
P
o

A
H
a

b

c

d

a

A
R
R
A
A

K
P
D
C
L
I
K
P

1

i
b
p
p
c
s
f
c
m
c
s
o
i
q
d
a

6

1
d

Journal of Photochemistry and Photobiology A: Chemistry 220 (2011) 164–172

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journa l homepage: www.e lsev ier .com/ locate / jphotochem

hotochemical processes for dithiocarbamate metal complexes. Photochemistry
f NiII(n-Bu2NCS2)2 complex in CCl4
lexandr V. Kolomeetsa, Victor F. Plyusnina,b,∗, Vjacheslav P. Grivina, Stanislav V. Larionovc,
elge Lemmetyinend

Institute of Chemical Kinetics and Combustion SB RAS, 630090 Novosibirsk, Russian Federation
Novosibirsk State University, 630090 Novosibirsk, Russian Federation
Institute of Inorganic Chemistry SB RAS, 630090 Novosibirsk, Russian Federation
Institute of Materials Chemistry, Tampere University of Technology, Finland

r t i c l e i n f o

rticle history:
eceived 24 January 2011
eceived in revised form 25 March 2011
ccepted 2 April 2011
vailable online 13 April 2011

eywords:

a b s t r a c t

Laser flash photolysis was used to study the nature and reactions of intermediates in photochemistry
of the dithiocarbamate NiII(S2CN(n-Bu)2)2 complex in CCl4 (ligand (n-Bu)2NCS2

− dtc−). It is shown
that a nanosecond laser pulse (308 nm) results in absorption bands with maxima at 370 and 500 nm,
belonging to the radical ClNiII(dtc)(dtc•) complex whose coordination sphere contains a dithiocarba-
mate radical dtc•, coordinated by one sulfur atom with the central metal ion. This intermediate complex
forms, in the reaction with the initial Ni(dtc)2 complex, the ClNiII(dtc)(dtc•)[NiII(dtc)2] dimer during
20–30 �s. For several milliseconds the dimer adds another initial complex and transforms into the
hotochemistry of dithiolathe complexes
ithiocarbamate Ni(II) complex
hlorine-containing solvent
aser flash photolysis
ntermediates
inetics

Cl(dtc•)NiII(dtc)[NiII(dtc)2]2 trimer. The reaction between two trimer molecules leads (for several tens of
seconds) both to the recombination of coordinated dtc• radicals and to the liberation of the final product,
the thiuram disulfide molecule ((n-Bu)2NCS2S2CN(n-Bu)2≡tds). The disproportionation of two ClNiII(dtc)
complexes results in the precipitating NiCl2 complex which is insoluble in CCl4.

© 2011 Elsevier B.V. All rights reserved.

hotolysis mechanism

. Introduction

Dithiocarbamate complexes of various metal ions are used
n analytical chemistry [1,2], organic synthesis [3], medicine [4],
iology [5], as antioxidants [6], polymer photostabilizers [7], and
recursors for creating sulfide film semiconductors [8,9]. The com-
lete current review on the transition metal dithiocarbamate
hemistry is published in [10]. The capacity of these particles for
elf-assembly makes it possible to construct molecular containers
or metal and fullerene ions [11–13]. Their optical and electro-
hemical properties favor the creation of cation, anion, and neutral
olecule sensors [11,12,14,15]. Due to the high affinity of a dithio-

arbamate ion for metal ions, these ligands can be used to stabilize
ilver and gold nanoparticles [16–18] as well as the conglomerates
f gold nanoparticles with nucleic acids [19,20]. The high affin-
ty of these ligands for metal surfaces can be used to stabilize

uantum dots in the microscopy of biological objects [21,22]. The
ithiocarbamate ligands form complexes with all transition metals
nd stabilize metal ions to the high oxidation levels. Well-known

∗ Corresponding author at: Institute of Chemical Kinetics and Combustion SB RAS,
30090 Novosibirsk, Russian Federation. Tel.: +7 383 3332385; fax: +7 383 3307350.

E-mail address: plyusnin@kinetics.nsc.ru (V.F. Plyusnin).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.04.007
are the following dithiocarbamate complexes Ru(IV) [23], Au(III)
[24,25], Cu(III) [26], Ni(IV) [26–28], and Fe(IV) [29]. In [30,31] the
dithiocarbamate Ni(IV) complex is shown to possess photochromic
properties.

