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Abstract

The solutions of perfluoronaphthyl disulfidesCioF7)2 = (SNF)2) and flat 1,1-dithiolate complexes Ni(ll) (Nik) in acetonitrile are
shown to be photochromic systems. Absorption of the light pulse of an XeCl excimer laser (308 nm) by these solutions gives new absorption
in the visible spectrum region which disappears in a millisecond time domain and the system returns to its original state. The cycle of
phototransformations can be repeated many times without degradation of spectral changes in the solution. In the first stage, an excited
disulfide molecule dissociates into two perfluorothionaphthyl radic&8€;0F; = *SNF). These radicals coordinate at almost diffusion
rate constant with Nik complexes to form the (SNA)IL, radical complexes to which this new absorption belongs. The (SWNE)
complexes disappear due to dissociation resulting in & B&8- radical that either transforms into disulfide upon recombination or reacts
again with the initial Nil, complex. The optical spectra of intermediates and the rate constants of all transformation stages of these species
have been determined. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction pounds can be used to create new photochromic systems.
The appearance of a patrticle-substrate should be related to a
The photochromism of many organic and inorganic sys- photochemical reaction. Convenient objects, in this case, are
tems has long been known [1,2]. Photochromic materials the organic peroxides and disulfides with —-O-O—and -S-S—
have been the focus of attention for the last few years becausédonds which have low energies and can dissociate under the
of a practical need for the creation of the systems of reverseaction of light quanta in the blue and nearest UV regions
optical record of information and light energy accumulation, of the spectrum. Disulfides are most attractive because they
photochemical switches for optical computers and the devel- exhibit strong absorption in the UV region with “tails”
opment of enzymes with optical switching, etc. The demand stretching to the blue spectrum region. In addition, the
for photosensitive materials overlapping a wide range in the disulfide dissociation results in non-active sulfur-centered
UV and visible spectrum regions is extremely high. There- radicals disappearing upon recombination. In this stage, the
fore, it is highly interesting to discover new photochromic 1,1-dithiolate Ni(ll) complexes were chosen as flat coordi-
systems and to study the mechanisms of photochemical andhation compounds because they reversibly coordinate some
dark transformations for them. Natural processes involve organic molecules such as pyridines [3-9]. There was sense
numerous proteins and enzymes that reversibly bind sub-in assuming that the sulfur-containing radicals can be re-
strates for transporting them to certain regions of animal or- versibly built in the coordination sphere of a nickel complex
ganism and plants. This can be demonstrated by hemoglobirat a great rate constant. The great rate constant is neces-
which, in the active center, has a flat coordination unit with sary for successful competition with recombination of these
an iron ion reversibly adding the oxygen molecule. The radicals occurring with almost diffusion rate constant [10].
reversibility of substrate addition to flat coordination com-  Indeed, we have recently established [11,12] that the
solutions of thiuramdisulfide (tesRoNC(S)S—-SS)CNRy,
* Corresponding author. Tel+7-3832-332385: fax:-7-3832-342350.  Where R are the alkyl groups) and flat dithiocarbamate com-
E-mail addressplyusnin@ns.kinetics.nsc.ru (V.F. Plyusnin). plex of divalent nickel (Ni(dtg) (ligand dtc =~"S,CNRy)
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display photochromic properties and endure a great numbersolution at 431 nm (quantum yield of the triplet state being
