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complexes on excitation in the charge-transfer-to-solvent band
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Abstract

The nickel(II) azamacroyclic complexes [Ni(II)L1](ClO4)2 (1), [Ni(II)L 2](ClO4)2 (2) and [Ni(II)L3](ClO4)2 (3) produce solvated electron
on excitation using 248 nm laser in deaerated aqueous solutions where L1 = 1,4,8,11-tetraazacyclotetradecane, L2 = 1,8-diethylhydroxy-
1,3,6,8,10,13-hexaazacyclotetradecane and L3 = 1,3,6,9,11,14-hexaazatricyclo[12.2.1.16.9]octadecane. Formation of stable nickel(III)
complexes occurs as a result of the scavenging of the solvated electron in the presence of acids and oxygen and as a result of the thermal
reaction between the hydroperoxyl radical and the nickel(II) complexes. Continuous photolysis of the complexes using 254 nm radiation
results in the photooxidation of the divalent nickel complexes to trivalent nickel complexes which are identified by ESR spectra. The
mechanistic details of the formation of the photoproducts have been investigated in detail. The assignment of CTTS formalism for the
reactive excited state was confirmed. Photooxidation of the nickel(II) macrocyclic complexes dissolved in acetonitrile and in a mixture of
acetonitrile and dichloromethane has been investigated by flash photolysis of the complexes. Continuous photolysis of the complexes in
non-aqueous solutions shows the formation of nickel(III) complexes as stable products, which was confirmed by ESR and optical spectral
studies.
© 2004 Published by Elsevier B.V.
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1. Introduction

The role of nickel in many catalytic reactions and hy-
drogenation is well known for a long time[1,2]. The
recent identification of nickel as an essential metal ion in
enzymatic reactions has intensified investigations to ex-
amine the nature of oxidation states and precise nature
of reaction centres[1–7]. Nickel in many biological and
catalytic reactions is present as functional motif in+1
or +3 oxidation states while nickel(II) being more sta-
ble thermodynamically is commonly present in most of
these systems[7]. Nickel(II) complexes with a variety
of macrocyclic ligands and other common chelates are
known to exist in the diamagnetic square planar form or
paramagnetic octahedral form. Nickel(II) complexes in
paramagnetic or diamagnetic forms could be reduced to
+1 or oxidised to+3 oxidation states[8–11]. By chang-
ing the oxidation state of nickel, nickel complexes with
one-dimensional structural network are obtained which
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show non-linear optical behaviour[12,13]. In situ oxida-
tion of nickel(II) azamacrocyclic complexes to trivalent
nickel complexes has been employed for the oxidative
cleavage of DNA molecules[14]. Several nickel(II) aza-
macrocyclic complexes were used as model for the enzyme,
carbon monoxide dehydrogenase[15]. The electrocatalytic
reduction of carbon dioxide by these complexes were re-
ported [15,16]. Photochemical systems with the nickel(II)
azamacrocyclic complex as active site were reported to
bring about the reduction of carbon dioxide[17,18]. Elec-
trochemical, pulse radiolysis and flash photolysis studies
support that nickel(I) is the active state in the reduction
of carbon dioxide[17]. The equilibrium reaction between
the diamagnetic square planar and paramagnetic octahe-
dral nickel(II) azamacrocyclic complexes has been utilised
to develop nickel(II) azamacrocyclic complexes as novel
sensor materials[19–21].

We have examined the charge-transfer-to-solvent (CTTS)
excitation processes exhibited by the cationic nickel(II) aza-
macrocyclic complexes[22–24] by observing the hydrated
electron and the nickel(III) complex in aqueous solution
[25]. Photochemical synthesis of nickel(III) complexes by
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Scheme 1.

CTTS excitation of the complexes [Ni(II)L1](ClO4)2 (1) and
[Ni(II)L2](ClO4)2 (2) has been reported recently [25].