Despite a great number of papers devoted to the chemistry and
spectroscopy of dithiocarbamate complexes of transition metals,
the photochemistry of these particles is as yet little understood
[32–35]. In the literature, there are the papers which mainly report
the results of stationary photolysis methods. Known are the works
of the Bulgarian group (B. Zheliazkova) on the study of the pho-
tochemistry of the dithiocarbamate Cu(II) complexes by optical
spectroscopy and EPR [36,37]. In these works, the mechanism of
the photochemical transformations of the Cu(dtc)2 complex in
chlorine-containing solvents, involving removal of a dithiocarba-
mate radical from coordination sphere to solvent volume, is based
on the results from stationary measurements. However, the dtc•

radical was not recorded in pulsed experiments and the mechanism
of photolysis remains uncertain. Thus, for many dithiocarbamate
complexes of transition metals, the pulsed methods should be
employed both to elucidate the mechanism of photochemical reac-

tions and to determine the nature of intermediates.

The goal of the present work is both to study the mechanism
of photochemical transformations of the Ni(n-Bu2dtc)2 complex
in CCl4 and to determine the spectra, kinetics, and rate constants

dx.doi.org/10.1016/j.jphotochem.2011.04.007
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:plyusnin@kinetics.nsc.ru
dx.doi.org/10.1016/j.jphotochem.2011.04.007
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f reactions of excited states and intermediates using femto- and
anosecond laser flash photolysis.

. Experimental

Nanosecond laser flash photolysis of solutions was performed
n a setup with an excimer XeCl (308 nm, 15 ns, pulse energy –
0 mJ) or a neodymium YAG:Nd3+ (third harmonic 355 nm, 7 ns,
0 mJ) lasers [38]. The exciting and probing light beams entered
olution in the cuvettes 1–10 mm thick at a minor angle (∼2◦).
ome experiments were carried out using a similar setup for laser
ash photolysis [39] with the exciting and probing light beams of
erpendicular geometry. After a photomultiplier, the signal was
etected by a digital Tektronix 7912AD oscillograph connected to
omputer.

In laser flash photolysis, the spectra of intermediate absorp-
ion were recorded over millisecond and second ranges using an
cean Optics USB4000 spectrophotometer. The exciting (355 nm)
nd probing light beams fell on a quartz microcuvette 1–10 mm
hick and with a volume of 10–100 mm3 at an angle of ∼8◦ to
lluminate more than 90% of a solution.

A femtosecond laser photolysis (pump-probe spectroscopy)
etup, described in [40], was used to study the ultra-fast relaxation
rocesses of the excited states of the Ni(n-Bu2dtc)2 complex. The
amples were excited by 100 fs pulses at a wavelength of 405 nm
the second harmonic of a Ti:Sapphire generator with an ampli-
er, CDP Ltd., Moscow, Russia) with a pulse repetition frequency
f 10 Hz. One spectrum was recorded using about 200 repeating
ulses. A solution was put in a rotating cuvette 1 mm thick to reach
ore homogeneous radiation and to exclude sample heating. The

ime-resolved spectra were first recorded with a shift of 100 fs dur-
ng 3 ps and then with logarithmically increasing delays. Usually,
bout 60–70 spectra were recorded over the range of 20–40 ps.
he program of experimental data processing introduced correc-
ions for a group velocity dispersion and an instrument response
unction. The total time resolution ranged from 150 to 200 fs. All
emtosecond experiments were carried out at room temperature.

The stationary irradiation of solutions was performed either
ith the pulses of a neodymium laser (355 nm, the third harmonic),

n excimer XeCl laser (308 nm), a nitrogen laser (337 nm), a high-
ressure mercury lamp (DRSh-500, lines 290, 313, 365 nm) or using
set of light emitting diodes of monochromatic radiation at 275,
06, 375, and 400 nm. Depending on the LED type and experimen-
al conditions, the radiation power varied from 7 �W (for 275 nm)
o 1 mW (400 nm). The optical absorption spectra were recorded
sing an HP 8453 spectrophotometer (“Agilent: Hewlett Packard”)

n quartz cuvettes with a 0.01–1 cm optical path.
When determining the quantum yield, the laser pulse energy

as measured using a ferrioxalate actinometer and a Gentec-EO
ystem (Canada) (a SOLO-2 monitor and a pyroelectric measuring
E25SP-H-MB head). Intensities of the mercury lamp light and the

ight emitting diode radiation were measured with the same system
sing a measuring photodiode PH100-SiUV head.

Composition of the mixture of components in irradiated solu-
ions was analyzed by thin-layer chromatography using the “Silufol
0 F254” plates. Solutions were applied over the plates by means
f a capillary (d = 1 mm). An aluminum plate was divided into sev-
ral parallel paths, the first of which was covered with irradiated
olution and the rest with individual solutions of the compounds
ontained, probably, in the mixture studied. A CCl4–CH2Cl2 mixture
1:3) was used as an eluent. The Ni(n-Bu2dtc)2 complex was syn-

hesized, purified, and analyzed by conventional techniques [41].
olutions were prepared using spectrally pure solvents.

