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The nature of intermediate species and their reactions were studied by laser pulse photolysis
for a photochromic system consisting of 8,8´�diquinolyl disulfide (RSSR) and a planar NiII

complex di(mercaptoquinolinato)nickel(II) (Ni(SR)2) in toluene and benzene solutions. Un�
der exposure to laser radiation, disulfide RSSR dissociates to two RS• radicals, whose spectrum
has an intense absorption band with a maximum at λ = 400 nm (ε = 8400 L mol–1 cm–1). The
radicals disappear by recombination (2krec = 4.6•109 L mol–1 s–1). In the presence of the
Ni(SR)2 complex, coordination of the radical (kcoord = 4.4•109 L mol–1 s–1) competes with
recombination to form a radical complex RS•Ni(SR)2 having an intense absorption band with
a maximum at 460 nm (ε = 16 600 L mol–1 cm–1). This species decays in the second�order
reaction (2k = 4.6•104 L mol–1 s–1). Since the photochromic system returns to the initial state,
the reaction of two radical complexes is assumed to produce radical recombination and reduc�
tion of the disulfide and Ni(SR)2 complex. Analysis of the kinetic data showed that some RS•

radicals decay in the microsecond time interval due to the reaction with the RS•Ni(SR)2
radical complex (k = 3.1•109 L mol–1 s–1).

Key words: photochemistry, nickel(II) complexes, sulfur�containing radicals, laser pulse
photolysis, optical spectra.

Photodissociation of disulfides affords sulfur�contain�
ing radicals (S radicals), which recombine rapidly (rate
constant is close to the diffusion limit).1—4 In the pres�
ence of planar NiII dithiolate complexes, some S radicals
reversibly coordinate to the metal atom.5—7 Reversibility
of coordination provides good photochromic properties
of these systems, which sustain many transformation cycles
without degradation. The S radicals resemble some het�
erocyclic extraligands, for example, pyridine, by the abil�
ity to reversible coordination with nickel ions.8—14

For instance, dithiocarbamate (dtc• = •S2CNAlk2)
and perfluorothionaphthyl (•SNF = •SC10F7) radi�
cals generated by the photodissociation of disulfides
(S2CNAlk2)2 and (SC10F7)2,15,16 respectively, react rap�
idly and reversibly with the planar dithiocarbamate,
xanthogenate, and dithiophosphate complexes of biva�
lent nickel (Ni(dtc)2, Ni(xan)2, and Ni(dtp)2, respec�
tively) to form the intermediate radical complexes
(dtc•)Ni(dtc)2,5,15 (•SNF)Ni(dtc)2, (•SNF)Ni(xan)2,
and (•SNF)Ni(dtp)2.6 These complexes dissociate with

radical escape from the coordination sphere in the
micro� and millisecond time ranges. In the solvent bulk,
the radical can disappear due to recombination to form
disulfide. However, a low concentration of the radi�
cals increases the probability of repeated coordina�
tion with the initial complex. For this reason, the lifetime
of the radical complexes can elongate by two—three
orders of magnitude. In the case of the dithiophos�
phinate radical (Bui

2PS2
•) and planar complex with

dithiophosphinate ligands Ni(S2PBui
2)2, the biradical

complex (Bui
2PS2

•)2Ni(S2PBui
2)2 is formed due to the

coordination of the second radical with the primary radi�
cal complex (Bui

2PS2
•)Ni(S2PBui

2)2.7 In most cases, the
system returns to the initial state due to the recombina�
tion of S radicals.5—7,15

In the present work, we studied photochemical pro�
cesses that occur in solutions of 8,8´�diquinolyl disulfide
(RSSR) and di(mercaptoquinolinato)nickel(II) (Ni(SR)2)
in toluene and benzene. The photodissociation of RSSR
generates S radicals having two heteroatoms (S and N)
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capable of coordinating with a metal atom. This coordi�
nation can increase considerably the lifetime of the radi�
cal complex, which makes it possible to organize a photo�
chromic system in which the forward and backward reac�
tions are photoinitiated. The choice of the complex is
caused by the capability of reversible adding extraligands
of the type of pyridine and amines and by the presence of
an intense absorption band in the visible spectral re�
gion.16,17 This band allows one to monitor transforma�
tions of the complex upon laser pulse photolysis.

Experimental

Laser pulse photolysis was carried out on a setup with a XeCl
excimer laser (308 nm, 15 ns, 30 mJ, surface area of the laser
pulse cross section on a sample 10 mm2).18 Exciting and probing
light pulses were directed to a 2—10�mm cell at a small angle
(~2°) to each other. All experiments were conducted at 25 °C.
To study slow processes in the millisecond and second time
intervals, special quartz microcells were used (volume 50 mm3,
surface area 10 mm2, thickness 5 mm) in which the solution
volume was transmitted with a laser beam and the photoreaction
kinetics was not violated by convective flows. When microcells
were used at long measurement times, we applied a less powerful
halogen incandescent lamp, whose emission was passed through
narrow�band interferential filters, instead of the powerful xenon
lamp to decrease the effect of the probing light. Selected experi�
ments were carried out on a similar laser pulse photolysis equip�
ment19 with the perpendicular geometry of the exciting and
probing light beams.