The metal centre of the complex could be reduced by ex-
citation in the ligand to metal charge transfer band (LMCT)
or photochemically oxidised to higher oxidation states by
excitation in the metal-to-ligand charge-transfer transition
(MLCT) [26]. Study of charge transfer excited states in
co-ordination compounds by laser flash photolysis and con-
tinuous photolysis has been of interest for a long time. The
photoredox reactions of the co-ordination complexes by the
LMCT or MLCT excitation are well documented but the
charge-transfer-to-solvent transitions of the co-ordination
compounds have been observed only in a few cases [26–28].
Photodetachement of electron from the CTTS excited states
has been reported for several organic and inorganic anions
[29]. Anionic [Fe(CN)6]4− complex is a classical exam-
ple for the production of solvated electron on photolysis
in aqueous solution [30]. Time-resolved laser flash pho-
tolysis studies of anions have shown that electron transfer
proceeds within 200 fs from the CTTS excited anions into
a nearby cavity site in the surrounding solvent to form a
solvated electron [29–32]. In this paper, we report the pro-
duction of hydrated electron on exciting the CTTS band
and observe the formation of nickel(III) complexes from
the nickel(II) azamacrocyclic complexes [Ni(II)L1](ClO4)2
(1), [Ni(II)L2](ClO4)2 (2) and [Ni(II)L3](ClO4)2 (3) (where
L1 = 1,4,8,11-tetraazacyclotetradecane, L2 = 1,8-diethyl-
hydroxy-1,3,6,8,10,13-hexaazacyclotetradecane, L3 = 1,3,
6,9,11,14-hexaazatricyclo[12.2.1.16.9]octadecane; Scheme 1)
in detail by flash and continuous photolysis techniques un-
der various conditions. The characteristics of stable trivalent
nickel complexes were elucidated by ESR and absorption
spectral techniques.

2. Experimental

The complexes 1–3 were synthesised following the pro-
cedures reported in the literature and were characterised
by elemental analysis and spectral techniques as reported

earlier (Caution: perchlorate complexes are explosive)
[33–35].

Nickel chloride, nickel acetate and nickel carbonate were
obtained from Merck, Sigma–Aldrich and SRL Chemicals,
respectively. Methanol, acetonitrile and dichloromethane
used were of HPLC and spectroscopy grade obtained from
Merck, Qualigens and SRL Chemicals. Hydrochloric acid
and perchloric acid used were from Qualigens and Merck,
respectively. HPLC grade water obtained from Qualigens
was used for the laser flash photolysis and other experiments.
Water, triply distilled over alkaline permanganate was also
used. The ligand cyclam was obtained from Sigma–Aldrich.

Electronic absorption spectral measurements were carried
out using a Hitachi-320 double beam spectrophotometer or a
computer controlled Hewlett-Packard 8452A UV-Vis diode
array spectrophotometer.

The equilibrium composition of nickel(II) macrocyclic
complexes in the square planar form compared to the param-
agnetic octahedral form were determined spectrophotomet-
rically as reported earlier [36,37].

ESR spectra were recorded using a Bruker ER-200D-SRC
model spectrometer. The spectrometer operates in the
X-band of the microwave frequency at 10 GHz. The ESR
spectrum at liquid nitrogen temperature, was measured by
freezing the sample in liquid nitrogen in a Dewar flask
which was then placed into probe cavity of the instrument.
The magnetic field was calibrated using Bruker standard
samples and by independently recording the standard signal
of DPPH.

Continuous photolysis experiments were carried out us-
ing a low pressure mercury vapour 254 nm pen-ray lamp
(Ultraviolet Products, USA). The quartz cuvette was kept
near pen-ray lamp during photolysis and the absorbance was
noted at regular intervals.

Nanosecond laser flash photolysis experiments were car-
ried out as reported earlier [38]. KrF laser source used for
excitation produces nanosecond pulses (20 ns) of 248 nm ra-
diation and the energy of the laser pulse could be varied
from 10 to 110 mJ.

The microsecond conventional flash photolysis exper-
iments were carried out using an Applied Photophysics
KN020 model flash kinetic spectrometer as reported ear-
lier [23,24,38]. Two (LR-16) xenon flash lamps were used
for excitation. A 12 V, 100 W quartz tungsten iodine lamp
(Phillips, Holland) operated by a power supply unit (model
415/01) was used as the source for the monitoring beam.

3. Results and discussion

3.1. Absorption spectra of the complexes

Absorption spectra of the nickel(II) azamacrocyclic com-
plexes in the visible region in aqueous and non-aqueous so-
lutions shown in Fig. 1 reveal the presence of both square
planar low spin and the solvent co-ordinated octahedral high
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Fig. 1. Absorption spectra of the complexes in: (a) water; (b) 1 M HCl;
(c) acetonitrile. (—) Complex 1; (· · · ) complex 2; (– – –) complex 3.

spin forms as reported earlier [39]. When the low spin form
is the predominant species, a single absorption band assigned
to 1A1g–1B1g transition is observed and when the high spin
form is the predominant species, three absorption features
assigned to 3A2g–3T2g, 3A2g–3T1g (F), 3A2g–3T1g (P) tran-
sitions [39,40] in the ligand field formalism are observed.
It is clearly seen that all the nickel(II) azamacrocyclic com-
plexes show one intense absorption band in the UV region as
shown in Fig. 1 which is solvent sensitive suggesting that the
band is due to charge-transfer transition. UV absorption band
for the complexes are assigned to charge-transfer-to-solvent
transitions from the flash photolysis results of the complexes
as presented further.