of transformation cycles. Using laser flash photolysis, we 0.53, and absorption coefficient of T-T absorption band
have shown that the excited thiuramdisulfide molecule dis- being 42 000 M1 cm~1 [15]). To remove oxygen, solutions
sociates into two dithiocarbamate radicals {ei€S,CNRy) were blown through with nitrogen during 30 min. In the nu-
in the first stage of these transformations. These radicalsmerical calculations of the kinetics of intermediate optical
coordinate with a rate constant close to the diffusion one, absorption appearance and decay, the differential equa-
with Ni(dtc), to form the (dt€)Ni(dtc), radical complex tions were solved by a special program and fourth-order
which has a wide absorption band with a maximum at Runge—Kutta method.
400 nm with a “tail” up to 700 nm. The (dt§Ni(dtc), com- Perfluoro-2,2dinaphthyl  disulfide ((SCioF7), =
plex dissociates during about 7 ms thus “releasing” the dtc (SNF)2) was obtained by applying bromine to a corre-
radical which then either transforms into thiuramdisulfide sponding thiophenol in acetic acid [16]: m.p. 116—1C7
upon recombination or reacts again with the initial Ni(dtc) Found: MW = 5699226, GoF14S,. Calculated: MW=
complex to form (dt&)Ni(dtc),. The repeated radical coor- 5699218.1°%F NMR (8, ppm, internal GFg): 54.2 (dd, peri
dination increases the observed lifetime of radical complex Jig = 70Hz,J15 = 18.3Hz, 1F), 32.5 (d/3g = 17 Hz, 3F),
by three orders of magnitude so that absorption vanishes19.8 (dt, periJig = 70Hz, J3g = 17 Hz, J48 = 17 Hz, 8F),
in the second time domains. Thus, the flat Ni(gdtcpm- 17.1 (dt, periJss = 59 Hz, J47 = 17 Hz, J4g = 17 Hz, 4F),
plex is an excellent trap for the S-radical. Under standard 15.9 (dt, periJss = 59 Hz, J15 = 18.3Hz, Jsg = 185Hz,
conditions, the radical vanishes after laser pulse due to re-5F), 11.9 (t,Js¢ = 18.5Hz, Je7 = 183 Hz, 6F), 8.1 (t,
combination during several microseconds and coordination J47 = 17 Hz, Jg7 = 18.3Hz, 7F). The signals of all fluorine
increases its lifetime by six orders of magnitude. There- nuclei contain not identified extra splitting about 4-2 Hz.
fore, the solutions disulfide and flat Ni(ll) complex are of Signals assignment if°F NMR spectrum was made on
interest not only for their photochromic properties but also the base of fine structure analysis and comparison #kh
as the systems which repeatedly increase the lifetime of NMR spectrum of 2-mercaptoheptafluoro-naphthalene [17].
short-lived active radicals.
This paper studies the photochromic transforma-
tions of perfluoronaphthyl disulfide ((S6F7)2) and flat 3. Results and discussion
1,7-dithiolate Ni(ll) complexes (Nik) in acetonitrile. The
choice of disulfide was determined by the known optical 3.1. Flash photolysis of (SNfHisulfide: the optical
spectrum of SCyoF7 radical [10]. The type of chosen Ni(ll)  spectrum of SNF radical
complexes was related to the spectral peculiarities of the
complexes and the known geometry, i.e., the flat coordina-  Fig. 1 shows the optical spectrum of (SMHJisulfide in
tion unit consisting of four sulfur atoms with a central ion acetonitrile. A characteristic feature of this disulfide is a
of divalent nickel. long-wave absorption band with a maximum at 350 ara=(
10300 Mt cm™1). In the far UV spectrum region there are
even stronger absorption bands with maxima at 216 and
2. Experimental details 243nm ¢ = 61400 and 47 100 M* cm2, respectively).
At the wavelength of laser radiation (308 nm) the absorption
The laser flash photolysis of solutions was carried out on
a set-up with an XeCl excimer laser (308 nm, 15ns, 50 mJ,
beam area 10 mfj. For details see Ref. [13]. The exciting 60F
and probing light beams fell on a cuvette (thickness vary-
ing from 0.1 to 10 mm) at a small angle-2°). When nec- 50
essary, the cuvette was placed in a quartz optical cryostat