In numerical calculations of the kinetics of intermediate optical
bsorption disappearance, the differential equations were solved
Fig. 1. The change in the optical spectrum of the Ni(n-Bu2dtc)2 (4 × 10 M) complex
in CCl4 upon stationary photolysis in a 1 cm cuvette. 1–5 – 0, 10, 20, 30, 40, 200 pulses
of an XeCl excimer laser (308 nm), 6 – thiuram disulfide spectrum (4 × 10−5 M).

using a special program based on the forth-order Runge–Kutta
method. The program allows calculations and the fitting to exper-
imental kinetic curves at many wavelengths simultaneously. The
time characteristics of the short-lived excited primary states were
determined from intermediate absorption spectra by the program
of the global treatment of kinetic curves array.

3. Results and discussion

3.1. Stationary photolysis of Ni(n-Bu2dtc)2 solutions

A flat Ni(n-Bu2dtc)2 complex is characterized by lengths of
the Ni–S, S–C, and C–N bonds of 2.21, 1.73, and 1.33 Å and by a
S–Ni–S angle of about 79◦ (sulfur atoms belong to the same lig-
and) [42]. Beyond the plane, there are only the butyl group atoms.
The optical spectrum of this complex in CCl4 contains absorption
bands with maxima at 226, 250, 327, and 390 nm, with extinction
coefficients of 28,400, 30,700, 37,200, and 6200 M−1 cm−1, respec-
tively. Absorption bands at 390 and 327 nm are the bands of charge
transfer from ligand to metal (CTLM). Intraligand transitions can
contribute to the bands at 226 and 250 nm [43]. The weak bands in
the range of 435 and 476 nm refer to the d–d transitions [44].

The Ni(dtc)2 complex exhibits no photochemical activity in
acetonitrile, alcohol, and toluene solutions and starts to vanish
under irradiation only in the presence of chlorine-containing sol-
vents whose molecules are good electron acceptors. Fig. 1 shows a
change in optical spectrum upon stationary photolysis of Ni(dtc)2
in CCl4. Irradiating solution by excimer laser pulses (308 nm)
leads to the disappearance of the primary spectrum of the com-
plex and the formation of broad absorption bands with maxima
at 260 and 280 nm with isosbestic points preserved at 259 and
297 nm. The resulting novel absorption spectrum belongs to tetra-
n-butylthiuramdisulfide (n-Bu4tds = tds) (Fig. 1, spectrum 6) [45].
The similar changes in the optical spectrum are observed under
irradiation with a less powerful UV-radiation of either light emit-
ting diodes or mercury lamps. Since the radiation power for these
light sources is by ∼8 orders of magnitude lower, the same spec-
tral changes indicate the absence of two-quantum processes under
laser excitation.

At high Ni(dtc)2 concentrations (>10−4 M), photolysis leads to

the formation of a grey–green precipitate of the NiCl2 complex,
which is actually insoluble in CCl4. The thin-layer chromatography
(TLC) of the irradiated and non-irradiated Ni(dtc)2 and thiuram
disulfide solutions was performed to identify the final products
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Fig. 2. The dependence of the quantum yield of Ni(nBu2dtc)2 photolysis on CCl4
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oncentration in acetonitrile at irradiation wavelength of 306 nm. The solid line –
pproximation of a given dependence by a modified Perrin formula with radius
= 5.5 Å (see the text).

f photolysis. It verified the formation of the tds molecules and
nsoluble NiCl2 precipitate.

The absence of photochemical activity of the Ni(dtc)2 complex
n acetonitrile allows us to define the behavior of quantum yield

ith increasing CCl4 concentration (Fig. 2). At low CCl4 concen-
rations in acetonitrile, the quantum yield increases linearly with
assage to saturation at ∼10 M. As shown below, the lifetime of the
xcited states of the complex is about 10 ps. During this period, a
Cl4 molecule diffuses to the excited complex over a distance no
ore than 2.5 Å. Thus, the electron acceptor (a CCl4 molecule) must

e located in the first coordination sphere along the axial axes of
he flat complex. Under these conditions, the Perrin “black sphere”

odel can be used to process data on quantum yield. This model is
pplied for determining the energy transfer distance upon lumines-
ence quenching in polymeric films and frozen matrices in which

o diffusion is observed. For our case, we use a modified Perrin

ormula:

(C) = ϕ∞(1 − e−˝C ),

0

0

1

2

450 500 550

0

1

2

3

7

5

6

4

3

2

Δ
A

b
s
o
rb

a
n
c

e
∗1

0
2

Wave

1

a

Δ
A

b
s
o
rb

a
n
c
e

∗1
0

2 b

ig. 4. The spectra of intermediate absorption (a) and experimental kinetics (dots) at 46
3.07 × 10−3 M) solution in CCl4 in a 1 mm cuvette. Spectra 1–7 – 0, 0.3, 0.6, 1, 5, 10, 20, 4
wo-exponential model with times of 0.63 and 14.9 ps. (c) – the spectra of fast (1) and slow
n the framework of a two-exponential model.
on irradiation wavelength. Curves 2 and 3 – the spectra of the Ni(n-Bu2dtc)2 complex
and the free n-Bu2dtc− ligand in acetonitrile.

where C is the CCl4 concentration, ϕ∞ is the quantum yield at
infinitely high acceptor concentration, ˝ = 4/3(�R3N0) is the vol-
ume of the black sphere within which an electron is transferred, R
is the radius of the black sphere, and N0 is the Avogadro number.
The solid lines in Fig. 2 denote calculations from the modified Perrin
formula with R = 5.5 Å.

Thus, the photochemistry of the Ni(dtc)2 complex is determined
by fast electron transfer from the excited complex to the nearest
CCl4 molecule located at a distance of about 5.5 Å. The CCl4 radius is
about 3.57 Å (the C–Cl bond length is 1.77 Å, and the chlorine atom
radius is 1.8 Å [46]). In the radius of the black sphere, the share of
the complex is about 2 Å, i.e., the CCl4 molecule must be located
just above the flat complex.

It is worth noting that a similar dependence of quantum yield
on CHCl concentration in acetonitrile was revealed by photoly-
3
sis of the [Ni(S2C2(CN)2)2]2− complex [47]. The authors suggest
that electron transfer from the excited complex to the CHCl3 accep-
tor occurs in the collision complex and treat their results in terms
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F
c

ion change at 460 nm (b), recorded by nanosecond laser flash photolysis (308 nm)
i(n-Bu2dtc)2 (1.0 × 10−4 M) in CCl4 in a 1 cm cuvette. (a) Spectra 1–4 – 0, 3, 11,
3 �s after the laser pulse.

f the formula ˚/˚lim = KEC/(1 + KEC), where KE is an equilibrium
onstant of collision complex formation, and C is the CHCl3 con-
entration. The quantum yield for [Ni(S2C2(CN)2)2]2− decreases 20
imes with varying radiation wavelength from 313 to 365 nm. In
his case, however, KE remains unchanged. The quantum yield of
he photolysis of the Ni(dtc)2 complex in CCl4 also increases sub-
tantially with decreasing wavelength of exciting light (Fig. 3). In
he region of the d–d absorption bands (400–460 nm), it tends to
ero and starts to increase at � > 320 nm.

.2. Ultra-fast relaxation processes of the excited NiII(n-Bu2dtc)2
omplex

The Ni(dtc)2 complex in acetonitrile exhibits no photochem-
cal activity, probably, due to the fast relaxation processes. The

ime characteristics of these processes are determined by fem-
osecond laser photolysis. Exciting the Ni(dtc)2 complex by the
econd harmonic of a Ti:Sapphire laser (100 fs, 405 nm) leads to
he appearance of intermediate absorption which vanishes for sev-
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1–2 – 50 �s and 25 ms after the laser pulse, respectively.

eral tens of picoseconds. For Ni(dtc)2 in CCl4, the spectral and
kinetic characteristics are close to those obtained for acetonitrile.
Fig. 4a shows the intermediate spectra recorded at various times
after the pulse for Ni(dtc)2 in CCl4. The kinetic curve at 470 nm is
presented in Fig. 4b. The laser pulse is followed by a broad absorp-
tion band over the range 425–800 nm with a maximum at about
475 nm, which fully vanishes during 30–40 ps. A global treatment
of kinetic curves at all wavelengths gives satisfactory results in the
framework of a two-exponential model with characteristic times of
0.63 ± 0.08 and 14.9 ± 3.3 ps. For acetonitrile solutions, these times
are 0.75 ± 0.09 and 7.5 ± 1.6 ps. A broad band, belonging to the fast
exponent (Fig. 4c, spectrum 1), corresponds to absorption from
the excited complex state. It vanishes, probably, due to the vibra-
tional relaxation in the excited state (the Frank–Condon state), the
rearrangement of solvate environment, and the fast transition to
the “hot” ground state. The spectrum of the second exponent sub-

stantially narrows (Fig. 4c, spectrum 2), and vanishes due to the
vibrational cooling of the “hot” ground state.
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It is worth noting that the quantum yield of the Ni(dtc)2
isappearance under irradiation at 405 nm (femtosecond pulse
avelength) is small enough (Fig. 3). Therefore, upon excitation at

his wavelength, the process of electron transfer from the excited
omplex to the CCl4 molecule cannot compete with fast relax-
tion processes. The development of the primary photochemical
rocesses will be considered below upon nanosecond photolysis

nvolving irradiation of shorter wavelengths.