3.2. Laser flash photolysis of the complexes in aqueous
medium

Nanosecond laser flash photolysis of deaerated aque-
ous solution of the complexes 1–3 using 248 nm radiation
shows transient absorption due to hydrated electron in mi-
crosecond time scale as shown in Fig. 2. We reported earlier
the production of solvated electron and the photoionisation

Fig. 2. Transient absorption spectra of hydrated electron obtained on
248 nm flash photolysis: (a) complex 1; (b) complex 2; (c) complex
3. Insets: transient decay at 680 nm. Transient absorption spectra were
obtained after 150 ns for the complexes 1 and 2, and 200 ns for complex 3.

processes due to the CTTS excitation for the complexes
[Ni(II)tet-a]2+, [Ni(II)HTMe]2+ and Ni(II)AT]+ (tet-a
= 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetrazacyclotetrade-
cane, HTMe = 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotet-
radecane, AT = 11,13-dimethyl-1,4,7,10-tetraazacyclotrid-
eca-10,12-dienato) and the hydrated electron transient
spectra reported is similar to that obtained in the present
investigation [22]. In the presence of electron scavengers
such as protonic acids or molecular oxygen, hydrated elec-
tron produced on photolysis is scavenged and the transient
spectra of hydrated electron are not observed [22–24]. Iden-
tification of hydrated electron as a transient reveals that the
UV absorption band of the complexes 1–3 indeed possesses
CTTS character. The primary reaction on CTTS excitation
is given as

[Ni(II)L]2+ hν−→ [Ni(III)L]3+ + eaq
−, L = ligand (1)

The rate constants for the decay of the hydrated electron
transient monitored at 680 nm in aqueous solution vary
with the concentration of the nickel(II) azamacrocyclic
complexes obeying pseudo-first-order kinetics [22,41]. The
second-order rate constants obtained (Table 1) are similar
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Table 1
Rate constant for the decay of hydrated electron obtained on photolysis
of aqueous solution of nickel(II) macrocyclic complexes

Complex Rate constants
(×10−10 M−1 s−1)

[Complex]
(×104 M)

[Ni(II)L1]2+ 3.8 ± 0.2 2.35
[Ni(II)tet-a]2+a 6.0 ± 0.1 0.50
[Ni(II)AT]2+a 2.1 ± 0.5 0.45
[Ni(II)HTMe]2+a 4.5 ± 0.1 1.74
[Ni(II)L2]2+ 4.0 ± 0.4 2.85
[Ni(II)L3]2+ 5.1 ± 0.1 1.17

a From [22].

to the rate constants for the formation of nickel(I) aza-
macrocyclic complexes observed for the reaction between
hydrated electron and nickel(II) azamacrocyclic complexes
which was earlier determined by the pulse radiolysis tech-
nique [41]. The pathways for decay of hydrated electron
are given by the following reactions [41]

[Ni(II)L]2+ + eaq
− → [Ni(I)L]+ (2)

[Ni(III)L]3+ + eaq
− → [Ni(II)L]2+ (3)

The first-order rate constants increase with increase in
the concentration of the complexes (pseudo-first-order be-
haviour), reveals that reaction (2) is competitive with the
reaction (3). However, in the present investigation the
transient signal of nickel(I) complex was not observed as
reported earlier [40,41] and also the spectral features due
to nickel(III) of reaction (1) are not observed [41–44]. The
absence of the spectral features of nickel(III) and nickel(I)
transients in aqueous solution indicate that during the decay
of hydrated electron, a synproportionation reaction (4) oc-
curs between the nickel(I) and the nickel(III) transients [22]

[Ni(III)L]3+ + [Ni(I)L]+ → 2[Ni(II)L]2+ (4)

Use of hydrated electron scavenger reagents such as acids
and oxygen results in the scavenging of hydrated electron
and the transient spectra of the nickel(III) complex was
observed at longer time scale by the microsecond conven-
tional flash photolysis technique. The role of hydrated elec-
tron scavengers in the formation of stable trivalent nickel
complexes was elucidated by microsecond conventional
flash photolysis and continuous photolysis investigations
discussed further.