blown through with a stream of cold nitrogen in order to g 40
vary temperature within a wide range. The temperature was i
controlled automatically to within 08C. In some experi- WE. 30}
ments, we used a similar set-up for laser flash photolysis g
[14] with perpendicular exciting and probing light beams. %020

The photomultiplier signal was recorded on a digital oscil-
lograph Tektronix 7912AD connected to an IBM computer. 10f

The optical absorption spectra were recorded on spec-
trophotometers Shimadzu UV-2501, Specord UV-Vis and
Specord M40 (Carl Zeiss). Solutions were prepared from the
spectrally pure solvents. The intensity of laser pulses was
measured by the value of the optical density of anthracenerig. 1. The optical spectra of the Ni(Et-cipyl), Ni(Et-xany (2),
triplet—triplet absorption in the oxygen-free benzene Ni(Pr-dic) (3) complexes and the (SNFjisulfide (4) in acetonitrile.
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Fig. 2. The optical spectrum OSNF radical (a) arising upon laser flash signal amplitude with zero cut off in the ordinate (Fig. 2c)
photolysis of (SNF) disulfide solution in acetonitrile (295K). The insets  indicates that the first- or pseudofirst-order contribution
show the kinetics of the disappearance of radical absorption at 300nmto the process of radical disappearance does not exceed
(b) and the linear depgndgncekaﬁs for this kinetics_ upon the treatment 1B s~ for the usual valuegops ~ 10°s~ 1. The kinetics of
by the second-order kinetic law on the value of signal (c). absorption disappearance is independent of oxygen content
in the solution which testifies to the absence of reaction

coefficient is great enough & 5700 M~ cm~1). The long betwgen’SNF radical and oxygen. This is typical of other
stationary irradiation of (SNE)solutions in many solvents ~ S-radicals as well [22-24].
(methanol, acetonitrile, benzene, etc.) failed to cause any
changes in the optical spectrum. However, using laser flash3.2. The reaction between perfluorothionaphthyl
photolysis, one can record intermediate absorption vanishingradical and flat Ni(ll) complexes: the spectra and
within a microsecond time domain. kinetic characteristics of the resulting (SNR)L>

Under irradiation of organic disulfides in the UV spec- radical complexes
trum region, the primary process is the break of S—S bond
(~100kJ/mol) resulting in two sulfur-centered radicals  Fig. 3 shows the structure of divalent nickel complexes
[18-21] (the quantum energy of an XeCl laser at 308 nm used to capture th&SNF radical. The coordination NiS
being 400kJ/mol). The absence of spectral changes everunit is flat for all three types of the complexes [25-29]. In
under long stationary irradiation of solutions with and with- all complexes, the Ni-S distance is close to 2.2 A. The op-
out oxygen testifies to a weak chemical activity of S-radical tical spectra of these complexes are characterized by strong
vanishing upon recombination. absorption bands in the UV spectrum region (Fig. 1). All

