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Abstract


Laser flash photolysis has been used to record the optical spectra of sulfur-containing radicals forming from photodissociation of diphenyl disulfide, perfluorodiphenyl disulfide, perfluoro-2,2'-dinaphthyl disulphide, diisopropyldixantogene and bis(diisobutylthio-phosphoryl-disulfane). The extinction coefficients of absorption bands were determined from the reaction of S-radicals with a stable nitroxyl radical. The rate constant of this reaction was close for all radicals to 10 9 M-1s-1 and successfully competes with the reaction of recombination. The presence of a narrow and strong absorption band in the optical spectrum of a nitroxyl radical allow one to accurately determine the extinction coefficients of the absorption bands of S-radicals.

1. Introduction


We have recently established that the solutions of thiuramdisulfide (tds ( R2NC(S)S-S(S)CNR2, where R = Me, Et, n-Pr, n-Bu) and dithiocarbamate complex of bivalent nickel Ni(dtc)2 (dithiocarbamate anion dtc- ( R2NCS2-) are photochromic systems [1]. Laser flash photolysis was used to demonstrate that the photochemical activity is initiated by photodissociation of a thiuramdisulfide molecule into two dithiocarbamate radicals (dtc( = R2NCS2(). A free dtc( radical has an absorption band with a maximum at 600 nm (( = 3100 M-1cm-1) [2] and vanishes upon recombination. In the presence of Ni(dtc)2 complex, the radical is introduced by a sulfur atom into the coordination sphere of the Ni(II) ion to form an intermediate radical complex Ni(dtc)2(dtc(). This complex has a wide optical absorption band with a maximum in the vicinity of 450 nm (( = 8725 M-1cm-1) and decays due to dissociation into the initial Ni(dtc)2 complex and dtc( radical [1]. In frozen matrices the ESR spectrum of the radical complex Ni(dtc)2(dtc() with anisotropic g-factor was recorded [3]. 


Preliminary experiments show that the ability to reversibly coordinate to the flat complexes of metal ions is typical not only of the dithiocarbamate radical but also of a number of other sulfur-containing radicals. The organic sulfur-containing radicals display, as a rule, a lower reactivity as compared with radicals whose unpaired electron is localized on a carbon atom. This restricts the number of reactions involving S-radicals and can lead to a high stability of photochromic systems with sulfur-containing radicals. Determination of their optical spectra and kinetic characteristics is highly important for establishing the origin of the processes occurring in these systems under light. One of the main reactions of S-radical disappearance is the reaction of recombination, whose bimolecular rate constant can be found from the initial concentration of radicals calculated from the value of optical absorption with the known extinction coefficients. Thus, the kinetic parameters of reactions involving intermediate radicals can be determined knowing the extinction coefficients of the absorption bands of these particles.


A purposeful study of the optical spectra of S-radicals in the condensed medium has been first performed in [4] by means of flash photolysis of disulfides and mercaptanes. For many compounds, absorption was recorded in a wide spectral region (300-500 nm) with a strong band near 300 nm and with a weak maxima in a more long-wave spectrum region. Absorption vanished by the second order kinetic law and was assigned for phenyl compounds to a neutral phenylthiil radical (PhS(). To estimate the extinction coefficient of the absorption band at 460 nm the recombination rate constant, (krec), was set equal to the diffusion rate constant calculated from the Debye-Smoluchovsky equation (kdiff = 8RT/3000( M-1s-1). As a result, the value (460nm = 340 M-1cm-1 was obtained. A similar value ((300 M-1cm-1) is given for this radical in [5].


In a number of papers devoted to the addition of parasubstituted phenylthiil radicals (p-XC6H4S() to molecules via a double bond [6-8], the lamp flash photolysis was used to show that these radicals display absorption bands in the visible spectrum region (maximum at 460 nm for X = H, 505 nm X = CH3, 510 nm X = Cl, 515 nm X = OCH3, 520 nm X = NO2, 595-660 nm X = (CH3)2N). Using relation krec = kdiff, the extinction coefficients were estimated to be 104 - 5(103 M-1cm-1.