Optical absorption spectra were recorded on HP 8453 and
Shimadzu UV�2501 spectrophotometers. Spectrally pure sol�
vents (Merck) were used to prepare solutions. The intensities of
laser pulses were measured by the triplet�triplet absorption
of anthracene at 431 nm in an oxygen�free benzene solution
(quantum yield of the triplet state is 0.53, and the molar
absorption coefficient of the T—T absorption band is
42 000 L mol–1 cm–1).20 A specially developed program based
on the Runge—Kutta method of the fourth order was used in
numerical calculations of the decay kinetics of the intermediate
optical absorption to solve differential equations. The Ni(SR)2
complex was synthesized according to a known procedure.16

8,8´�Diquinolyl disulfide (Reagent corp., Russia) was used as
received.

Results and Discussion

Photochemistry of solutions of 8,8´�diquinolyl disul�
fide. The Ni—S and Ni—N distances in the Ni(SR)2 com�
plex are 2.40 and 2.06 Å, respectively, and the bond lengths
in the quinoline ring vary from 1.33 to 1.47 Å.21 The
optical absorption spectrum of the Ni(SR)2 complex in
benzene contains charge�transfer bands16 with maxima at
554, 396, 336, and 308 nm (Fig. 1) and molar absorption
coefficients of 900, 7240, 12270, and 11970 L mol–1 cm–1,
respectively. The spectrum of a solution of the disulfide
in benzene has an absorption band with a maximum
at 324 nm (ε = 11490 L mol–1 cm–1) and ε =
9400 L mol–1 cm–1 in the wavelength region of XeCl la�
ser radiation (308 nm).

The energy of the S—S bond in disulfides is
~100 kJ mol–1 and, hence, these molecules dissociate to
two sulfur�containing radicals in a high quantum yield
upon absorption of photons from a XeCl laser with an
energy of 400 kJ mol–1.2,22—25 For a benzene solution
of 8,8´�diquinolyl disulfide after a laser pulse, an inter�
mediate absorption was detected, whose spectrum con�
tains bands with maxima at ~364 (shoulder), 384,
404, 560, and 605 nm (Fig. 2, a, curve 1). At wavelengths
<345 nm, the absorbance decreases (bleaching) after a
laser pulse, which is caused by the disappearance of the
starting disulfide that absorbs in this spectral region
(see Fig. 1).

The absorption, whose spectrum is shown in Fig. 2, а,
belongs to the 8�mercaptoquinoline radical (RS•). The
disappearance of the intermediate absorption obeys the

Fig. 1. Optical absorption spectra of RSSR (1) and Ni(SR)2 (2)
in benzene.
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second order kinetics and is associated with radical re�
combination to form the starting disulfide.

RS• + RS•    RSSR (1)

The observed rate constant of radical decay at room
temperature (298 K) is kobs = (2krec/ε)•(∆D/l) = 3•105 s–1,
where ∆D is the absorbance of the radical after a pulse,
and l is the cell thickness.

To determine the recombination rate constant (2krec),
it is necessary to know the molar absorption coefficient of
the RS• radical. These parameters were determined in
experiments using the reaction of the RS• radical with
the stable nitroxyl radical (RNO•),3 which gives in�
tense absorption bands in the UV (λmax = 342 nm,
ε = 14000 L mol–1 cm–1) and visible (λmax = 600 nm,
ε = 1000 L mol–1 cm–1) spectral regions. The reaction
RS• + RNO• proceeds with the rate constant close to the
diffusion limit, which allows it to compete successfully
with the recombination of the RS• radicals. The molar
absorption coefficient of the absorption band of the RS•

radical with a maximum at 400 nm measured by this
method is 8400±900 L mol–1 cm–1. Using this value, we
calculated the recombination rate constant (2krec =
4.6•109 L mol–1 s–1 in benzene) and determined the ab�

sorption spectrum of the RS• radical at 320—370 nm (see
Fig. 2, а, curve 2).

Appearance of intermediate absorption in solutions of
RSSR and Ni(SR)2 under laser irradiation. The absorp�
tion of the RS• radical appears in a solution of the disul�
fide RSSR and complex Ni(SR)2 after a laser pulse (see
Fig. 2, b, curve 1). This absorption rapidly changes with
retention of two isosbestic points at 425 and 495 nm, and
a new absorption band with a maximum at 460 nm ap�
pears in the spectrum in 20 µs (see Fig. 2, b, curve 6). In
the region of 500—620 nm, the absorbance decreases
(bleaching) due to the disappearance of the long�wave
absorption band of the starting complex. The new spec�
trum disappears within several hundreds of milliseconds.

Coordination of the S radicals with the dithiolate com�
plexes, which has been found earlier5—7,15 for a number of
systems, and the ability of the planar nickel complexes to
add extraligands8—14 suggest that the new band at 460 nm
belongs to the radical complex RS•Ni(SR)2, which is
formed due to the coordination of the RS• radical with
the Ni(SR)2 complex.