Absorption belonging to the perfluorothionaphthyl complexes display the charge transfer band in the range
(*SNF) radical arises in acetonitrile (Fig. 2a, spectrum 1) 316-325nm and the deep gap in the range 280-300 nm.
after the laser pulse in the perfluorodinaphthyl disulfide This gap provides the access of laser quanta to the disulfide
((SNF)) solution. The bleaching observed at 350nm as molecule for S-radical generation. In the far UV region,
a deep gap is assigned to the disappearance of disulfidehere is the splitted strong absorption band for these com-
(SNF) whose absorption band has a maximum at this wave plexes. In the visible region, the weaker bands are located
length (Fig. 1). The absorption coefficient 8NF radical to which the d—d transition can contribute. The assignment
absorption band was determined in [10] which allowed us of the absorption bands of these complexes is given in Refs.
to calculate the corrected spectrum (Fig. 2a, spectrum 2).[30-32]. The similarity of the optical spectra of these com-
Thus, in acetonitrile in the 300—600 nm region, this radical plexes is determined by the same flat coordinationsNiS
is characterized by three absorption bands with maxima atunit and the S—C-S or S—P-S fragments in each ligand.
390, 450 and 490 nnz (= 7600, 1350 and 1400 M cm™1, No photochemical activity is observed in the solutions of
respectively). The spectrum of this radical can be obtained these complexes in acetonitrile. The long stationary photol-
by the flash photolysis of SNF ion solution in the presence ysis under the radiation of a high-pressure mercury lamp
of CCly as an electron acceptor [10]. TH&NF radical causes no changes in the spectra of solutions and no inter-
vanished upon recombination. Therefore, the kinetics of a mediate absorption is observed in pulse experiments. How-
decrease in the absorption intensity of this particle obeys ever, adding the (SNE)disulfide to the solutions of Nii
the second-order kinetic law (Fig. 2b) as in the case of complexes results in absorption differing from that SNF
photolysis of both disulfide (SNE)and~SNF ion solution. radical. Fig. 4 shows the optical spectra arising after the
The linear dependence of observed rate constagt) (on laser pulse in théSNF)2 + Ni(dtp)2> system followed by the
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Fig. 4. Intermediate optical spectra arising after the laser pulse of the
(SNF) (1.6 x 1074 M) + Ni(dtp)2 (1.3 x 1074 M) system in acetonitrile: Fig. 5. Intermediate optical spectra arising after the laser pulse of the

(1-5) the spectra taken 0, 0.2, 0.5, 1 and 3ms after the pulse. The cuvette(SNF) (4.7 x 10-*M) + Ni(dto)2 (1.9 x 10~*M) system in acetonitrile:
is 1cm,T = 291K. The inset shows the typical kinetic curves. (1-4) the spectra taken 0, 0.1, 0.4 and 4 ms after the pulse. The cuvette
is 1cm, T = 291K. The inset shows the typical kinetic curves.

appearance of th&SNF radical spectrum which is quickly ) ) )
transformed (with isosbestic points at 372 and 405 nm) into the reaction of (d®Ni(dic), complex disappearance [11].
a new spectrum with bands at 390 and 590 nm. The rate constant of radical complex dissociation is to be

Reaction between tSNF radical and the complex may determined below. In the volume, the radical can either en-
follow two ways. The first is the electron transfer from counter the complex and coordinate again (reaction (2)) or
the N+(dtp), complex to the radical which gives a free can vanish upon recombination (reaction (4)) to regenerate
~SNF ligand and the Ri(dtp), complex. In this case, disulfide. Similar changes in the optical spectrum after laser
however, the UV radiation must quickly convert the (SNF) ~ Pulse were observed for tH&NF)2 + Ni(dto)2 (Fig. 5) and

molecule into two free” SNF ligands which in acetonitrile ~ (SNP)2 + Ni(xan)z (Fig. 6) systems. In all cases, the wide
display no photochemical activity. Thus, this mechanism absorption bands arise with maxima at 400 and 500-600 nm.

fails to explain the photochromic character of the system The latter overlap the considerable part of the visible spec-

with many transformation cycles. The second possible way trum range. _
is the coordination ofSNF radical and the formation of To calculate the rate constants of the reaction between

a new complex whose dark reactions may lead to the pho-the radical and the Ni(ll) _Complex_, i_t is necessary to get in-
tochromic transformation of the system. In this case, a new formation on the absorption coefficient of th&NF radical

nickel complex (SNPNi(dtp); is formed to which the new ~ @nd radical complexes absorption bands. For the radical,
optical spectrum belongs: the absorption coefficient has been determined in [10]. The

(SNP), 2L 2*SNF @)
*SNF+ Ni(dtp)2 — (SNP*Ni(dtp), ) 03l
(SNP*Ni(dtp)z — *SNF+ Ni(dtp), 3)
*SNF+ *SNF— (SNP); 4)