The optical spectrum of PhS( radical with two absorption bands whose maxima are at 295 and 460 nm and have extinction coefficients of 104 and 2.5(103 M-1cm-1, respectively, was obtained in [9] from the pulsed radiolysis of the aqueous solutions of sulfur-containing compounds (the method of determination of extinction coefficients is omitted). The reaction of thiophenol with azide radical [10] arising from the reaction of OH(-radical with N3- ion also leads to the formation of  thiophenolate radical. According to [10], its extinction at 460 nm is 2700 M-1cm-1. Thus, in the literature there are no unambiguous data on the extinction coefficients of the absorpiton bands of phenylthiil radicals. 


In this paper, the laser flash photolysis was used to record the optical spectra of several sulfur-containing radicals. The extinction coefficients of absorption bands were measured using the reaction of S-radicals with a stable nitroxyl radical RNO( (the structure is given below) which has a narrow strong absorption band in the nearest UV spectrum region, weakly absorbs at the wavelength of laser radiation (308 nm) and fails to display photochemical activity. A high reactivity of phenyl radicals (p-XC6H4S() with respect to di-tert-butyl nitroxyl radical (DBNO() was demonstrated in [6]. However, owing to the incongruous DBNO( parameters, this reaction was not used for determining the extinction coefficients of the absorption bands of S-radicals.

2. Experimental details


The laser flash photolysis of solutions was carried out on a set-up with an XeCl excimer laser (308 nm, 15 ns, 30 mJ, beam area on a sample being 10 mm2) given in detail in [11]. The exciting and probing light beams fell on a cuvette (with a 10 mm thickness ) at a small angle ((20). In experiments at low temperatures, the cuvette was placed in a quartz optical cryostat blown out with a stream of cold air at the automatically controlled temperature (accuracy - 0.50C). After each laser pulse, the solution was mixed up with a magnetic stirring rod. In some experiments, we used a similar set-up for laser flash photolysis [12] with perpendicular location of the exciting and probing light beams. The photomultiplier signal was recorded on a digital oscillograph Tektronix 7912AD connected to an IBM computer.


The optical absorption spectra were recorded on spectrophotometers Shimadzu UV-2501, Specord UV\VIS and Specord M40 (Carl Zeiss). Solution was prepared using the spectrally clean solvents. The intensity of laser pulses was measured from the value of the optical density of the triplet-triplet absorption of anthracene in oxygen-free benzene solution at 431 nm (quantum yield of the triplet state being 0.53 and extinction coefficient of the T-T absorpiton band being 42000 M-1cm-1 [13]).

[image: image5.wmf](

X

A

N

)

2

R

R

O

O

C

C

S

S

S

S

(

S

B

H

)

2

S

S

(

S

B

F

)

2

F

F

S

F

F

S

F

S

S

F

(

S

N

F

)

2

S

S

S

S

P

P

R

2

R

2

(

D

T

P

)

2

[image: image6.wmf]H

3

C

H

3

C

C

H

3

C

H

3

O

O

N

N

C

H

3

C

H

3

N

N

R

N

O


The structures of disulfides used for photogeneration of S-radicals (for disulfides (XAN)2 and (DTP)2 group R = iso-Pr and iso-Bu, respectively) and stable imidazoline nitroxyl radical RNO( are shown below. 


Diaryl disulphides were obtained by the action of bromine in acetic acid on corresponding thiophenols [14]. Perfluoro-2,2'-dinaphthyl disulphide ((SNF)2): MP 116-117oC. Found: MW = 569.9226, C20F14S2. Calculated: MW = 569.9218. 19F NMR ((, ppm, internal C6F6 ): 54.2 (dd, peri J18 = 70 Hz; 1-F), 32.5 (multiplet, 3-F), 19.8 (dtt, J18 = 70 Hz; 8-F), 17.1, 15.9 (one dt, another dtt, peri J45 = 59 Hz; unassigned 4-F, 5-F), 11.9, 8.1 (both multiplets, unassigned 6-F, 7-F). Signal assignment in the 19F NMR spectrum was made on the base of fine structure analisys and comparision with 19F NMR spectrum of 2-mercaptoheptafluoronaphthalene [15]. The 19F spectra were recorded on a Bruker WP-200SY instrument in CCl4 solution. Molecular weights and molecular formulas were determined on Finnigan-MAT-8200 instrument. The nominal energy of ionizing electrons was 70 eV.