RS• + Ni(SR)2
    

RS•Ni(SR)2 (2)

This reaction agrees with the disappearance of the
long�wave absorption band of the starting Ni(SR)2 com�

Fig. 2. Optical spectra of the RS• radical (a) and RS•Ni(SR)2 radical complex (b) detected by laser pulse photolysis: a, spectrum of a
solution of RSSR (1.4•10–4 mol L–1) in benzene after a laser pulse (50 ns) (1); spectrum corrected for the absorption of disulfide (2);
b, spectra of a solution of RSSR (3.3•10–4 mol L–1) and Ni(SR)2 (4.1•10–5 mol L–1) in benzene after 0 (1), 0.8 (2), 1.6 (3), 3.2 (4),
6.4 (5), and 44 µs (6); spectrum of the RS•Ni(SR)2 radical complex obtained from the spectrum (6) with allowance for the
disappearance of absorption of the starting complex and disulfide (7) (shifted down by 0.3 for clarity).
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plex with a maximum at 560 nm (see Fig. 2, b). Only
reactions (1) and (2) occur at short times after a laser
pulse (τ < 1/(k2•C0), where C0 is the initial concentration
of the Ni(SR)2 complex). Further other reactions involv�
ing the radical complex RS•Ni(SR)2 can occur. For in�
stance, the complex can add the second radical to form a
biradical complex.7 In terms of the scheme of reactions (1)
and (2), the following expressions can be written for the
time plots of the concentrations of the radical and radical
complex (R(t) and A(t), respectively):

R(t) = R0{e–k2C0t/[1 + R0(2k1/k2C0)(1 – e–k2C0t)]}, (3)

A(t) = R0(k2C0/2k1R0)ln[1 + (2k1R0/k2C0)(1 – e–k2C0t)], (4)

where R0 is the initial concentration of the radical after a
laser pulse. These equations make it possible to determine
the ratio of the absorbance of the radical complex at long
times (∆D∞) to the initial absorbance (∆D0) of the radical
after a laser pulse (in the band maximum at 400 nm)

∆D∞/∆D0 = [(εA – εC)/εR](k2C0/2k1R0)• (5)

•ln[1 + (2k1R0/k2C0)]    (εA – εC)/εR,

where εA and εC are the molar absorption coefficients of
the radical complex and initial complex, respectively, at
the wavelength of measurements. The plot of the ∆D∞/∆D0
ratio vs. initial concentration R0 measured at 460 nm is
shown in Fig. 3. It is seen that ratio (5) at R0→0 tends to
the (εA – εC)/εR value, which allows one to determine the
molar absorption coefficient of the absorption band
of the radical complex at 460 nm (εA = 16 600±500
L mol–1 cm–1).

The rate constant of coordination of the radical (k2)
was determined at its low initial concentrations when the
recombination is suppressed and other possible reactions
are absent. The initial region (1—2 µs) of the kinetic

absorption curve at 460 nm was processed by an equation
of the first order and determined the observed rate con�
stant (kobs). Using Eq. (4), we find

kobs(A∞/R0) = k2C0. (6)

The concentrations A∞ and R0 can be calculated from the
absorbances at 460 and 400 nm, because the molar ab�
sorption coefficients of the absorption bands of the radi�
cal and radical complex were determined above. The lin�
ear plot of kobs(A∞/R0) vs. C0, whose slope ratio deter�
mines the rate constant k2 = (4.4±0.1)•109 L mol–1 s–1,
is presented in Fig. 4.

After the molar absorption coefficients and rate con�
stants of recombination and radical coordination were
determined, we can consider a possibility of participation
of the radical and radical complex in other reactions. The
experimental kinetic curves at 400, 460, and 560 nm at
maxima of the absorption bands of the RS• radical,
RS•Ni(SR)2 radical complex, and Ni(SR)2 complex are
presented in Fig. 5. Curve 4 (see Fig. 5) is the calculation
for 460 nm in terms of reactions (1) and (2), which agrees
with the experimental curve only in the initial region
(0—3 µs). At long times, the experimental kinetic curve
runs much lower than the calculated one. Thus, a consid�
erable amount of the radical complexes decays in the
parallel process.

The yield of the radical complex at different concen�
trations of the starting complex, depending on the initial
radical concentration (variation of the laser pulse inten�
sity), is shown in Fig. 6 (points). Line 1 corresponds to
the hypothetical case of coordination of all radicals
(no recombination and no parallel processes). Smooth

Fig. 3. Ratio of the absorbance of the radical complex at 460 nm
(∆D∞, time 30—50 µs) to the initial absorbance of the radical at
400 nm (∆D0, immediately after a laser pulse) vs. initial concen�
tration of the radical ([RS•]0); solution of RSSR (2.6•10–4

mol L–1) and Ni(SR)2 (14.8•10–5 mol L–1) in benzene.
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complex ([Ni(SR)2]0) (kobs and A∞ were determined at low con�
centrations of the radical (R0 < 10–5 mol L–1)); solution of
RSSR (1.7•10–4 mol L–1) and Ni(SR)2 in benzene.
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Fig. 5. Kinetic curves of a change in the intermediate absorption
during laser pulse photolysis of a solution of RSSR (1.3•10–4

mol L–1) and Ni(SR)2 (5.1•10–5 mol L–1) in benzene: experi�
ment (1—3, lines) and calculation (1—3, points) at 400 (1),
460 (2), and 560 nm (3) (calculation was performed for reac�
tions (1), (2), and (7), for molar absorption coefficients and rate
constants, see Tables 1 and 2); the kinetic curve was calculated
with allowance for reactions (1) and (2) at 460 nm (4).