0zt | e

0l N
// h=550nm
/
0.0
{

) 2 4 6 8 10
time / us

‘ N A =400 nm
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The nickel ion in this complex is likely to be in the in-
termediate valent state (between?Niand NPt) due to
electron and spin density redistribution between the central
ion and the radical. It should be noted that the long-lived
metal-complex-radicals are registered in photodissoci-
ation of S,&dialkyl and S,Salkanediyl derivatives of 00l ’
bis(1,2-ethenedithiolato)nickel complexes [33,34]. 400; — 500r  6hd; 700
The long-run irradiation of théSNF)>+Ni(dtp), solution Wavelength / nm

by laser pulses causes no changes in the optical spectrum
y P 9 b b Fig. 6. Intermediate optical spectra arising after the laser pulse of the

of the sy_Stem' Therefore, the (SNRNj(dtp), rad_lcal com- (SNF) (4.2 x 1074 M) + Ni(xan), (7.7 x 10~2M) system in acetonitrile:
plex vanishes due to monomolecular decay with the escapg(1-s) the spectra taken 0, 0.5, 1, 2.5 and 10ms after the pulse. The

of the free®* SNF radical into the solvent volume similarly to  cuvette is 1cm;I' = 291 K. The inset shows the typical kinetic curves.
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Fig. 7. Determination of absorption coefficients of the (SNNtl.» radical

complexes absorption bands appearing upon flash photolysis of theySNF)

disulfide and Nil, complexes in acetonitrile. At 550 nm only the radical
complex absorbs. The initial radical concentration was determined from
optical density at 400 nm.

absorption coefficient of the radical complex cannot be

found from the relationship between the optical densities of
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Fig. 8. The corrected optical spectra of (SNFiL, radical complexes
(with respect to absorption disappearance of the starting biimplexes).
Points—experimental spectra; solid line—description in terms of the sum
of three Gaussian components; dotted line—Gaussian components for the
spectrum of (SNPNi(dtp), radical complex.

the radical and radical complex absorption bands becausehe disappearance of the initial Ni(dt@omplex displaying

radical coordination competes with the reaction of recom-
bination. It is necessary to determine the value of radi-
cal complex absorption (at 550 nm where #8NF radical
does not absorb) at times aboutd® (the time of radical
complex formation) for the different initial radical concen-
trations determined by the initial optical density at 400 nm
just after the laser pulse. The inclination of thé>®50m
AD*%0MM dgependence in the region of zero signals will be

absorption band at this wavelength (Fig. 1). The available
spectra and absorption coefficients of initial complexes
make it possible to obtain the corrected spectra of radical
complexes (Fig. 8). All (SNPNIL, complexes have strong
absorption bands in the region of 26 000¢mM(385nm)
and about two times weaker bands in the long-wave part
of the spectrum 19000-16 000 ch (525-625nm). All
spectra are well described by decomposition into three

equal to the ratio between the absorption coefficients of the Gaussian components. Fig. 8 demonstrates this decomposi-

radical complex and radical. Fig. 7 shows thé>%0"™
AD*00"M gependencies for all three nickel complexes (the
ADA0"M yalue was varied by changing laser pulse inten-
sity). In the absence 6SNF radical recombination, the lin-
ear dependence would exist even at greB*?° "M values.
The initial angles ofA D350 A D400"™ dependencies
provided the following values for the absorption coeffi-
cients of radical complexes at 550 nm: (SRIFi(dtc),—
5200 M~ tcm™i,  (SNFPNi(dtp),—4900 M tcm=t and
(SNFyNi(xan)—5200 M-t cm~1 (the measurement error
being 600 M~1cm~1). Similar results can be obtained
with the absorption coefficient determined from the ratios

between optical densities at high concentrations of the

initial NiL » complex &4 x 10~4M) and much lower rad-
ical concentrations<2 x 10~°M), when recombination is
almost suppressed.

As follows from Fig. 5, the spectrum of the (SNRj(dtc),
radical complex (the spectrum is takeipg after the laser

pulse) contains a gap below the 400 nm range caused by

tion for the (SNFJNi(dtp), radical complex (dotted lines).
Table 1 summarizes parameters of decomposition into three
Gaussian components for all complexes.

