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Photochromic systems attract considerable atten�
tion due to their potential use in various engineering
applications [1, 2]. Thus, discovery and investigation
of new photochromic systems is not only of theoretical
but also significant practical interest. Recently, we
proposed novel photochromic systems that operate on
the principle of reversible coordination of sulfur�cen�
tered radicals (S�radicals) to planar dithiolate com�
plexes of divalent nickel [3–7]. The ability of planar
Ni(II) complexes to reversibly coordinated extra
ligands of the pyridine type [8–10] forms the basis for
the designing of such systems. In order to convert
N(II) complexes into photochromic systems, it is nec�
essary that extra ligands be produced by the action of
light. Disulfides are good objects for this purpose,
since they dissociate to S�radicals under UV irradia�
tion [11–13].

It was shown [3–7] that S�radicals coordinate to
planar Ni(II) dithiolate complexes with a high rate
constant. The coordination is reversible, resulting in
recombination of S�radicals to the parent disulfide
and, thus, imparting photochromic properties to such
systems. The lifetime of radical complexes depends on
the nature of both the radical and the Ni(II) complex
and varies from microseconds to milliseconds.
Repeated coordination can increase the effective life�
time of the radical complexes to periods on the order
of seconds.

In this study, we examined the nature, spectros�
copy, and reaction kinetics of transient species in a
novel photochromic system containing perfluoro�

2.2'�dinaphthyl disulfide (SNF)2 and the planar
nickel(II) dimercaptoquinolate complex (Ni(SR)2).

EXPERIMENTAL

Experiments were performed on a laser flash pho�
tolysis facility with a XeCl excimer laser (308 nm,
15 ns, 10 mJ) or a YAG : Nd laser (355 nm, 7 ns,
10 mJ) [14]. Millisecond�scale processes were studied
in a microcell (l = 2–10 mm, S = 2 × 5 mm2) in which
the volume of a solution is fully illuminated with a
laser pulse. Thus arrangement precludes distortion of
the transformation kinetics of transient species by
convective flow in the cell.

Optical absorption spectra were recorded with an
HP 8453 spectrophotometer. Spectrally pure solvents
available from Merck were used to prepare solutions.
The differential equations used in numerical calcula�
tion of the kinetics of transient optical absorption were
solved with the software program developed for this
purpose on the basis of the fourth�order Runge–Kutta
method.

RESULTS AND DISCUSSION

The Ni–S and Ni–N distances in the planar
Ni(SR)2 complex are 2.40 and 2.06 Å, respectively
[15]. The optical absorption spectrum of Ni(SR)2
in benzene exhibits charge�transfer bands with maxi�
mums at 555. 396, 336, and 308 nm and
absorption coefficients of 5900, 7240, 12270, and
11970 L mol–1cm–1, respectively [16]. Perfluoro�2.2'�
dinaphthyl disulfide is characterized by an absorption
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band peaked at 350 nm (ε = 10 500 L mol–1 cm–1).
Continuous photolysis of a disulfide solution does not
alter its optical spectrum. Nor Ni(SR)2 in benzene dis�
plays a photochemical activity.

The continuous photolysis of a Ni(SR)2 and
(SNF)2 solution in benzene leads to disappearance of
the absorption band of the complex at 555 nm and to
the formation of a new spectrum (Fig. 1a). The isos�
bestic points at 406, 500, and 602 nm are retained dur�
ing the course of photolysis. After cessation of irradia�
tion, the optical spectrum returns to the initial pattern
with the same isosbestic points (Fig. 1b). Thus, the
solution of the complex Ni(SR)2 and the disulfide
(SNF)2 is a photochromic system.

Absorbing UV photons, disulfides dissociate to give
two sulfur�centered radicals [11–13]. Flash photolysis
of (SNF)2 in benzene enabled us to record the absorp�
tion spectrum of the •SNF radical, which turned out
to agree well with the spectrum of this radical in aceto�
nitrile [12]. The decay of the absorption follows the
second�order rate law and corresponds to recombina�
tion of •SNF into the parent disulfide:

•SNF + •SNF → (SNF)2(2k1). (1)

The observed radical decay rate constant kobs is lin�
early related to the initial absorbance of the radical
(ΔD0) after a laser pulse ( ), where
2k1/εR = (6.94 ± 0.13) × 105 cm s–1. To determine the
absorption coefficient εR, we used the reaction of the
S�radical with a stable nitroxyl radical [12]. The values
of εR (395 nm) and 2k1 for the •SNF radical are given
in the table.