Fig. 6. Absorption of the RS•Ni(SR)2 radical complex at 460 nm
(30—50 µs after a pulse) vs. initial concentration of the RS•

radical (absorption at 400 nm immediately after a pulse):
1, calculation for coordination of all radicals with the complex
(no recombination and reaction (7)); 2—4, calculation for oc�
currence of reactions (1) and (2) only at [Ni(SR)2]•105 =
14.8 (2), 7.5 (3), and 2.2 mol L–1 (4); 5—7, calculation for the
same concentrations of the complex for occurrence of reac�
tions (1), (2), and (7). Points are experimental values at the
indicated concentrations. For parameters of calculation, see
Tables 1 and 2.
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curves 2—4 show the yield calculated by the above ob�
tained rate constant with allowance for reactions (1)
and (2). Points (5—7) present the experimental results. At
R0 < 10–5 mol L–1, all calculated curves and experimental
data approach to line 1. However, a substantial diver�
gence begins at R0 > 10–5 mol L–1. Inconsistency be�
tween the calculated and experimental yields of the radi�
cal complex increases considerably with a decrease in the
concentration of the starting Ni(SR)2 complex. Thus, at
high initial concentrations of the radical, an additional
process develops in the system and results in the disap�
pearance of the radical complex. This process ceases to�
gether with the radical decay, because the absorption of
the radical complex formed within 30—50 µs further re�
mains unchanged. The decay of the latter is much slower
(during several hundreds of milliseconds) without chang�
ing the shape of the spectrum. Therefore, we can exclude
the monomolecular decay of RS•Ni(SR)2 to the free radi�
cal and starting complex.5—7,15 No coordination of the
second radical occurs to form a biradical complex,7 be�

cause the shape of the intermediate spectrum remains
unchanged (see isosbestic points in Fig. 2, b). All above�
listed conditions correspond to the following reaction,
which also agrees with the photochromic properties of the
system:

RS• + RS•Ni(SR)2
    RSSR + Ni(SR)2. (7)

This reaction produces no new species that could trans�
form the optical spectrum of the radical complex. At high
radical concentrations, reaction (7) decreases substan�
tially the concentration of the radical complex. After the
radical decay, this reaction is completed, and the "sur�
vived" radical complexes can disappear rather slowly. Re�
action (7) can include the step of coordination of the
second radical to form a biradical complex. However, its
lifetime should be sufficiently short (must not exceed sev�
eral hundreds of nanoseconds) to have no effect on the
rate and spectrum of the intermediate absorption.

Reactions (1), (2), and (7) make it possible to calcu�
late the kinetic curves, which agree well with the experi�
mental data (see Fig. 5), with the single varied parameter
k3 = (3.1±0.1)•109 L mol–1 s–1. Smooth curves 5—7 (see
Fig. 6) represent the calculated absorption of the radical
complex (460 nm) using the determined k3 value, which
coincides with the experimental points for different initial
concentrations of the Ni(SR)2 complex. The molar ab�
sorption coefficients of species and the reaction rate con�
stants are given in Tables 1 and 2. Thus, reactions (1), (2),
and (7) considered as a whole provide the complete ex�
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planation of all kinetic transformations for solutions of
the disulfide and nickel complex that occur in the micro�
second time interval.

Decay of radical complex RS•Ni(SR)2. At room tem�
perature, the RS•Ni(SR)2 radical complex decays in the
millisecond time interval accompanied by the appearance
of the absorption bands of the initial complex Ni(SR)2
and disulfide RSSR. Thus, this system possesses photo�
chromic properties, which allow it to repeat multiply
phototransformation cycles. In the case of several similar
systems,5—7,15 the complexes of sulfur�containing radi�
cals with the dithiolate NiL2 complexes decay through
monomolecular dissociation with radical escape from the
coordination sphere. The lifetime of these species lies in
the micro� or millisecond time intervals. The repeated
coordination of the radical elongates the effective lifetime
of the radical complex by two—three orders of magni�
tude.5—7,15 The repeated coordination exerts an especially
pronounced effect on an increase in the lifetime of the
radical complex with an increase in the concentration of
the NiL2 complex.5

The curve of changing the concentration of the radical
complex (absorption at 460 nm), which corresponds to
the reaction of the second order, is presented in Fig. 7
(corresponding anamorphosis is shown in insert). Nu�
merical simulation shows that kinetic curves of the sec�
ond order can be obtained in different reaction schemes.
For instance, for reversible coordination of a radical, the
disappearance of the radical complex occurs finally due
to radical recombination, which usually results in the ki�
netics similar to the second order.