3.3. Conventional flash photolysis of the complexes

It is well known that hydrated electron produced on pulse
radiolysis of water under acidic conditions and in presence
of oxygen results in the formation of hydroperoxyl radicals
as the predominant species [41,44–48]

eaq
− + H+ → H• (5)

H• + O2 → HO2
• (6)
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Fig. 3. Transient spectra of the nickel(III) hydroperoxide co-ordinated
complex obtained after 2 s and 3 ms on flash photolysis of complexes 1
and 2, respectively: (a) complex 1 (�), complex 2 (�); (b) complex 3
(spectrum obtained immediately after the flash). Insets: transient signal
monitored at 370 nm.

The reactions of hydrated electron with the acids, oxygen
and formation of hydroperoxyl radicals are diffusion con-
trolled processes with rate constants closer to 1010 M−1 s−1

[45], favouring the formation of hydroperoxyl radicals. Hy-
droperoxyl radicals produced on pulse radiolysis are known
to oxidise nickel(II) azamacrocyclic complexes and the fol-
lowing reaction occurs [46]

HO2
• + [Ni(II)L]2+ → [Ni(III)L–OOH]2+ (7)

Formation of the nickel(III) hydroperoxide co-ordinated
complex [Ni(III)L–OOH]2+ occurs with rate constant of
3 × 106 M−1 s−1 [46] under acidic condition showing tran-
sient absorption in the region 300–450 nm with maximum
at 370 nm. Flash photolysis of nickel(II) azamacrocyclic
complexes in acidic solution and in presence of oxygen
shows transient given in Fig. 3a. which is similar to that
of the nickel(III) hydroperoxide co-ordinated complex [46]
([Ni(III)L–OOH]2+) of the reaction (7). At the absorp-
tion maximum, the transient signal shows a growth in
absorbance (Fig. 3a, inset) and the rate constants obtained
from the transient signal for the complexes 1 and 2 are 1.3
× 106 and 6.1 × 106 M−1 s−1, respectively. In the present
investigation, the rate constants and the spectral features
obtained under acidic conditions in presence of oxygen
are similar to that observed for the formation of nickel(III)
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hydroperoxide co-ordinated complex reported earlier [46].
The hydrated electron produced on CTTS excitation of
the complexes in presence of acid and oxygen results in
the formation of hydroperoxyl radical as the predominant
species which oxidises nickel(II) azamacrocyclic complex
as shown in the reaction (7) [46].

The hydroperoxyl radical is known to exist in equilibrium
with the superoxide ion

HO2
• � H+ + O2

•− (8)

with a pKa value of 4.8 [45]. Effective scavenging of the
hydrated electron and stabilisation of hydroperoxyl radical
occur below pH 4 and the formation of nickel(III) hydroper-
oxide is favoured under highly acidic condition as indicated
in Fig. 4a. It is inferred from Fig. 4a that flash photolysis
of the nickel(II) azamacrocyclic complex in solution con-
taining millimolar oxygen shows increase in absorption at
370 nm (absorption maximum) with increase in the concen-
tration of the acid suggesting that the yield of nickel(III)
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Fig. 4. Conventional flash photolysis of the complexes: (a) rate constant
and absorption at 370 nm as a function of the concentration of the acid
for complex 1, at [complex] = 10−3 M and millimolar oxygen; (b) rate
constant as a function of the concentration of the complexes 1 and 2
under [H+] = 1 M and millimolar oxygen condition; (c) decay profile of
nickel(III) transient for the complex 1 monitored at 370 nm in 1 M HCl
at [complex] = 10−3 M.

hydroperoxide complex increases due to the effective for-
mation of hydroperoxyl radical under highly acid condition
and stabilisation according to the equilibrium (8) [23]. In the
absence of oxygen, growth in transient absorbance at 370 nm
is not observed as the formation of hydroperoxyl radical
and reaction (7) are not feasible. Earlier, pseudo-first-order
behaviour for the reaction (7) was observed in the pulse ra-
diolysis experiments and it was suggested that hydroperoxyl
radicals are efficiently scavenged when the concentration of
the nickel(II) complex is increased [46]. Similar behaviour
was observed for the complexes in the present investigation
as shown in the Fig. 4b, which shows that the rate constant
increases with the concentration of the nickel(II) complexes
suggesting that hydroperoxyl radicals are effectively scav-
enged when the concentration of the nickel(II) complexes
are increased, favouring the reaction (7).