.3. Nanosecond laser flash photolysis of Ni(n-Bu2dtc)2 solutions

For the Ni(dtc)2 solution in CCl4 a nanosecond laser pulse
308 nm) is followed by intermediate absorption. The kinetics of its
hange covers a large time range from ∼10 ns (laser pulse duration)
o 100 s. Absorption, arising just after the pulse, contains bands
ith maxima at 500 and 370 nm (Fig. 5a, spectrum 1). An additional

tructure in the range 400–500 nm and the bleaching (a decrease
n optical density) at � < 350 nm are determined by the vanishing
bsorption of the initial complex. An increase in intensity and a
hange in absorption band shape at 500 and 370 nm with isos-
estic points preserved at 380 and 413 nm are recorded for about
0–30 �s (Fig. 5a). Thus, the primary particle is transformed for
bout 20 �s into the second intermediate (kinetics at 460 nm is
hown in Fig. 5b).

The primary intermediate spectrum transformation is acceler-
ted considerably by an increase in concentration of the initial
i(dtc)2 complex. Fig. 6a demonstrates a linear dependence of the
bserved constant (kobs) on the initial optical density at 460 nm
fter the laser pulse (�A0) at various concentrations C0 of the
i(dtc)2 complex (the dependence of kobs on C0 at �A0 → 0 is shown

n Fig. 6b). Thus, the primary particle vanishes in both the pseudo-
rst order reaction (rate constant k1), interacting with the initial
omplex, and the second-order reaction (k2). The observed rate
onstant for this case obeys the equation

obs = k1 × C0 + 2k2
�A0 ,

ε × l

here ε is the absorption coefficient of the initial intermediate
t a recording wavelength, and l is the thickness of the cuvette.
he slope of the straight line in Fig. 6b allows us to determine
Fig. 8. (a) 1–4 – correspond to concentrations of 7.18, 12.8, 20.5, 28.7 × 10 M. (b)

a bimolecular rate constant of the reaction between the primary
intermediate and the initial complex, k1 = 1.05 × 109 M−1 s−1, and
the slopes of the straight lines in Fig. 6a can be used to determine
2k2/ε = 5.3 × 105 cm × s−1.

The secondary intermediate, formed during 20–30 �s, is the
long-lived one and its absorption starts to vary only in the mil-
lisecond time domain. Fig. 7a shows both the spectrum, formed
within 50 �s after the laser pulse (belonging to the secondary par-
ticle) and its change within 25 ms (kinetic curve is shown in Fig. 7b).
Thus, within 25 ms after the laser pulse, the second intermediate
transforms into the third intermediate whose spectrum conserves
absorption bands with maxima at 370 and 500 nm.

To define the nature of the process from which the third parti-
cle arises, we have measured the dependence of the observed rate
constant (kobs) on the initial signal amplitude at 460 nm (the opti-
cal density �A0 of the second intermediate at 50 �s) for various
concentrations of the initial complex (Fig. 8a). The observed rate
constant (kobs) is independent of �A0 and increases linearly with
increasing concentration of the initial Ni(dtc)2 complex (Fig. 8b).
Thus, in the reaction with the initial complex, the second interme-
diate transforms into the third one. The slope of the straight line
in Fig. 8b corresponds to the value of the bimolecular rate constant
k3 = (5.3 ± 0.2) × 106 M−1 s−1.

The disappearance of the third intermediate is a concluding
process of a given system. Fig. 9a demonstrates a change in interme-
diate absorption over the time range 25 ms to 200 s. Within about
100 s, the process is completed with the formation of final products.
The kinetics of the change in optical density at 330 nm is shown
in Fig. 9b. In this case, the reaction is determined by the second-
order kinetic law which is verified by the linear dependence of the
observed rate constant on the initial signal amplitude. Thus, the
third intermediate vanishes in the second-order reaction with the
observed rate constant

kobs = 2k4
�A0

ε × l
,

where k4 is the constant of a bimolecular reaction, and ε is the
coefficient of the third intermediate extinction at the wavelength
recorded. Treating the linear dependences of kobs on �A0 at various
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avelengths, we obtain

2k4

ε
= 1.1 ± 0.2(330 nm); 3.4 ± 0.3(370 nm);