To reveal the mechanism of decay of the RS•Ni(SR)2
radical complex, we studied the dependence of the ob�
served rate constant on the amplitude of the signal (varia�
tion of the laser pulse intensity) in a wide range of con�
centrations of the starting Ni(SR)2 complex (Fig. 8). The

linear character of the curve that passes through the origin
indicates that the radical complex decays only due to
reactions of the second order. The decay rate constants
coincide for the Ni(SR)2 complex concentrations differ�
ing by an order of magnitude, which makes it possible to
exclude the monomolecular decomposition of the radical
complex and repeated coordination of the radical. Since
the system returns to the initial state, the reaction prod�
ucts are the starting disulfide and complex. All these data
suggest that the radical complex disappears through the
reaction

RS•Ni(SR)2 + RS•Ni(SR)2
    RSSR + 2 Ni(SR)2. (8)

Since the molar absorption coefficient of the absorp�
tion band of the radical complex was determined above
(see Table 1), the data presented in Fig. 8 make it pos�
sible to calculate the second order rate constant (2k4 =
(4.6±0.1)•104 L mol–1 s–1).

Reaction (8) can proceed in either one step or via a
complicated mechanism. The latter can include, for ex�
ample, the step of radical transfer from the coordination

Table 1. Molar absorption coefficients (ε/L mol–1 cm–1) for the
initial and intermediate species under study in benzene

λ/nm Ni(SR)2 RS• RS•Ni(SR)2

400 6630 8400±900 8800±300
460 1620 800±100 16600±500
560 5620 1500±200 800±100

Table 2. Rate constants of the reactions under study (k1—k4) in
benzene and toluene

Sol� 2k1•10–9 k2•10–9 k3•10–9 2k4•10–4

vent
L mol–1 s–1

Benzene 4.6±0.1 4.4±0.1 3.10±0.1 —
Toluene 4.5±0.7 4.7±0.6 2.8±0.8 4.6±0.1

Fig. 7. Absorption decay kinetics of the RS•Ni(SR)2 radical
complex at 460 nm under laser pulse photolysis of a solution of
RSSR (1.0•10–4 mol L–1) and Ni(SR)2 (3.5•10–5 mol L–1) in
toluene. The anamorphosis of the second�order kinetics is shown
in insert.
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sphere of one complex to the sphere of another complex
to form a biradical complex (RS•)2Ni(SR)2.

RS•Ni(SR)2 + RS•Ni(SR)2
    Ni(SR)2 + (9)

+ (RS•)2Ni(SR)2
    RSSR + 2 Ni(SR)2

If the first step of radical transfer is rate�determining,
then the whole reaction would obey the second order
kinetics. The question about the mechanism of reaction (8)
coincides with the same problem for reaction (7). In both
cases, the biradical complex can be an intermediate spe�
cies. Since no formation of this species was detected in
the microsecond time region, it can rapidly decompose,
indeed, in the nanosecond range.

Temperature plot of the rate constants of reactions
involving radical and radical complex. Laser pulse pho�
tolysis of solutions of RSSR and Ni(SR)2 in a wide tem�
perature range (230—350 K) and processing of the ob�

tained kinetic curves made it possible to determine the
temperature plots for the rate constants of all reactions
(Fig. 9). The calculated activation energies and pre�expo�
nential factors are given in Table 3. These parameters
have similar values for reactions (1) and (2) (radical re�
combination and coordination, respectively) and reac�
tion (7). The rate constants of the listed reactions are
lower than the diffusion limit by 2—3 times (kdiff =
8RT/3000η = 1.1•1010 L mol–1 s–1), most likely, due to
the steric factor. In these cases, the activation energies are
similar to the activation energy of diffusion motion deter�
mined by the temperature dependence of the solvent vis�
cosity.

The activation energy of reaction (8) is substantially
higher than that for the other reactions and comparable
with the activation energy of monomolecular dissociation
of RS•NiL2 radical complexes.5—7 This similarity of acti�
vation energies can serve as an argument in favor of a
complicated mechanism including radical transfer (reac�

Fig. 8. Observed rate constant (kobs) of the absorption decay of
the RS•Ni(SR)2 radical complex at 460 nm vs. its concen�
tration: [Ni(SR)2]•105 = 0.67 (1), 1.53 (2), 3.58 (3), and
7.1 mol L–1 (4); [RSSR] = 1.7•10–4 mol L–1.
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Fig. 9. Temperature plots of the rate constants of recombina�
tion (1), coordination of the RS• radical with the initial com�
plex (2) and the radical complex (3), and the reaction of two
radical complexes (4).
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Table 3. Activation energies (Ea) and pre�exponential factors (logk0) of the reaction rate
constants for the RSSR + Ni(SR)2 system in toluene

Reaction Ea/kJ mol–1 log(k0/L mol–1 s–1)