Chemical oxidation of the complex 3 to nickel(III) com-
plex was reported to be unsuccessful as the oxidation
potential (1.4 V) is higher as compared to the complexes
1 and 2 (1.0 ± 0.1 V) [47]. Conventional flash photoly-
sis of the complex 3 shows absorption spectrum (Fig. 3b)
similar to those of the complexes 1 and 2 but at absorp-
tion maximum the transient signal is very weak. The weak
absorption is attributed to the low yield of nickel(III) hy-
droperoxide co-ordinated complex and this observation is
due to the higher oxidation potential of complex 3, when
the extent of photooxidation is reduced with increase in the
oxidation potential. The rate constant for the decay of the
nickel(III) hydroperoxide co-ordinated complex (Fig. 3b,
inset) obtained from the complex 3 is found to be higher
(0.30 ± 0.1 s−1) than the decay of the nickel(III) hydroper-
oxide co-ordinated complex observed on flash photolysis of
the complexes 1 and 2 ((1.8 ± 0.2) × 10−3 s−1) (Fig. 4c)
revealing that the nickel(III) form of the complex 3 decom-
poses more rapidly as compared to the complexes 1 and 2
which have lower oxidation potential. The reaction of the
peroxyl radical with the nickel(II) complexes to give perox-
ide co-ordinated nickel(III) complexes is further confirmed
by the conventional flash photolysis of the complexes in
acetonitrile and dichloromethane.

Conventional flash photolysis of the complexes in ace-
tonitrile containing dichloromethane leads to the transient
absorption spectrum as shown in Fig. 5a which is similar to
the nickel(III) chloromethylperoxide co-ordinated complex
reported earlier [24,28,49–52]. At the absorption maximum,
the transient signal shows growth in absorbance and the
rate constant obtained (3.3 × 106 M−1 s−1) is similar to that
for the reaction between chloromethylperoxyl radical and
[Ni(II)cyclam]2+ (3 × 106 M−1 s−1) reported earlier [24]
suggesting that chloromethylperoxyl radicals are formed
on CTTS excitation of the complexes and the following
reactions occur

[Ni(II)L]2+ hν,CTTS,CH3CN,CH2Cl2−−−−−−−−−−−−−→ [Ni(III)L]3++CH2Cl2•−

(9)
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Fig. 5. (a) Transient absorption spectra of the complex 2 in acetonitrile
containing 1 M dichloromethane obtained after 5 ms of the xenon lamp
flash. (b) Transient absorption spectra of the complex 2 in acetonitrile
obtained after 5 ms of the xenon flash lamp along with the transient signal
monitored at 370 nm (c) and the decay signal monitored at 550 nm (d).

CH2Cl2•− → •CH2Cl + Cl− (10)

•CH2Cl + O2 → •OOCH2Cl (11)

[Ni(II)L]2+ + •OOCH2Cl → [Ni(III)L–OOCH2Cl]2+

(12)

The reduction of dichloromethane by the electron to give
chloromethyl radical is known to occur with diffusion con-
trolled rate constants [53]. Insertion of molecular oxygen to
chloromethyl radicals (11) is reported earlier and the rate
constant for this reaction (11) is found to be higher than
that for the reaction (12) [24,53]. In the absence of oxygen
this absorption feature diminishes as these reactions do not
take place.

In the absence of dichloromethane, another absorption
feature in the 450–600 nm region (Fig. 5b) with maximum
near 550 nm appears which is similar to the absorption fea-
ture of [Ni(III)L–CH3]2+; the organonickel transient was
observed earlier in the pulse radiolysis experiments [49–52].
The rate constants obtained for the decay of the transient sig-
nal at 550 nm (0.8 ± 0.2 s−1) are close to the reported value
for the decay of [Ni(III)L–CH3]2+ complex (reversible re-
action (15)), revealing that methyl radicals are formed on
CTTS excitation of the nickel(II) azamacrocyclic complexes
which oxidise the nickel(II) azamacrocyclic complexes to
the organonickel(III) complex [Ni(III)L–CH3]2+ as shown
in the following reactions [49–52]
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Fig. 6. (a) Transient absorption spectra of the complex 1 in acetonitrile
obtained after 5 ms along with the decay (b) and growth (c) in absorbance
monitored at 550 and 370 nm, respectively.

[Ni(II)L]2+ hν−→ [Ni(III)L]3+ + CH3CN•− (13)

CH3CN•− → CH3
• + CN− (14)

[Ni(II)L]2+ + CH3
• � [Ni(III)L–CH3]2+ (15)

[Ni(III)L]3+ + CN− → [Ni(III)LCN]2+ (16)

The formation of the acetonitrile anion radical and its disso-
ciation to give methyl radicals were reported earlier [54–57].
It is presumed that the source of methyl radical is from the
dissociation of the acetonitrile anion radical which is known
to be formed in the presence of electron [54–57,24].