.4 ± 0.5(520 nm) cm × s−1

The works on the photochemistry of the dithiocarbamate com-
lexes of transition metals, performed by stationary methods,
uggest that the primary process gives rise to a free dithiocar-
amate radical dtc• [36,37]. In acetonitrile, this radical exhibits
bsorption band with a maximum at 590 nm [48]. The flash pho-
olysis of the thiuram disulfide solution in CCl4 indicates that a free
tc• radical also displays a band in this solvent and at the same
90 nm with an extinction coefficient of 3100 M−1 cm−1. Thus, the
road band with a maximum at 500 nm, typical of all three inter-
ediates, belongs, probably, not to the free dtc• radical, but to that

oordinated by a sulfur atom with a nickel ion.

.4. The nature of processes occurring upon photolysis of the
i(n-Bu2dtc)2 complex in CCl4

The optical spectrum of the Ni(dtc)2 complex is almost inde-
endent of solvent nature, and the quantum light absorption in the
V range (308 nm) corresponds to either the excitation in the state
here a charge is transferred from ligand to nickel atom (CTLM) or

he ligand excitation (LL*)

iII(dtc)2

h�
�NiI(dtc)(dtc•) (CTLM) (1)

iII(dtc)2

h�
�NiII(dtc)(dtc∗) (LL∗) (2)

Fig. 3 demonstrates the spectra of both the complex and the free
igands. The LL* excitation is observed to contribute to the com-
lex at � < 350 nm. The data on the quantum yield presented in this
ig. 3, indicate that it starts to increase substantially from this wave-
ength to the short-wave spectrum region. Since upon nanosecond

easurements the quantum yield at 308 nm is less than unity, the
xcited CTLM state relaxes to the ground one with inverse charge
ransfer to the ligand during ∼10–15 ps (Fig. 4). However, if the Ni–S

ond is broken, a fast inverse electron transfer becomes impossible,
nd an intermediate particle arises (the radical NiI(dtc)(dtc•) com-
lex) in which the dtc• radical is coordinated via one sulfur atom
ith the Ni(I) ion. Since a photochemical activity is manifested only
of thiuram disulfide, (3) reaction between the dimer and the initial complex giving
rise to the trimer; (4) the final reaction of two trimer molecules resulting in the
formation of final products.

in the presence of the CCl4 molecules, that are the effective electron
acceptors, the next transformation stage is the electron transfer and
the formation of a successive intermediate

NiI(dtc)(dtc•) . . . CCl4 → [NiII(dtc)(dtc•)]
+

. . . CCl
•−
4 (3)

Upon LL* excitation, the electron transfer to CCl4 can occur just
from the excited ligand
NiII(dtc)(dtc∗) . . . CCl4 → [NiII(dtc)(dtc•)]
+

. . . CCl
•−
4 (4)

In both of the cases, the [NiII(dtc)(dtc•)]+ complex is formed and
it is rather difficult to distinguish between these two cases. How-
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Table 1
Absorption coefficients (M−1 cm−1) of intermediates participating in photochemical transformations of the Ni(n-Bu2dtc)2 complex in CCl4.

Intermediate Wavelength/nm

370 460 520

Ni(n-Bu2dtc)2 3900 140 56
ClNi(dtc)(dtc•) 15700 ± 1500 8600 ± 500 6800 ± 700
Cl(dtc)(dtc•)Ni(dtc)Ni(dtc)2 (dimer D) 21800 ± 2000 8300 ± 800 8000 ± 800
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Cl(dtc)(dtc•)Ni(dtc)[Ni(dtc)2]2 (trimer T) 17000 ± 150

ver, a substantial increase in quantum yield in the short-wave
egion, in which an increase in the LL* absorption contribution is
xpected, can testify to the predominance of process (4).

As follows from radiation chemistry [49], the CCl4•− anion radi-
al dissociates rapidly into a Cl− ion and a neutral CCl3• radical. The
ppositely charged Cl− ion and the [NiII(dtc)(dtc•)]+ complex are in
he cage of the nonpolar solvent and can form the third generation
f the [ClNiII(dtc)(dtc•)] intermediates

Cl
•−
4 → Cl− + CCl3• (5)

NiII(dtc)(dtc•)]
+ + Cl− → [ClNiII(dtc)(dtc•)] (6)

The chloride ion of the [ClNiII(dtc)(dtc•)] complex is at the axial
osition (so as a parent CCl4 molecule). Reactions (3)–(6) are the
ast processes and are likely to proceed within the subpico- and
icosecond time domains.