Diisopropyldixantogene (iso-PrOC(S)SSC(S)Pr-iso ( (XAN)2) and bis(diisobutylthio-phosphoryl-disulfane ((iso-Bu)2P(S)SSP(S)(Bu-iso)2 ( (DTP)2) were produced by mixing up the aqueous solutions of the iso-PrOCS2К or (iso-Bu)2PS2Na salts and the iodine aqueous solution in KI [16, 17]. Dixantogene was recrystallized from methyl alcohol. Disulfide was washed up several times with warm methyl alcohol and reprecipitated from acetone solution with water added. The synthesis of RNO( radicals of such a type is given in [18]. The numerical calculations of the kinetics of the disappearance of intermediate optical absorption for solving differential equations involve a special program and the fourth-order Runge-Kutta method.

3. Results and discussion

3.1. Optical spectra of disulfides


The optical spectra of used disulfides in acetonitrile are shown in Fig.1. The absorption of all disulfides is observed in the UV region. The extinction coefficients at the wavelength of laser radiation (308 nm) are great enough so that at concentrations of about 10-4-10-3 M the optical density in a 1 cm cuvette are of the order of 0.1-1. The long stationary irradiation of disulfide solutions in many solvents (methanol, acetonitril, benzene, etc,) causes no change in the optical spectrum. However, the laser flash photolysis can be used to record intermediate absorption vanishing in a microsecond time domain. 
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The primary photochemical process upon irradiation of organic disulfides in the UV spectrum region is the break of S-S bond ((100 kJ/mole) which results in two sulfur-centered radicals [19-22] (quantum energy of XeCl laser at 308 nm being about 400 mJ/mole). The absence of spectral changes even under long stationary irradiation in solutions with and without oxygen indicates a weak chemical activity of S-radicals vanishing upon recombination. Below, we give the structure of S-radicals, whose the optical spectra, extinction coefficients of absorption bands and kinetic parameters are determined.

3.2. Flash photolysis of disulfide (SNF)2 and optical spectrum of (SNF radical


Laser pulse in the solution of perfluordinaphthyldisulfide ((SNF)2) in acetonitrile, is followed by absorption (Fig.2a, spectrum 1) belonging to the perfluorthio-naphthyl ((SNF) radical. A light region at 350 nm in the form of a deep gap is assigned to the disappearance of disulfide (SNF)2 which has an absorption band with a maximum at this wavelength (Fig.1). Below, we determine the extinction coefficient of (SNF radical absorption which allows us to calculate the corrected spectrum (Fig.2a, spectrum 2). The spectrum of this radical can also be obtained by flash photolysis of the SNF- ion solution (HSNF acid is dissolved in acetonitrile) in the presence of CCl4 molecules ((1 M) being good electron acceptors. The stationary photolysis of the SNF- ion solution in acetonitrile gives a band with a maximum at 350 nm which belongs to disulfide (SNF)2 and shows that the intermediate absorption belongs to the (SNF radical.


The (SNF radical vanishes upon recombination. Therefore, the kinetics of a decrease in the absorption intensity of this particle obeys the second order kinetic law (Fig.2b) upon photolysis of both disulfide (SNF)2 and SNF- ion solution. The linear dependence of the observed rate constant (kobs) on the signal amplitude with a zero cut-off on the ordinate (Fig.2c) shows that the contribution of either the first or pseudo-first order to the process of radical disappearance does not exceed 103 s-1 at usual values kobs ( 105 s-1. The absorption disappearance kinetics is independent of oxygen content in the solution which indicates the absence of reaction between (SNF radical and oxygen. This is also typical of other S-radicals [23-25].

3.3. Optical spectroscopy and kinetic characteristics of (SBF, (SBH, (XAN and (DTP radicals


The flash photolysis of diphenyl disulphide (SBH)2 causes absorption of thiophenolate radical ((SBH) (Fig.3, spectrum 1) whose optical spectrum is well known [6, 9, 10] and contains the band with a maximum at 460 nm (the maximum of the second band is situated at 295 nm [9]). Its perfluorinated analog ((SBF) arises from the photolysis of perfluordibenzyl-disulfide ((SBF)2) solutions and also has a band with a maximum at 460 nm (Fig.3, spectrum 2). The kinetics of disappearance of both of the radicals is independent of oxygen presence in the solution and is well described by the second order kinetic law, i.e., the radicals vanish upon reverse recombination. The second order of radicals disappearance is confirmed by the linear dependence of kobs on signal amplitude.