During the flash photolysis of (SNF)2 in the pres�
ence of Ni(SR)2, absorption due to the S�radical
appears after a laser pulse; this absorption within a few
microsecond transforms with isosbestic points at 361,
407, 500, and 682 nm into a new spectrum (Fig. 2a)
belonging to the radical complex (•SNF)Ni(SR)2:

•SNF + Ni(SR)2 → (•SNF)Ni(SR)2(k2). (2)

The kinetics of reaction (2) is shown in the inset (Fig.
2b). Clearing induced at 555 nm is associated with the
disappearance of absorption due to the initial complex
Ni(SR)2.

1 02obs Rk k D l= Δ ε

The time dependences for the concentrations of
the S�radical R(t) and the radical complex A(t) in the
case of radical recombination are defined as follows:

(3)

where C0 and R0 are the initial concentrations of the
complex Ni(SR)2 and the S�radical, respectively. A
change in absorbance (optical density) in flash photol�
ysis experiments is defined by the expression:

(4)

where εR, εA, and εC are the absorption coefficients of
the S�radical, the radical complex, and the initial
complex, respectively. The absorbance ratio at the
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Fig. 1. (a) Change in optical absorption spectrum of a ben�
zene solution of the disulfide (SNF)2 (4 × 10–5 mol–1) and
the complex Ni(SR)2 (1.1 × 10–5 mol L–1) during steady�
state photolysis and the reverse dark reaction at 298 K with
(1–6) 0, 50, 150, 500, 1000, and 1500 laser pulses (308 nm,
10 Hz), respectively, and (7) calculated spectrum of the
photolysis product. (b) Kinetics of change in absorption at
(1) 460 and (2) 555 nm during the reverse dark reaction
(exponential curves with a time constant of 3000 s).

Spectral and kinetic parameters of transient species induced by flash photolysis of a benzene solution of the disulfide
(SNF)2 and the Ni(SR)2 complex

Species λ, nm
ε × 10–3 2k1 × 10–9 k2 × 10–9 k3 × 10–9 2k4 × 10–7 

k5 × 103, s–1

L mol–1cm–1 L mol–1s–1

•SNF 395 4.3 ± 0.1 2.7 ± 0.2 5.0 ± 0.2 1.8 ± 0.2

(•SNF)Ni(SR)2 430 18.7 ± 1.0 3.5 ± 0.2

[(SNF)Ni(SR)2]2 430 8.52 3.3 ± 0.2
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maximum of the (•SNF)Ni(SR)2 absorption band
(ΔD

∞
 at 430 nm) at times when the formation of this

complex is completed (50 μs) and at the maximum of
the S�radical absorption band (ΔD0 at 390 nm) after a
laser pulse is as follows:

(5)

When the intensity of the laser pulse decreases, this
ratio becomes  ± 0.20 and

 18700 ± 1000 L mol–1 cm–1. This
value of εA made it possible to calculate the rate con�
stant k2 for the coordination of the •SNF radical to the
complex Ni(SR)2 (table).

Numerical solution of the differential equations
with the known values of εC, εR, εA, 2k1, and k2 allows
us to calculate the buildup kinetics of the radical com�
plex (•SNF)Ni(SR)2. At low initial concentrations of
radicals R0, the calculated rate curves fit well with the
experimental curves. However, when the laser pulse
intensity (and, hence, R0) is significantly higher, the
calculated rate curves describe well only the initial, fast
kinetic regions and substantially deviate from the
experimental curves in the onset flattening region
(completion of the formation of the radical complex).
Curves 1'–4' in Fig. 3 refer to calculation by Eq. (4),
which predicts considerably higher values of absor�
bance compared with the experimental data
(curves 1–4).
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Thus, at high laser pulse intensities, the relative
concentration of the radical complex decreases owing
to a reaction with one of the species present in the
solution. This reaction is not supposed to lead to the
appearance of a new transient species, since the spec�
tra formed by the 50th μs does not depend of the laser
pulse intensity. The only reaction that meets these
conditions is the reaction of the •SNF radical with the
radical complex (•SNF)Ni(SR)2:

•SNF+(•SNF)Ni(SR)2 → (SNF)2+Ni(SR)2(k3).(6)

Note that a similar reaction was detected for the
dithiophosphinate disulfide–Ni(II) dithiophosphi�
nate complex [6] and 8,8’diquinolinyl disulfide–
di(mercaptoquinolinato)Ni(II) systems [7]. The
introduction of reaction (6) leads to the complete fit�
ting of the calculated with the experimental rate curves
at any initial concentration of the S�radical (Fig. 3,
curves 1–4). The rate constant k3 calculated in terms
of this approach is given in the table.