RS• + RS• → RSSR (1) 7.7±0.4 11.0±0.1
RS• + Ni(SR)2 → RS•Ni(SR)2 (2) 8.7±0.3 11.2±0.1
RS• + RS•Ni(SR)2 → RSSR + Ni(SR)2 (7) 12.3±0.7 11.6±0.1
2 RS•Ni(SR)2 → RSSR + 2 Ni(SR)2 (9) 31.4±0.6 10.2±0.1
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tion (9)). In this case, the RS•—Ni bond in one of the
complexes should be cleaved, and the energy of this bond
can determine the energetics of the whole process. For the
planar NiL2 dithiolate complexes, the energy of homolytic
cleavage of the Ni—S bond is about 200 kJ mol–1 26 and,
hence, the energy of radical coordination is much lower
than the bonding energy of the dithiolate ligand. It is
known27 than many planar nickel complexes reversibly
add nitrogen�containing compounds (amines, pyridine,
and picoline) as extraligands, which are coordinated by
the nitrogen atom at the fifth coordination site. The acti�
vation energies of decomposition of these extra complexes
lie in a range of 30—40 kJ mol–1,27,14 which agrees well
with the dissociation energy of the complexes of sulfur�
containing radicals with nickel(II) dithiolate complexes
(∼30 kJ mol–1).5

Rather high activation energy induces a substantial
decrease in the rate constant of reaction (8) and an
increase in the lifetime of the radical complex. For
instance, at 230 K and the initial concentration
[RS•Ni(SR)2] ≈ 10–5 mol L–1, the time of decay of the
radical complex is ~100 s, which allows one to detect
steady�state optical spectra. The spectra of a solution of
RSSR and Ni(SR)2 in cooled toluene at 230 K before and
after irradiation with pulses of a XeCl laser (λ = 308 nm)
are shown in Fig. 10. The spectra were recorded on an
HP 8453 spectrophotometer with a diode array (time of
recording the full spectrum is 5 s). After irradiation, the
intensity of the band of the starting complex decreases
with the simultaneous appearance of a new band with a
maximum at 460 nm. The differential spectrum coincides
with that observed in pulse photolysis (see Fig. 2, b).
Taking into account the disappearance of absorption of
the starting Ni(SR)2 complex and disulfide RSSR, one
can plot the optical spectrum of the RS•Ni(SR)2 radical
complex (see Fig. 10, curve 4). Thus, the spectrum of this
species has two intense absorption bands with maxima at
458 and 353 nm, being, in fact, the long�lived species,
whose lifetime in cooled solutions can achieve several
tens and hundreds of seconds.

Structure and nature of optical spectrum of radical
complex. Depending on the pH value, free 8�mercapto�
quinoline in aqueous solutions can exist as protonated
(RSH2+), thiol (RSH), zwitterionic (RSH±), and ionized
(RS–) species. Each of them has different optical absorp�
tion spectra.28—33 In nonpolar organic solvents, 8�mer�
captoquinoline usually exists in the thiol form, which is
characterized (in benzene) by absorption bands at 250
and 324 nm (ε = 22000 and 4500 L mol–1 cm–1, respec�
tively). Coordination compounds contain the ionized form
as a ligand, whose free state in aqueous solutions exhibits
absorption bands with maxima at 260 and 367 nm (ε =
22 300 and 4300 L mol–1 cm–1, respectively).31 The
zwitterionic form is characterized by an absorption band
in the visible part of the spectrum. The spectrum of this

species in water (at pH 5.2, the content is 96%) has a band
with a maximum at 446 nm (ε ≈ 2000 L mol–1 cm–1). In
polar solvents without a hydroxyl group, the content of
the zwitterionic form decreases, and the maximum of its
long�wave absorption band shifts toward 550—605 nm,
which imparts violet color to solutions of 8�mercapto�
quinoline.31—33

The spectra of the 8�mercaptoquinoline complexes of
metal ions with the filled d�shell (Zn2+, Cd2+, etc.) ex�
hibit two absorption bands at 260 and 380—420 nm.31

The position and intensity of these bands are similar to
the absorption parameters of the free ligand RS–. Thus,
the bands in the spectra of these complexes correspond,
most likely, to intraligand transitions. Coordination with
transition metal ions (Ni2+, Cu2+) complicates the spec�
trum giving a series of overlapped bands and additional
bands in a lower�frequency region of the spectrum. The
greater intensity of these bands makes it possible to at�
tribute them to metal—ligand charge�transfer bands.16,17

According to analysis of the spectra of several square pla�
nar nickel complexes,34 the 4pz�orbital of the metal ion
and four π�orbitals of the coordinating atoms of the
ligands, form a bonding molecular π�orbital involved
in many transitions. For coordination of the nitrogen�
containing extraligand along the axial axis, the 4pz�orbital

Fig. 10. Steady�state photolysis of a solution of RSSR (1.3•10–4

mol L–1) and Ni(SR)2 (5.1•10–5 mol L–1) in cooled (230 K)
toluene (1�cm cell): optical spectra before (1) and after (2)
irradiation (10 pulses of a XeCl laser), the difference of spectra 1
and 2 (3), and the optical spectrum of the RS•Ni(SR)2 radical
complex (4) (obtained with allowance for the absorption decay
of the Ni(SR)2 complex and RSSR disulfide).
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of the nickel ion stops interacting with the π�orbitals of
the equatorial ligands, and the charge�transfer bands
disappear.16 The spectrum of the adduct resembles the
spectra of the thioquinolate complexes with the filled
d�shell.