The strongest band at 26 000ch (385nm) for the
(SNFYNiIL 2 complexes is close in its position and intensity

Table 1
The spectral parameters of (SMRJL, radical complexes in acetonitrile

NiL » Vmax (cm1) Av (cm 1) e (M~tem1)
Ni(dtc) 26170 1820 7290
23200 4630 8820
17100 2250 3200
Ni(dtp)2 26050 2950 10600
20215 5160 4860
16390 1880 2800
Ni(xan) 25900 3260 11315
21070 680 1080
19290 4020 5720
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to the absorption band with a maximum at 390 nm for the
free *SNF radical. The intensity of more long-wave bands 12+
is much stronger for complexes than that of similar bands of
the free radical. Probably, transitions related to the charge
transfer between an ion and a radical contribute to these
bands.
The rate constants 86NF radical coordination with Nik

complexes can be estimated using the following method. The

Ni(xan ), Ni(dtc),

kobs*coo"rRO* I 0-5’ S-l
o)

initial part (5—10%) of the kinetics of absorption appearance Ni(dtp),
at 550 nm of radical complexes (Figs. 4-6) can be treated
by the first-order kinetic law and the observed rate constant
(kobg) can be obtained which obeys the equation 4r
(]
1 dD 1 dc

e (53) (8). - ()(5),, o

ADOO dt =0 COO dt =0 2 I
where AD is the value of optical density at 550 nm at the
end of radical complex formatio the current radical com- 0 : :

. . 0 10 20
plex concentration an@,, the concentration to the end of v o
(SNFYNiL formation. According to the scheme of reac- [NiL,]*10° /M
tions (2)—(4), we get
Fig. 9. Determination of bimolecular rate constants *&NF radical
(?Tf) _ klRo[NiL 2] (6) coordination with Nil, complexes (see text) in acetonitrile.
t=0

whereRy is the initial (after pulse}SNF radical concentra-  compete with radical recombination. The greatest rate con-
tion and [NilLo] the concentration of the initial Ni(ll) com-  stant is realized for the Ni(xapfomplex that has the small-

plex. Combining these two equations, we get est steric obstacles to S-radical approach. The smallest rate
Co constant is typical of Ni(dtp)which has the groups at the li-
kobs<R—O> = ka[NiL 2] (7) gand periphery located along the axis perpendicular to the

plane of the Nig coordination unit and protecting this node.

Thus, thekophCoo/Rp value should linearly depend on the The closeness of coordination rate constant to the diffu-
NiL > concentration with a zero cut off in the ordinate. The sion limit indicates the small values of the activation en-
inclination determines the bimolecular rate constaftSNF ergy of S-radical entrance into the coordination sphere. The
radical coordination with Nik complexes. Th€,, andRy temperature dependence lkaf for all complexes (Fig. 10)
values can be calculated from those for optical densities atand the activation energy (Table 2) have been determined
550 and 400 nm, because the absorption coefficients of theby measuring the kinetics of optical absorption appearance
radical and radical complexes absorption bands have beerof radical complexes within a wide temperature range (up
determined above. Fig. 9 shows thg,sC~/Ro o NiL2 to 232 K—acetonitrile freezing point). Indeed, the activation
dependence for all three types of the complexes. The linearenergies (7.2—-12.8 kJ/mol) are close to that of diffusion in
dependence is observed to be well satisfied. The inclinationacetonitrile (9.6 kJ/mol). The last value is determined from
give the values for coordination rate constants summarizedthe temperature dependencel@f: (kgit = 8RT/3000;)
in Table 2. The rate constants are determined to have theusing temperature-dependent acetonitrile viscosity [35]. The
same values if the full experimental kinetic curve is fitted values of pre-exponential factors f& are in the range
to the calculated one obtained by solving the differential (1.6-97) x 1011M~1s™1,
equations corresponding to the scheme of reactions (2)—(4). The reaction kinetics of particles in solvent cage is very