The absorption due to the radical complex
(•SNF)Ni(SR)2 begins to disappear on the millisec�
ond time scale (Fig. 4). Remaining by the time of
100–200 ms is the absorption whose spectrum corre�
sponds to the difference of the spectra recorded in the
case of continuous photolysis. In Fig. 4a, this differ�
ence (difference of the spectra before and after irradi�
ation, Fig.2a) is depicted by the solid line
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Fig. 2. (a) Transient spectra arising during laser flash pho�
tolysis (308 nm) of a benzene solution of (SNF)2 (6.25 ×
10–4 mol L–1) and Ni(SR)2 (1.28 × 10–4 mol L–1) at T =
298 K: (1–6) spectra at 0, 0.1, 0.3, 0.7, 1.3, and 5 ms,
respectively. (b) Kinetics of change in absorption at (1) 430
and (2) 560 nm.
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Fig. 3. Kinetics of appearance of absorption due to
the complex (•SNF)Ni(SR)2 at 430 nm with different ini�
tial concentrations of the •SNF radical. A benzene solu�
tion of (SNF)2 (6.25 × 10–4 mol L–1) and Ni(SR)2 (1.28 ×
10–4 mol L–1) at T = 298 K. Curves 1–4 refer to the exper�
imental kinetic data, and dashed curves 1', 2', 3', and 4'
represent the results of calculation of the kinetics by
Eq. (5) with initial •SNF radical concentrations of R0 ×
105 = 13.1, 3.04, 0.97, and 0.30 mol L–1, respectively.
Smooth curves 1–4 represent the results of calculation of
the kinetics by solving differential equations with allow�
ance for reaction (7) and the same values of R0.
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(spectrum 2). The kinetics of change in absorbance
(430 nm, Fig. 4b) follows the second�order rate law,
which can be explained by the dimerization reaction
of the radical complex:

(7)

The solid curve in Fig. 4b refers to calculation in terms
of the second�order rate law. The observed rate con�
stant kobs in this case will be defined by the expression

 ×  where ΔD is

the initial amplitude of absorption at 430 nm due to
the radical complex, l is the optical path length of the
cell, and εD is the absorption coefficient of the dimer
[(SNF)Ni(SR)2]2. Figure 4c shows a linear relation
between kobs and ΔD, which confirms that the radical
complex disappears in a second�order reaction. The
isosbestic points of the spectrum in the case of contin�
uous photolysis (Fig. 1a) makes it possible to deter�
mine the value of εD (430 nm) = 8520 L mol–1 cm–1,
and the dimerization rate constant of the radical con�
stant can be calculated from the slope in Fig. 4 as 2k4 =
(3.5 ± 0.2) × 107 L mol–1 s–1.

The dimer[(SNF)Ni(SR)2]2 is a long�lived species;
its decay kinetics along with the absorption buildup
kinetics of the parent complex are shown in Fig. 1b.
The curves are described well by the first�order rate
law with the same rate constant. Thus, the return of
the system to the initial state is determined by the uni�
molecular dissociation of the dimer

[(SNF)Ni(SR)2]2 → (SNF)2 + 2 Ni(SR)2 (k5) (8)

to the disulfide and the reactant complexes with a rate
constant of k5 = (3.3 ± 0.3) × 10–3 s–1.

Planar Ni(II) complexes can add nitrogen�con�
taining extra ligands to form an Ni–N bond with an
energy of 30–40 kJ/mol [8–10]. In photochromic sys�
tems composed of planar Ni(II) complexes and disul�
fides [3–7], the extra ligands are S�radicals. The N–S
bond energy for the dithiocarbamate radical is
~30 kJ/mol [3], which is close to the bonding energy
of nitrogen�containing extra ligands. In the complex
of the dithiophosphinate radical with the Ni(II)
dithiophosphinate complex, the bond energy is about
15 kJ/mol [8].

In the case of (•SNF)Ni(SR)2, which disappears via
the dimerization reaction, the rate constant of unimo�
lecular dissociation is low (k < 10 с–1 as estimated from
the intercept in Fig. 4c). Using the expression for the
unimolecular dissociation rate constant

( ), we can estimate
the activation energy of this reaction at Eact ≥ 65
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kJ/mol. Since the formation of the radical complex
proceeds with the rate constant close to the diffusion�
controlled limit (table), the activation energy of diffu�
sion Ediff ≈ 10 kJ/mol can be taken as that of the com�
plexation. In this case, the value of

 55 kJ/mol can be an estimate
of the Ni–•SNF bond energy [4–7]. The �S–S� bond
energy in disulfides is considerably greater
(~230 kJ/mol [25]); therefore, the attack by the sec�
ond •SNF radical involves switching from the Ni–S to
the S–S bond (reaction (6)).

