to behave differently from the other diimines in this
context. The aromatic ligands are also π acceptor ligands.
The electronic spectra place the aromatic ligands bipyridine,
phenanthroline and dipyridophenazine very close together in
the spectrochemical series (Table 4), but in the order:

2,2�-bipyridine < 1,10-phenanthroline < dipyrido[3,2-a:2�,3�-
c]phenazine

The difference between the ligand field splittings produced
as a result of the coordination of the different aromatic ligands
is small, being of the order of less than 1000 cm�1. With no
π-acceptor properties it is known that ethylenediamine lies
below these diimines in the series. It is observed that the rate of
ethylenediamine dissociation from the reduced complex, kL1,

Table 4 Energies of d–d band transitions for complexes [Co(en)2-
(bipy)]Br(ClO4)2, [Co(en)2(phen)]Br3 and [Co(en)2(DPPZ)](ClO4)3

Complex 1A1g
1T2g/cm�1 1A1g

1T1g/cm�1

[Co(en)2(bipy)]Br(ClO4)2 22438 21072
[Co(en)2(phen)]Br3 22732 21152
[Co(en)2(DPPZ)](ClO4)3 22864 21285
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decreases slightly in the order [Co(en)3]
2� > [Co(en)2(bipy)]2� >

[Co(en)2(phen)]2� > [Co(en)2(DPPZ)]2�; this order correlates
with extension of the π system of the aromatic ligand.

From the X-ray crystal data 19 it is observed that there is no
significant variation in the cobalt()–ethylenediamine bond
length for these complexes implying minimal effect of change
in structure of the complexes on the ground state stabilisation
of the cobalt()–ethylenediamine bond. Assuming this effect
carries through to the cobalt() complexes, the slight decrease
in kL1 would appear to be associated with the destabilisation of
the transition state by the extension of the diimine aromatic
system. For these complexes, however, this effect is small.
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