There is another explanation of a considerable trans�
formation of the spectrum of the Ni(SR)2 complex upon
the addition of nitrogen�containing compounds. A pair of
electrons of the nitrogen atoms of the extraligand is as�
sumed31 to complete the d�shell of the nickel ion (3d8),
which changes the spectrum. In the framework of these
concepts, the optical spectrum of the complexes with the
unfilled d�shell is determined by a greater contribution of
the zwitterionic form of the ligand. On going to the filled
d�shell, the ligand structure becomes similar to the thiol
one.31 Despite different explanations of the nature of spec�
trum changing, it is shown in many studies that the ap�
pearance of an additional axial ligand results in the disap�
pearance of the long�wave absorption band of the Ni(SR)2
complex at 560 nm and formation of a new band at
420—440 nm.

In the case of coordination of the RS• radical, the
long�wave band of the starting complex also disappears
and a new band with a maximum at 460 nm appears. This
suggests that the radical is also coordinated at the axial
coordinate. At the moment of collision of the radical and
complex, the coordination occurs, most likely, due to the
sulfur atom on which a negative charge and a significant
spin density are usually localized in sulfur�containing radi�
cals.4 Quinoline (molecular analog of the RS• radical
containing no sulfur atom but with the nitrogen atom)
exerts no effect on the spectrum of the Ni(SR)2 complex
(the quinoline concentration is 4•10–1 mol L–1, and that
of the complex is 2•10–5 mol L–1).

It cannot be excluded that after coordination with the
sulfur atom the radical is additionally bonded through the
nitrogen atom as well. The distortion of the planar struc�
ture of the complex upon adduct formation can favor this
process.31 In this case, the RS•Ni(SR)2 radical adduct
can be presented as an octahedral complex of the trivalent
nickel ion with three equivalent Ni(SR)3 ligands.

The radical nature of the adduct results in instability
of the radical complex as a whole, which finally decom�
poses. For the RS•Ni(SR)2 complex, the monomolecular
dissociation channel has, most likely, a low rate constant
(absence of a cut on the ordinate axis gives an estimate of
kdiss < 10–2 s–1 (see Fig. 8)), and this channel is blocked
by bimolecular reaction (8). If the radical is coordinated
due to the two atoms (S and N), the disulfide in reac�
tion (8) can be formed from species that earlier were
ligands in the coordination sphere of the ion. A possibility
of this process is indicated by a small shift of the maxi�
mum and an increase in the intensity of the long�wave
absorption band of the starting complex under prolong
irradiation (Fig. 11). These changes can be caused by the

formation of complexes in which the sulfur atoms of two
ligands are in the cis�position to each other.

Thus, the primary process in photochromic transfor�
mations in solutions of 8,8´�diquinolyl disulfide and
di(mercaptoquinolinato)nickel(II) in toluene and benzene
is the photodissociation of the disulfide to two sulfur�
containing radicals. In the presence of the nickel com�
plex, the radicals decay in competing recombination and
coordination reactions, which proceed with the rate con�
stants similar to the diffusion limit. The coordination of
the radical produces the radical complex RS•Ni(SR)2,
which is consumed in two reactions with considerably
different rate constants. At high initial concentrations of
the radicals (high intensities of a laser pulse) in the micro�
second time region, some amount of the radical complex
disappears due to the reaction with the RS• radicals, which
have no time yet to recombine or disappear in the coordi�
nation reaction. In a region of much longer times (inter�
vals of seconds), two radical complexes disproportionate
to regenerate disulfide molecules and the starting nickel
complex, thus completing the cycle of photochromic
transformations.
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Foundation for Basic Research (Project Nos 02�03�32797,
05�03�32474, and 03�03�39008GFEN), the Ministry of
Education of the Russian Federation (Grant A04�2.11�
304), and the Program "Universities of Russia" (Grant
UR.05.01.002).

Fig. 11. Change in the long�wave absorption band of the Ni(SR)2
complex during steady�state photolysis of a solution of RSSR
(1.3•10–4 mol L–1) and Ni(SR)2 (7.5•10–5 mol L–1) in toluene
(2�mm cell): 0 (1), 40 (2), 220 (3), and 460 pulses of a XeCl
laser (4).

500 600 λ/nm

0.10

0.05

D

1

2

4

3



Photochromism of RSSR and Ni(SR)2 solutions Russ.Chem.Bull., Int.Ed., Vol. 54, No. 10, October, 2005 2373

References

1. F. C. Thyrion, J. Phys. Chem., 1973, 77, 1478.
2. O. Ito and M. Matsuda, Can. J. Chem., 1978, 56, 1080.
3. V. F. Plyusnin, Yu. V. Ivanov, V. P. Grivin, D. Yu. Vorobjev,

S. V. Larionov, A. M. Maksimov, V. E. Platonov, N. V.
Tkachenko, and H. Lemmetyinen, Chem. Phys. Lett., 2000,
325, 153.

4. V. F. Plyusnin, E. P. Kuznetzova, G. A. Bogdanchikov,
V. P. Grivin, V. N. Krichenko, and S. V. Larionov,
J. Photochem. Photobiol. A: Chem., 1992, 68, 299.