The laser flash photolysis of disulfide solutions (XAN)2 and (DTP)2 leads to the intermediate absorption of S-radicals ((XAN and (DTP) in the form of bands with maxima at 650 and 616 nm, respectively (Fig.3, spectra 3 and 4, respectively). The radicals disappear upon recombination according to the second order kinetic law which is confirmed by numerical calculations of kinetics and the linear dependence of the observed rate constant on the value of the optical density of intermediate absorption. These reactions are independent of oxygen content.

3.4. Determination of the extinction coefficients of S-radicals absorption bands


Of five S-radicals whose spectra are shown in Figs.2 and 3, the spectrum of optical absorption is known only for the thiophenolate radical (a band with a maximum at 460 nm) [9, 10]. In these papers the (SBH radical was obtained by pulse radiolysis of solutions in the presence of thiophenol and azide ion (N3-). The extinction coefficients of S-radicals in these cases can be measured by absorption of the intermediate radical (e.g., N3() which generates a nonactive sulfur-containing radical. The alternative methods are necessary for determining extinction coefficients upon photochemical generation of S-radicals from disulfides.


One of these methods is a study of the reaction between S-radicals and the particles whose spectra or the optical spectra of reaction products are available. However, the low reactivity of most sulfur-centered radicals limits the number of partners the reactions with which could successfully compete with recombination. It was shown [6, 25] that S-radicals can rapidly react with nitroxyl radicals. However, the use of this reaction for determining extinction coefficients imposes some conditions on the photochemical, optical and kinetic characteristics of the nitroxyl radical (RNO(). The main condition is that this radical should not be subjected to photochemical transformations. When using the exciting XeCl laser, it is also necessary that the RNO( radical absorption would be minimal at a wavelength of 308 nm. On the other hand, the absorption band of this radical should be strong enough and should not be overlapped by S-radical absorption. The rate constants of the reaction between RNO( and S-radicals should be high enough so that one could use not high RNO( concentrations for suppressing S-radicals recombination (at great concentrations, laser quanta will be mainly absorbed by nitroxyl radical rather than by disulfide). The products of the reaction between RNO( and S-radicals should not be too absorbing not to distort the kinetics of radical disappearance (otherwise, the problem arises of determination of the extinction coefficients of product absorption bands).


The RNO( radical whose structure is given above, satisfies all these conditions. Fig.4a shows the optical spectrum of this radical in acetonitrile solution consisting of two absorption bands in the visible and nearest UV region of the spectrum. In the UV region a strong band has its maximum at 343 nm (( = 12500 M-1cm-1), in the red region the band at 600 nm is less strong (( = 1040 M-1cm-1). For both of the bands, a weak vibrating structure is observed typical of the radicals belonging to this type [16]. At a wavelength of 308 nm the RNO( spectrum displays a powerful gap which prevents the screening of disulfide absorption. The stationary irradiation of RNO( solutions in acetonitrile (and some other solvents such as methanol, ethanol) by the pulses of excimer XeCl laser fails to cause a change in its spectrum which testifies to its photochemical inertia. No signals of intermediate absorption were observed in pulse experiments.


If solution contains disulfide and RNO( radicals, the stationary photolysis leads to the disappearance of nitroxyl radical absorption. The pulse experiments show that the S-radical resulting from photodissociation of disulfide rapidly reacts with the RNO( radical. Thus, in these conditions, the kinetics of S-radical disappearance obeys the reactions
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The spectrum of intermediate absorption arising from photolysis of disulfide solution (using perfluorinated diphenyldisulfide (SBF)2) and RNO( radical in acetonitrile is shown in Fig.4b. A comparison of the absorption spectrum of RNO( radical (Fig.4a) with the final spectrum of intermediate brightening (Fig. 4b) shows that the products of reaction (2) do not actually absorb in the range of 330-800 nm. 