Coordination rate constankg are close to the diffusion  complex. Itis known that in this case the repeated contacts of
rate constant in acetonitrilggi = 8RT/3000) = 1.92 x species are possible [36,37]. The estimation shows that for
10'°M~1s1) which allows this reaction to successfully the S-radical coordination with a flat Ni(ll) complex, a steric

Table 2
The rate constants and activation energy of the coordinatiohSbfF radical with Nily dithiolate complexesk{, E;) and the decay of (SNENIL»
radical complexeskg, E) in acetonitrile

NiL > k1 x 1079 (M~1s71) at 298K logkio) (M~1s71) E; (kIM™D) ko x 1075571 at 298K logkzo) (s71) E; (kIMD)
Ni(dtp)z 55+ 0.1 120+ 0.1 12.8+ 0.5 13+0.1 90+05 230+ 1.7
Ni(dtc), 8.8+ 0.1 112+0.1 7.2+ 0.6 Q17+0.03 73405 109+ 1.3

Ni(xan)y 108+ 0.1 118+01 10.0+ 0.5 10+£0.2 6.6+£0.2 172+17
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Fig. 10. The dependence of rate constant$ ®IflF radical coordination ) o ) ) )
with NiL, complexes and recombination on reverse temperature. The Fig. 11. The kinetics of optical absorption disappearance (550 nm) of the

kit value is calculated from the data on the temperature dependence of (SNF)Ni(dtp); radical complex in acetonitrile. The kinetics differ in their
acetonitrile viscosity from the formuligz = 8RT/3000;. initial concentrations of SNF radical. For convenience, the upper three

kinetics are shifted along the ordinate. Solid line—calculation by solving
differential equations corresponding to the scheme of reactions (2)—(4).

factor (the coordination only by the S atom) can be about
0.01-0.02, and the first contact of particles can be unsuc-
cessful. However, the rotatory diffusion of S—rqdlcal_between complex absorption disappearance by solving differen-
the repeated contacts can give the correct orientation of rad-

ical and lead 1o th " The dithi b teoldt tial equations by the numerical method (fourth-order
Ical and lead fo the reaction. 1he dithiocarbamate fdtc Runge—Kutta) which correspond to the schemes of reac-
radical has more irregular manifold structure (presence of

vl th nit ‘ dt ifur at q tions (2)-(4). Thek; and ks constants have been obtained
alkyl groups with nitrogen atom and two sulfur atoms) an by studying the processes of radical complex formation and

Its rotatodr.);fdﬁfusm][] IS more Slo;']v '? ;gmga”zqn lelt_?].the radical recombination. Therefore, treating all kinetics, only
;(?fffatory |_u3|hon ot more smcc;ot paf ra (;Cf? s ko was varied. As follows from the figure, the calculated
fiierence in the structure and rate of rotatory diffusion can ., es are in fair agreement with the experimental ones.

be the reason of more small rate constant of the dithiocar- These calculations give = (1.3+0.1) x 1°s~L. Thus, the

bamate radical coordination.@x 10° M~1s™1 [11]) with ( : - :
: . . : . SNF)Ni(dtp), radical complex decomposes during about
the Ni(dtcp complex in comparison with theSNF radical 7.7us and its lifetime is three orders of magnitude shorter

(88x 1°M~1s™, Table 2). than that of the (d®Ni(dtc), complex (7.8 ms [11]). The
observed lifetime of the (SNENi(dtp), complex increases