Oxidation of [Ni(II)cyclam]2+ by alkylperoxyl radicals to
[Ni(III)(cyclam)OOCH3]2+ peroxide complex shows tran-
sient absorption in the 300–500 nm region with maximum
near 370 nm [49–52]. The absorption in the 300–500 nm
region with maximum near 370 nm observed in the present
flash photolysis investigation of the complexes (Figs. 5
and 6) reveals that [Ni(III)LOOCH3]2+ complexes are also
formed on CTTS excitation due to the following reactions

CH3
• + O2 → CH3OO• (17)

[Ni(II)L]2+ + CH3OO• → [Ni(III)LOOCH3]2+ (18)

In the absence of oxygen, [Ni(III)LOOCH3]2+ tran-
sient absorption feature diminishes as these reactions
do not take place. The intense absorption bands in the
300–500 nm region with maximum near 380 nm are also
similar to the absorption spectra of the trivalent complexes
([Ni(III)LOOH]2+) observed in acidic solution suggesting
the formation of nickel(III) peroxide complexes.

The rate constant for the reaction (17), (1.6–4.9 ×
109 M−1 s−1)is higher than that for the reaction (15) (6.5
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× 108 M−1 s−1) as reported earlier suggesting that in the
presence of oxygen, reaction (17) is competitive with the
reaction (15) to give methyl peroxide co-ordinated complex
[49–52].

It is reported that the pulse radiolytically generated
(Ni(III)–LCH2Cl) species undergoes homolysis 80 times
faster than that of the (Ni(III)–LCH3) methyl co-ordinated
species (reversible reaction (15)) and therefore conven-
tional flash photolysis studies in acetonitrile contain-
ing dichloromethane, does not show transient due to
(Ni(III)–LCH2Cl) species with absorption maximum around
550 nm, even in absence of oxygen [49–52].

The transient absorption for the complex 3 in acetonitrile
is very weak and could not be detected clearly in the con-
ventional flash photolysis as it is known that the ligand is
not favouring the formation of nickel(III) state [47].

3.4. Continuous photolysis of the complexes

The transient decay signal monitored at 370 nm on con-
ventional flash photolysis of the complexes 1 and 2 in hy-
drochloric acid shows no change in absorption after 300 s
from the flash which indicates that the peroxide co-ordinated
trivalent nickel complex is converted to a stable product
which shows no change in absorption with time (Fig. 4c).
The stable photoproduct obtained on photolysis is identified
by the continuous photolysis and ESR spectra of the contin-
uous photolysed solution as discussed further.

Continuous photolysis of the complexes using 254 nm ra-
diation leads to the formation of an absorption feature in the
280–400 nm region as shown in Fig. 7 [23] and this band
is stable for more than 24 h. The ESR spectra (Fig. 7) of
the photolysed solution is similar to that reported earlier [8]
and confirms that the stable photoproduct is [Ni(III)LCl2]+
complex and it is understood that in presence of hydrochlo-
ric acid the following reaction occurs [23,46]

[Ni(III)L–OOH]2+ + 2HCl

→ [Ni(III)L Cl2]+ + H2O2 + H+ (19)

We have observed the reaction between nickel(III) complex
and hydrogen peroxide under mild acidic condition and
recently we have reported the isolation of trivalent nickel
complexes [Ni(III)LCl2]+ with L = L1 and L2 from the
photolysed solution of the divalent complexes dissolved in
hydrochloric acid [25,11,48].

Continuous photolysis of the complex 3 does not show
the absorption band due to nickel(III) complex indicating
that stable trivalent nickel complex is not favoured (Fig. 7c).
The oxidation potential of the complex 3 is 0.4 V higher
compared to the complexes 1 and 2 as reported earlier [47]
and the higher oxidation potential for the complex 3 sug-
gests that the feasibility for the photooxidation is reduced
compared to complexes 1 and 2.

Seven lines are observed in the parallel feature of the ESR
spectrum due to the co-ordination of two chlorides along the
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Fig. 7. (a) Change in absorption on photolysis (recorded every 2 min)
of the complex 1 in 1 M HCl (U: unphotolysed solution). (b) Change in
absorption on photolysis (recorded every 2 min) of the complex 2 in 1 M
HCl. (c) Continuous photolysis of the complex 3 (no change in absorption).
(d and e) ESR spectra of the photolysed solution of the complexes 1 and
2, respectively, obtained at 77 K. Insets: change in absorbance observed
in the UV region.

z-axis [8] when nickel(II) complexes in hydrochloric acid
are photolysed. When continuous and conventional pho-
tolysis of the complexes are performed in perchloric acid,
stable nickel(III) complexes were not formed suggesting
that perchlorate is not stabilising the nickel(III) complex as
reported earlier in the chemical oxidation [23].