Assuming the absence of recombination (1), the ratio of the values of absorption at 460 nm just after the laser pulse and the brightening at 342 nm to 50 mcs owing to the disappearance of RNO( radical in reaction (2), allows us to determine the observed value of extinction coefficient ((obs) of the absorption band of S-radicals (SBH and (SBF from the formula
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where 
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 = 12500 M-1cm-1 is the extinction coefficient of the absorption band of RNO( radical. As the laser pulse intensity and the amplitude of the absorption signal of S-radicals ((D460 nm) decrease, the contribution of recombination reaction (1) also decreases. Therefore, the (obs value approaches the true value of the extinction coefficient (initial disulfides ((SBF)2 and (SBH)2) do not actually absorb at 342 nm). Fig.5 shows extrapolation of (obs dependence to zero signal. The values of the extinction coefficients of S-radicals obtained in the form of a cut-off on the ordinate, are summarized in Table 1. The measured extinction coefficient of the absorption band of (SBH-radical is in fair agreement with the literature values of 2500 [9] and 2700 M-1cm-1 [10].


The extinction coefficients of the absorption bands of the (XAN and (DTP radicals with maxima at 645 and 616 nm have been determined by the same technique and given in Table 1. When measuring the extinction coefficient of the absorption band of the perfluorthionaphthlate radical ((SNF). it is necessary to take into account the overlapping of the absorption bands of RNO( radical and disulfide (SNF)2. As a result, the expression for the effective extinction coefficient ((obs) has the form
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where 
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 is the extinction coefficient of disulfide at a wavelength of 342 nm. This expression takes into account the fact that photodissociation of one disulfide molecule gives two S-radicals. The concentrations of the radical and dissociating disulfide were determined using the value of the extinction coefficient found from the cut-off of (obs ( (D400 nm dependence on the ordinate (Table 1). These parameters were used to obtain the corrected (SNF spectrum (Fig.2, spectrum 2).

3.5. Rate constants of S-radicals recombination and reactions involving a stable nitroxyl radical


The extinction coefficients of the absorption band of S-radicals were used to determine the bimolecular rate constants of the recombination of these species. Most informative is the kobs((D0 dependence where (D0 is the initial radical absorption after the laser pulse. The kobs was usually calculated using the initial kinetic region with a decrease in radical concentration not exceeding 20%. If the radical vanishes only in the reaction of recombination, the the kobs((D0 dependence is of a linear character with a zero cut-off on the ordinate. The appearance of cut-off indicates the occurrence of additional channels of radical disappearance in reactions of the first or pseudo-first orders. The linear kobs((D0 dependence with zero cut-off is observed in the flash photolysis of all disulfides (Fig.3). The slope of this dependence can be used to estimate the bimolecular rate constant of radical recombination. The final value of the rate constants of S-radicals recombination was obtained by fitting the complete experimental kinetic curve to the calculated one by solving the differential equation. The values obtained are summarized in Table 1. For all radicals, they are 4-6 times smaller than the diffusion limit (kdiff = 8RT/3000( = 2(1010 M-1s-1 in acetonitrile) which is explained by the existence of steric and spin factors upon recombination.


In the presence of nitroxyl radicals, the kinetics of S-radicals disappearance becomes more complex. The excess concentration of RNO( cannot be used for establishing the kinetic regime of pseudo-first order, because this radical absorbs at the wavelength of laser radiation (308 nm) (Fig.4a). The concentrations of RNO( ((5-10)(10-5 M) and S-radicals (1-5)(10-5 M after laser pulse are comparable and the system of differential equations for reactions (2) and (3) has no analytical solution. Therefore, the rate constants of radical reactions were determined by numerical calculations of kinetic curves by solving the differential equations in terms of the fourth-order Runge-Kutta method. The calculated kinetics were fitted to the experimental curve by varying only the k3 value because all the rest parameters (k2 and extinction coefficients of radicals) were measured independently. Fig.4c shows a fair agreement between the calculated and experimental kinetic curves for RNO( and (SNF radicals. The values of rate constants are presented in Table 1 in the range of about (109 M-1s-1 which allows reaction (3) to successfully compete with S-radicals recombination.

Table 1. Extinction coefficients of optical absorption bands and rate constants of S-radicals recombination and reaction with a stable RNO( radical in acetonitrile.