5. Yu. V. Ivanov, V. F. Plyusnin, V. P. Grivin, and S. V.
Larionov, J. Photochem. Photobiol. A: Chem., 1998, 119, 33.

6. D. Yu. Vorobyev, V. F. Plyusnin, Yu. V. Ivanov, V. P. Grivin,
S. V. Larionov, and H. Lemmetyinen, J. Photochem.
Photobiol. A: Chem., 2002, 149, 101.

7. D. Yu. Vorobyev, V. F. Plyusnin, Yu. V. Ivanov, V. P. Grivin,
S. V. Larionov, and H. Lemmetyinen, Chem. Phys., 2003,
289, 359.

8. D. R. Dakternieks and D. P. Graddon, Aust. J. Chem., 1971,
24, 2509.

9. M. Nanjo and T. Yamasaki, J. Inorg. Nucl. Chem., 1970,
32, 2411.

10. J. R. Angus, G. M. Woltermann, and J. R. Wasson, J. Inorg.
Nucl. Chem., 1971, 33, 3967.

11. H. E. Francis, G. L. Tincher, W. F. Wagner, J. R. Wasson,
and G. M. Woltermann, Inorg. Chem., 1971, 10, 2620.

12. S. E. Livingstone and A. E. Mihkelson, Inorg. Chem., 1970,
9, 2545.

13. S. Ooi and Q. Fernando, Inorg. Chem., 1967, 6, 1558.
14. L. Ang, D. P. Graddon, L. F. Lindoy, and S. Prakash, Aust.

J. Chem., 1975, 28, 1005.
15. Yu. V. Ivanov, V. F. Plyusnin, V. P. Grivin, and S. V.

Larionov, Chem. Phys. Lett., 1999, 310, 252.
16. K. S. Math and H. Freiser, Anal. Chem., 1969, 41, 1682.
17. N. N. Kazanova, I. I. Antipova�Karataeva, O. M. Petrukhin,

and Yu. A. Zolotov, Izv. Akad. Nauk SSSR, Ser. Khim.,
1974, 15 [Bull. Acad. Sci. USSR, Div. Chem. Sci., 1974, 23
(Engl. Transl.)].

18. V. P. Grivin, V. F. Plyusnin, I. V. Khmelinski, N. M. Bazhin,
M. Mitewa, and P. R. Bontchev, J. Photochem. Photobiol. A.:
Chem., 1990, 51, 371.

19. H. Lemmetyinen, R. Ovaskanien, K. Nieminen,
K. Vaskonen, and I. Sychtchikova, J. Chem. Soc., Perkin
Trans. 2, 1992, 1, 113.

20. R. H. Compton, T. V. Grattan, and T. J. Morrow,
J. Photochem., 1980, 14, 61.

21. L. Ya. Pech and A. P. Sturis, Izv. Akad. Nauk Latv. SSR,
Ser. Khim., 1978, 4, 493 (in Russian).

22. D. D. Carlson and A. R. Knight, Can. J. Chem., 1973,
51, 1410.

23. P. M. Rao, J. A. Copeck, and A. R. Knight, Can. J. Chem.,
1967, 45, 1369.

24. K. Sayamol and A. R. Knight, Can. J. Chem., 1968, 46, 999.
25. P. M. Rao and A. R. Knight, Can. J. Chem., 1968, 46, 2462.
26. K. J. Cavell, J. O. Hill, and R. J. Maggee, J. Chem. Soc.,

Dalton Trans., 1980, 5, 763.
27. A. T. Pilipenko, N. V. Mel´nikova, and V. V. Strashko,

Koord. Khim., 1978, 4, 758 [Sov. J. Coord. Chem., 1978, 4
(Engl. Transl.)].

28. A. Albert and G. B. Barlin, J. Chem. Soc., 1959, 2384.
29. P. D. Anderson and D. Hercules, Anal. Chem., 1966,

38, 1702.
30. G. M. Badger and R. G. Buttery, J. Chem. Soc., 1956, 8, 3236.
31. Yu. A. Bankovskii, Khimiya vnutrikompleksnykh soedinenii

merkaptokhinolina i ego proizvodnykh [Chemistry of Endo�
complex Compounds of Mercaptoquinoline and Its Applica�
tion], Zinatne, Riga, 1978, 489 pp. (in Russian).

32. Yu. A. Bankovskii, L. M. Chera, and A. F. Ievan´sh, Zh. Anal.
Khim., 1963, 18, 668 [J. Anal. Chem. USSR, 1963 (Engl.
Transl.)].

33. Yu. A. Bankovskii and M. Z. Kharkover, Dokl. Akad. Nauk
SSSR, 1963, 153, 837 [Dokl. Chem., 1963 (Engl. Transl.)].

34. H. B. Gray and C. I. Ballhausen, J. Am. Chem. Soc., 1963,
85, 260.

Received March 15, 2005;
in revised form July 15, 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