In the absence of oxygen, there is no change in the ab-
sorption spectrum of the acidic solution of the complexes on
photolysis indicating that stable nickel(III) complexes are
indeed obtained only in presence of molecular oxygen [25].
In the absence of oxygen, the primary photolysis products
recombine to give back the parent nickel(II) complexes. The
rate constant for the reduction of nickel(II) azamacrocyclic
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recorded every 1 min; (b) complex 3, (—) recorded every 1 min and (– – –)
recorded after 30 min (U: unphotolysed solution).

complexes to nickel(I) complex by H• was reported to be
(5 ± 2) × 109 M−1 s−1 and therefore it is clear that in the
absence of oxygen formation of nickel(III) complex is not
favoured even under acidic conditions.

The complex [Ni(II)tet-a]2+ was observed to yield[Ni(III)
tet-aCl2]+ complex when the divalent complex is photol-
ysed in acetonitrile and dichloromethane mixture [24]. Con-
tinuous photolysis of the complexes 1–3 in dichloromethane
and acetonitrile mixture (Fig. 8) shows spectral changes
similar to those observed for [Ni(II)tet-a]2+ in hydrochlo-
ric acid and in dichloromethane and acetonitrile mixture
[24]. Presumably reaction (10) is the source of chlo-
ride ions, which co-ordinates to the nickel(III) complex
formed during photolysis as shown in the following
reactions

[Ni(III)L]3+ Cl−(excess)−−−−−→ [Ni(III)LCl2]+ (20)

[Ni(III)L–OOCH2Cl]2+ Cl−(excess)−−−−−→ [Ni(III)LCl2]+ (21)

The complex [Ni(III)LCl2]+ exhibits the characteristic in-
tense absorption band with maximum near 320 nm and this
band is readily observed during the photolysis of the com-
plexes 1 and 2 (Fig. 8a). However, in the case of complex 3,
the change in absorbance at 320 nm shown in Fig. 8b could
be observed clearly only after 30 min of photolysis [23,24]
suggesting the low yield of nickel(III) complex due to the
higher oxidation potential of the complex 3 [23,24,47].

Photolysis of 1 and 2 in neat acetonitrile leads to change in
absorbance as shown in Fig. 9a and b. ESR spectrum of the
photolysed solution is an axial spectrum confirming the pres-
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Fig. 9. Continuous photolysis of the complexes in acetonitrile at 254 nm
and the ESR spectrum of the photolysed solution: (a) complex 1; (b)
complex 2; (c) complex 3 (U: unphotolysed solution).

ence of octahedral nickel(III) complexes. It is well known
that acetonitrile co-ordinates to nickel(II) azamacrocyclic
complex leading to the high spin octahedral form [24,40,49].
Axial ESR spectra of the photolysed solution suggests that
acetonitrile co-ordinates to the nickel(III) metal centre and a
mixture of octahedral trivalent nickel complexes are formed
as given in the following reactions

[Ni(III)L]3+ + 2 CH3CN → [Ni(III)L(CH3CN)2]3+ (22)

[Ni(II)L]2+ + CH3OO

• CH3CN−−−→ [Ni(III)L(OOCH3)(CH3CN)]2+ (23)

Ni(III)L]3+ + CN− CH3CN−−−→ [Ni(III)L(CN)(CH3CN)]2+

(24)

The ESR spectra (Fig. 9c) of the photolysed solution of
complex 3 in acetonitrile correspond to a rhombic structure
which is typical of the nickel(III) complexes with square
pyramidal geometry given as [Ni(III)LX]2+ [24]. From re-
actions (16) and (18), it is inferred that photolysis of the
complex 3 in acetonitrile leads to a mixture of square pyra-
midal trivalent nickel complexes [Ni(III)LX]2+ where X
= CH3OO− or CN−. The rhombic ESR spectra suggests that
square pyramidal [Ni(III)LX]2+ is the predominant trivalent
complex and co-ordination of acetonitrile is not favoured to
give octahedral nickel(III) complexes. The absorption spec-
trum of divalent nickel complex 3 in acetonitrile also reveals
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that the nickel divalent complex predominantly exists in the
low spin form (around 90%) indicating that co-ordination of
acetonitrile to the nickel(II) complex 3 is not favoured com-
pared to the divalent nickel complexes 1 and 2 [49]. Earlier,
rhombic ESR spectra was observed on continuous photol-
ysis of the complex [Ni(II)tet-a]2+ in acetonitrile which is
known to exist in the low spin form (above 90%) [24]. ESR
spectra of the square pyramidal complexes observed in the
present investigation [23,24] are similar to the square pyra-
midal complex [Ni(III)LCl]2+ (L = tet-a) observed earlier
[23,24].