Thus, by the time of registration with a nanosecond time resolu-
ion, a solution contains the [ClNiII(dtc)(dtc•)] complex. In this case,
he absorption band with a maximum at 500 nm (Fig. 5) belongs,

ost probably, to the dtc• radical, coordinated via one sulfur atom
ith the nickel ion (for a free radical, the absorption band has a
aximum at 590 nm). The fast processes of ClNiII(dtc)(dtc•) for-
ation cannot be recorded due to the low quantum yield (∼0.006)

t 405 nm upon femtosecond flash photolysis.
Upon registration with nanosecond time resolution, the pri-

ary ClNiII(dtc)(dtc•) complex vanishes in the pseudo-first order
eaction as the observed rate constant increases with increasing
i(dtc)2 concentration. For kobs, the linear dependence of trunca-

ion on the ordinate on the concentration of the initial Ni(dtc)2
omplex (Fig. 6a) corresponds to the bimolecular rate constant
1 = (1.05 ± 0.05) × 109 M−1 s−1 (less by order of magnitude than
he diffusion limit). The various mechanisms can be suggested
or the reaction between [ClNiII(dtc)(dtc•)] and the initial com-
lex. The reaction of the dtc• radical transfer to the coordination
i(dtc)2 sphere can be neglected, because the flash photolysis of the
i(dtc)2–thiuram disulfide system in CCl4 indicates that the dtc•

adical vanishes (recombines) despite the presence of the Ni(dtc)2
omplex. The electron transfer from the ligand of the initial com-
lex to the radical of the intermediate complex

ClNiII(dtc)(dtc•)] + NiII(dtc)2 → [ClNiII(dtc)2] + [NiII(dtc)(dtc•)]
(7)

s the degenerate reaction without actual change in the nature of
he intermediate. More feasible is the process of dimer (D) forma-

able 2
ate constants of the formation and disappearance of intermediates upon flash photolysi

Reaction

ClNi(dtc)(dtc•) + Ni(dtc)2 → Cl(dtc)(dtc•)Ni(dtc)Ni(dtc)2 (D)
ClNi(dtc)(dtc•) + ClNi(dtc)(dtc•) → tds + 2 ClNi(dtc)
D + Ni(dtc)2 → Cl(dtc)(dtc•)Ni(dtc)[Ni(dtc)2]2 (T)
T + T → tds + 2ClNi(dtc) + 4Ni(dtc)2
5300 ± 500 7000 ± 700

tion

ClNiII(dtc)(dtc•) + NiII(dtc)2 → Cl(dtc•)NiII(dtc)[NiII(dtc)2]

(dimer D) (8)

The band at 500 nm belongs to the coordinated dtc• radi-
cal. Therefore, its position changes but little during reaction (8),
because the radical remains in the coordinated state. The slope of
the linear dependence of kobs on signal amplitude (Fig. 6a) is deter-
mined by the second-order reaction between two ClNiII(dtc)(dtc•)
complexes. Since the photochemical transformations result in thiu-
ram disulfide with an 1:1 yield with respect to the initial complex,
this reaction is assumed to involve recombination of the coordi-
nated dtc• radicals

ClNiII(dtc)(dtc•) + ClNiII(dtc)(dtc•) → tds + 2ClNiII(dtc) (9)

Thus, the primary particle of the nanosecond flash photolysis,
i.e., the radical ClNiII(dtc)(dtc•) complex, vanishes for 20–30 �s in
two competing reactions (8) and (9) that form either dimer D or the
final product, thiuram disulfide. When the concentrations of the ini-
tial Ni(dtc)2 complex exceed 10−4 M and the laser pulse intensities
are low (low ClNiII(dtc)(dtc•) concentrations), the formation of the
dimer is predominant.

The formation of dimers is typical of the chemistry
of dithiocarbamate and dithiolate complexes of biva-
lent nickel and other transition metals. Thus, e.g., the
formation of the dimers (dtc)Ni(S2C2(CF3)2)2Ni(dtc) and
(xan)Ni(S2C2(CF3)2)2Ni(xan) is shown in [50], where xan is
the xanthogene ligand–S2COEt. The reaction between Ni(acac)2
and pyridine-2,6-dimethanethiol (H2pdmt) in toluene results
in the [Ni(pdmt)]2 dimer [51]. The following dimer complexes
were synthesized, {[(diphosphine)Ni]2(dithiolate)}(X)2 (X = BF4
or PF6) [52], [Ni(pdmt)]2 and [Ni(pdtc)]2 (pdmt = pyridine-2,6-
dimethanethiolate and pdtc = pyridine-2,6-dithiocarboxylate)
[53]. The formation of either metal–metal or metal–sulfur bonded
dimers depends on the balance of many factors. Much is deter-
mined by electron repulsion on the nonbinding orbitals of sulfur
atoms, the size and population of ion d-orbitals, and the steric
repulsion of substituents in either dithiolene or dithiolate ligands
[54]. It is worth noting that the formation of dimers is typical of
not only the dithiocarbamate complexes of bivalent nickel but also

of the complexes with these ligands and other metals, e.g., Ru(III)
[33] and Cu(II) [55]. Thus, the assumption of dimer formation
does not violate the boundaries of the well-known chemistry of
dithiocarbamate and dithiolate complexes of transition metals.

s of the Ni(nBu2dtc)2 complex in CCl4.