Radical complexes of many S�radicals with the
Ni(II) ion decay through the dissociation reaction [3–
7]; however, this system is characterized by the pres�
ence of another, faster degradation pathway, the for�
mation of the dimer [(SNF)Ni(SR)2]2 in which the
disulfide ties up two Ni(SR)2 molecules. Figure 5
shows the full scheme of reactions to correspond to
kinetic transformations in this photochromic system.

8�Mercaptoquinolinate complexes of metal ions
with the occupied d shell (Zn2+, Cd2+) exhibit an
absorption band at 420 nm, which corresponds to
intraligand transitions [18]. Coordination to transition
metal ions (Ni2+, Cu2+) complicates the spectrum,
resulting in the appearance of intense charge�transfer
bands in the spectral region at longer wavelengths [19,
20]. In the case of planar nickel complexes, the 4pz
orbital of the ion and four π orbitals of the ligands form
a π bonding molecular orbital, which takes part in
many transitions [21]. When a nitrogen�containing
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Fig. 4. (a) Change in the spectrum of the complex
(•SNF)Ni(SR)2 during flash photolysis of a solution
of (SNF)2 (1.24 × 10–4 mol L–1) and Ni(SR)2 (1.78 ×
10⎯5 mol L–1) in a cell with an optical path length of 1 cm:
(1) the initial spectrum of the radical complex and (2) the
spectrum of the dimer[(SNF)Ni(SR)2]2 after 100 ms.
(b) Decay kinetics of (•SNF)Ni(SR)2 absorption at
430 nm. (c) Dependence of kobs for the decay of the radical
complex upon the amplitude of its initial absorption ΔD at
430 nm.
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extra ligand is coordinated axially, the 4pz orbital stops
interacting with the π orbitals of the equatorial ligands
and the charge�transfer bands disappear [16]. In the
case of coordination of the •SNF radical, the long�
wavelength band of the parent complexes also disap�
pears (Fig. 2a). This finding suggests that the S�radical
is axially coordinated as well.

Thus, the nature of photochromic processes has
been determined for the system composed of perfluo�
rodinaphthyl disulfide and the planar di(mercapto�

quinolinato)nickel(II) complex. It has been shown
that after the photodissociation of the disulfide, the
nascent S�radicals coordinate to the Ni(SR)2 complex
at a high rate to yield radical complexes
(•SNF)Ni(SR)2, which disappear on the millisecond
timescale in the dimerization reaction. The dimer
[(SNF)Ni(SR)2]2 in which two nickel ions are tied up
by the disulfide molecule, degrades into the free disul�
fide and the two parent complexes over a few tens of

F
FF

S
F F

FF

F
FF

S
F F

FF

N
S

N+2
N
S

F
F

F
S

F F

FF

N
S

N+2
N
S

N
S N+2

N
S

S
F

F
F F F

FF F
FF

S F F

FF

N
S N+2

N
S

N
S N+2

N
S

S
F

F
F

F F

FF F
FF

S
F F

FF

N
S N+2

N
S

N
S

N+2
N
S

S
F

F
F

F F

FF F
FF

S
F F

FF

N
S N+2

N
S

5 × 102mol⎯1 s–1

1.8 × 109mol⎯1 s–1

3.3 × 102 mol⎯1 s–1

3.2 × 10–3 mol⎯1 s–1

•
•

F
S

F
F

F F

FF

•

•

N
S N+2

N
S

N
S

N+2
N
S

S
F

F
F

F F

FF

F
FF

S
F F

FF

N
S N+2

N
S

•

•

(1)

(2)

(3)

(4)

F
S

F
F

F F

FF
F
FF

S F F

FF

N
S N+2

N
S

Fig. 5. Scheme of photochemical transformations of the disulfide (SNF)2 and the Ni(SR)2 complex in benzene: (1) the coordi�
nation reaction of the •SNF radical with the Ni(SR)2 complex; (2) the reaction of the •SNF radical with the radical complex
(•SNF)Ni(SR)2; (3) the reaction of two radical complexes yielding the dimer [(SNF)Ni(SR)2]2; and (4) the final reaction of
photochromic transformations, the dissociation of the dimer to give the disulfide and two parent complexes.



HIGH ENERGY CHEMISTRY  Vol. 46  No. 3  2012

PHOTOCHROMIC PROCESSES IN SOLUTIONS 199

minutes, completing the photochromic transforma�
tion cycle.
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