3.5. Comparison of the theoretical and experimental
values of charge-transfer-to-solvent energy maximum of
nickel(II) azamacrocyclic complexes

The absorption maximum of the charge-transfer-to-solvent
transition could be determined approximately from the
following expression [26]

hνmax = �G◦ + (390 ± 16 kJ/mol)

where hνmax is the energy maximum of the CTTS band and
�G◦ the free energy change for the one electron oxidation
process obtained from the redox potential of the complexes,
E◦ (versus NHE).

The calculated CTTS absorption maximum for the com-
plexes 1–3 are 231, 229 and 219 nm, respectively, and the
ultraviolet absorption bands of the complexes in water show
absorption maximum at 210, 206 and 228 nm for the com-
plexes 1–3, respectively. The calculated and experimental
values are close for complex 3 suggesting the presence CTTS
character in the UV absorption band. The values for the
complexes 1 and 2 are not agreeable. However, experimen-
tally hydrated electron is observed for all the complexes on
excitation of the complexes in the UV absorption band. The
above relation was found to agree well for the complexes
[Ni(II)tet-a]2+ and [Ni(II)AT]+ which was reported earlier
[22]. In this investigation, a plot of CTTS energy maxi-
mum (obtained from absorption spectrum) versus standard
free energy of various nickel(II) azamacrocyclic complexes
is shown in Fig. 10.

The complexes [Ni(II)tet-a]2+, [Ni(II)AT]+ and com-
plex 3 are obeying the expression hνmax = �G◦ + (390
± 16 kJ/mol) indicating that the ultraviolet absorption
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Fig. 10. Plot of experimental CTTS energy maximum vs. free energy for
various nickel(II) azamacrocyclic complexes.

band of nickel(II) azamacrocyclic complexes possesses
charge-transfer-to-solvent character.

The oscillator strengths of these bands for these com-
plexes are surprisingly strong: the absorption coefficient
of 104 mol−1 cm−1 observed for the CTTS band of these
nickel(II) complex is quite high. A theoretical treatment
for CT interaction predicts that the intensity of CT band
is proportional to the magnitude of interaction between
the donor and acceptor molecular orbitals and inversely
proportional to the energy gap between them [58]. This
theoretical consideration is consistent with the trend that
the probabilities of the CTTS transitions with anions
having higher oscillator strengths than cations [59]. The
energy gap of the former is generally smaller than the
latter. Thus, CTTS bands observed in these nickel(II) com-
plexes seems to be usually strong irrespective of their
higher oxidation potentials, i.e. larger energy gap for CTTS
transition.

4. Summary

The absorption spectra of the nickel(II) azamacrocyclic
complexes show an intense absorption band in the UV re-
gion. Excitation of the nickel(II) azamacrocyclic complexes
using 248 nm radiation produces hydrated electron con-
firming the charge transfer band with CTTS character. The
decay of hydrated electron on flash photolysis of the com-
plexes and the absence of spectral features characteristic
of the nickel(III) and nickel(I) transients suggest the oc-
currence of synproportionation reaction between nickel(III)
and nickel(I) complexes. In presence of molecular oxygen
and protonic acids, scavenging of hydrated electron occurs
to give hydroperoxyl radicals which reacts with nickel(II)
complexes. Conventional flash photolysis of the complexes
in acetonitrile and acetonitrile–dichloromethane mixture
reveals the formation of alkyl peroxyl radicals and its
reaction with the nickel(II) complex. Continuous photol-
ysis of the complexes in presence of oxygen yields stable
trivalent nickel complex in both aqueous and non-aqueous
solution as confirmed by electron spin resonance spectra.
In the absence of oxygen, nickel(III) complexes were not
observed as suggested by the proposed mechanism. The
oxidation potential of the complex 3 is higher as compared
to other complexes and stable nickel(III) complexes were
observed only for the complexes 1 and 2 which has lower
oxidation potentials. The theoretical CTTS energy maxi-
mum of the complex 3 is comparable with the experimental
value.
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