	S-Radical
	(max, nm
	(, M-1cm-1
	kRS+RNO(10-9, M-1s-1
	2krec(10-9, M-1s-1

	(SNF
	390

453

500
	7600(200

1400(100

1350(100
	1.4(0.1
	6.9(0.3

	(SBF
	460
	2800(100
	1.9(0.2
	9.5(0.4

	(SBH
	460
	2550(100
	1.1(0.1
	11.0(0.7

	(XAN
	645
	1000(80
	0.56(0.07
	7.3(0.7

	(DTP
	616
	2580(100
	1.0(0.1
	7.6(0.4


3.6. The origin of the optical spectra of S-radicals


The (XAN radical has an absorbing chromophor group S-C-S with the (-system also typical of dithiocarbamate radical (dtc( = R2NCS2(). Therefore, the optical spectra of these species contain wide bands with similar maximuma at 645 and 600 nm, respectively. The absorbing center of the (DTP radical consists of the S-P-S group which also has a long-wave absorption band with a maximum at 616 nm. The quantum-chemical calculations show that the unpaired electron of the dtc( radical is on the (*-orbital and the absorption band belongs to the electron transition (((* [27]. The composition identity and closeness of the spectra allow us to assume that (XAN and (DTP are also the (-radicals. Calculations using the HyperChem5 program in the framework of AMI and PM3 methods and multiconfiguration interaction confirm the occurrence of transitions in the radicals of this type centered in the red spectrum region (600-800 nm) with an oscillator force varying from 10-2 to 10-3. Calculating the geometry and form of molecular orbitals, we see that the unpaired electron is situated on the (-orbital. Calculations of the geometry, electron composition and optical spectra of radicals (SBH, (SBF and (SNF testify that they are the (-radicals and must have fairly strong transitions in the range of 400-500 nm corresponding to the experimental absorption bands in this range (Table 1).

4. Conclusions


Laser flash photolysis was used to record the optical spectra of S-radicals arising from photodissociation of disulfides (SNF)2, (SBF)2, (SBH)2, XAN2 and DTP2. The extinction coefficients of absorption bands were determined using reactions between S-radicals and a stable nitroxyl radical. The rate constant of this reaction for all radicals is close to 109 M-1s-1 and successfully competes with the reaction of S-radicals recombination. The presence of a narrow strong absorption band in the optical spectrum of nitroxyl radicals and the absence of absorption in the products of radical reaction allow us to determine to within good accuracy the extinction coefficients of the absorption bands of S-radicals in the range of 330-800 nm. The measured extinction coefficients have made it possible to find the rate constants of S-radicals recombination which appeared to be 4-6 times smaller than the diffusion-controlled limit.
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Figure captions

Figure 1. Optical spectra of the (SNF)2 (1), (SBF)2 (2), (SBH)2 (3), XAN2 (4) and (DTP)2 (5) disulfides in acetonitrile. The spectrum of (SBF)2 disulfide (2) is enlarged twice.

Figure 2. The optical spectrum of (SNF radical (a) arising from laser flash photolysis of disulfide (SNF)2 solution in acetonitrile (295 K). Insertions show the kinetics of radical absorption disappearance (b) at 390 nm and the linear dependence kobs for this kinetics after treatment in terms of the second order kinetic law vs the signal value (c).

Figure 3. Optical spectra of (SBH (1), (SBF (2), (XAN (3) and (DTP (4) radicals arising from laser flash photolysis of the solutions of corresponding disulfides in acetonitrile at room temperature.

Figure 4. The optical spectrum of the solution of a stable nitroxyl radical RNO( in acetonitrile (a) and the spectrum of intermediate absorption upon flash photolysis of perfluorodiphenyl disulfide ((SBF)2) in the presence of RNO( (b). The spectra are given 0, 0.8, 1.6, and 20 mcs after the laser pulse. Insertion (c) shows the kinetics of radical absorption decay at 342 and 460 nm. The spectrum of bleaching at the end of reaction between the radicals coincides with the absorption spectrum of RNO( radical which testifies to the absence of absorption of the reaction products in the range of 330-800 nm.

Figure 5. The dependence of an observed extinction coefficient ((obs) on the value of optical density in maxima of S-radicals absorption bands. The calculations of (obs are conducted with the use of flash photolysis data in the presence of a stable nitroxyl radical RNO( under the formulas (3) or (4). The extrapolation to zero optical density yields a true extinction coefficient of radicals absorption bands. Two points on ordinate axis are the literature data for (SBH radical [9, 10].
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