3.3. Reaction of the disappearance of (SN¥).» by about two orders of magnitude up to several hundreds of

radical complexes microseconds due to repeat radical coordination and depends

on the initial concentration of the initial Ni(dtp)lcomplex

With the individual lifetime of about 7ms, the (d)c and the depth of phototransformations (laser pulse intensity).
Ni(dtc), radical complex vanishes rather slowly due to the  The considerable difference of thie value for the
repeat coordination of radicals in the second time domain (SNF)NiL> complexes (Table 2) may be due to the intri-
[11]. This allowed one to accumulate the radical complex cate reaction kinetics in a solvent cage. In a case of the
in the cooled methanol solutions and to record its ESR possible reversible coordination of S-radicals, this kinetics
spectrum [12]. Radical complexes involvit@NF radical becomes more complicated. When the S-radical leaves the
decay much quicker. Fig. 11 shows the kinetics of optical coordination sphere of Ni(ll) ion, it is located some time

absorption disappearance at 550 nm of the (SNKiltp)> with the ion in a solvent cage. The repeated contacts can re-
radical complex in acetonitrile at the different amplitudes sult to the repeated coordination of the S-radical, which has
of laser pulse (the different initial concentrations*&NF not yet escaped to solvent bulk. Apparently, the complex

radical). The similar kinetic curves have been obtained for dynamics of the radical motion in cage and the features of
the disappearance of other (SMR)L, radical complexes.  complex structure, namely the structure of peripheral part of
Fig. 11 (solid lines) shows the calculated kinetics of radical the Ni(dtch complex (presence of irregular manifold alkyl
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Fig. 12. Dependence of the rate constants of the (SNIEp complexes
disappearance on reverse temperature.

4.0

groups) result to the rate constants of radical dissociation
on one order less than for two other complexes.

Knowing the k1(7") and k3(T") dependencies (Fig. 10)
(measurement of the kinetics of radical complex formation
and radical recombination at different temperatures), we
have calculated the kinetics of radical complex disappear-
ance, determined the rate constdatevithin a wide temper-
ature range, and established the activation enerd\bbiF-
radical dissociation. Fig. 12 shows thhe « 1/T depen-
dence for all three types of radical complexes. The activa-
tion energy of radical complex decay is shown in Table 2.
For (SNFYNi(dtp)2, the activation energy is 23 kJ/mol. For
other two, it is even lower. It is known that the equilibrium
constant for the (2)—(3) type reactions is of the form

G AH —TAS
K=expl gr ) =&~ &Rt
AH

-on( ) ol -(3)

where AG, AH and AS are the free energy, enthalpy and
entropy of radical complex formation, respectively. On the
other hand, we get

- (2) o

= k_l =
wherek; andky are the rate constants of direct and reverse
reactions, andkip andkyg are the pre-exponential factors.

These relationships show that a changa i enthalpy upon
radical coordination (actually, the energy of R&NF bond)

ka0
k10

Er — Eq

K
RT

is equal to the difference in activation energies and, accord-

ing to Table 2, for the (SNENIL > radical complexes, it is
in the range 3.7-10.2 kJ/mol. The small values of S-radical

D.Yu. Vorobyev et al./Journal of Photochemistry and Photobiology A: Chemistry 149 (2002) 101-109

bond energy account for the short lifetime of these radical
complexes.

In these conditions, irradiation in the cooled methanol
solutions ¢175K) does not allow one to accumulate rad-
ical complex for recording its ESR spectrum. Even for the
(SNF)yNi(dtp), complex (the bond energy being the great-
est) at 175K, the decay takes 10 ms (estimated from the
ko temperature dependence). The observed time of radi-
cal complex disappearance increases at this temperature to
fractions of a second. However, solution solidification with
decreasing temperature to 109K (methanol vitrification
point) takes several seconds which substantially exceeds
the time of radical complex disappearance.

4. Conclusions

The laser flash photolysis has shown that8BF radical
with a rate constant close to the diffusion one reversibly coor-
dinates with the flat Nik complexes to form the (SNEYIL 2
radical complexes. These patrticles display strong absorption
bands in the visible spectrum range. The lifetime of radical
complexes amounts to several microseconds (the lifetime
of an individual complex). However, the observed lifetime
can reach several hundreds of microseconds owing to repeat
radical coordination.
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