Rate constant (M−1 s−1)

k1 = (1.05 ± 0.05) × 109

2k2 = (4.6 ± 0.2) × 109

k3 = (5.3 ± 0.2) × 106

2k4 = (5.5 ± 0.5) × 104
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The absorption of dimer D starts to vary within the millisec-
nd time domain (Fig. 7). In this case, the observed rate constant is
lso dependent on the concentration of the initial complex (Fig. 8),
hich is indicative of trimer formation

+ NiII(dtc)2 → Cl(dtc•)NiII(dtc)[NiII(dtc)2]2 (trimer T) (10)

Note that the formation of both trimers [53,56] and the com-
lexes with a great number of nickel ions [56] is well known from
he chemistry of the complexes of bivalent nickel with sulfur-
ontaining ligands.

For trimer T, the absorption band at 500 nm is conserved (Fig. 7),
ecause the dtc• radical remains coordinated with the bivalent
ickel ion. The trimer is the third (last) intermediate which van-

shes during several tens of seconds in the second-order reaction.
ig. 9 shows the disappearing of the trimer spectrum and kinet-
cs over the range up to 200 s. The solid lines in the kinetic curves
Fig. 9b) were calculated in the framework of the second-order reac-
ion and are in fair agreement with the experimental ones. Since the
nal product is represented by a thiuram disulfide molecule, it is
ssumed that the dithiocarbamate radicals of two trimers recom-
ine via free sulfur atoms to form the tds molecules. As there is no
ew absorption, the Ni–S bonds of coordinated thiuram disulfide
issociate to form final products

+ T → tds + 2ClNiII(dtc) + 4NiII(dtc)2 (11)

As mentioned above, at relatively high initial concentrations of
he initial Ni(dtc)2 complex, the photolysis gives rise to the NiCl2
recipitate

ClNiII(dtc) → NiII(dtc)2 + NiIICl2 ↓ (12)

The proposed scheme of a successive formation of the radical
lNiII(dtc)(dtc•) complex, dimer D and trimer T can be used to
alculate kinetic curves within various time domains and to com-
are them with the experimental kinetics. A global fitting with
he same rate constants at all wavelengths allowed us to deter-

ine the extinction coefficients and the spectra of intermediates.
able 1 summarizes the values of extinction coefficients for the
i(dtc)2 complex and all intermediates. Calculating the extinction
oefficients of the radical complex and trimer absorption, we deter-
ine the rate constants of the second-order reaction in which these

articles vanish. Table 2 presents the reaction rate constants that
etermine the transformations of intermediates and are used to
alculate kinetic curves. Fig. 10 plots a succession of the transfor-
ations of intermediates upon photochemical transformation of

he Ni(dtc)2 complex in CCl4.

. Conclusions

The nature, the spectral and kinetic parameters of intermedi-
tes, resulting from quantum light absorption by the Ni(n-Bu2dtc)2
omplex in CCl4 solution have been studied using the femto-and
anosecond flash photolysis within the ultra-wide time domain
100 fs to 100 s). The femtosecond excitation at 405 nm is shown
o cause fast relaxation to the ground state during about 15 ps.

ith the use of a nanosecond pulse at 308 nm, an electron
s transferred from the excited complex to the CCl4 molecule

hich gives the first intermediate (the radical ClNiII(dtc)(dtc•)
omplex) where the dithiocarbamate radical is coordinated by
ne sulfur atom with the Ni(II) ion. The quantum yield starts
o increase substantially at wavelength shorter than 350 nm.
he radical complex in the reaction with the initial complex

orms first the Cl(dtc•)NiII(dtc)[NiII(dtc)2] dimer and then the
l(dtc•)NiII(dtc)[NiII(dtc)2]2 trimer. The recombination of two
rimer molecules leads to the formation of the final products: the

olecules of thiuram disulfide and the ClNiII(dtc) complex. Thus,
[
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the mechanism of the photochemical transformation of the Ni(n-
Bu2dtc)2 complex appeared to be much more tedious than is shown
in the works on the stationary photolysis of dithiocarbamate com-
plexes of transition metals.
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