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Abstract

The optical and ESR spectra of the radical complex Ni(dtc)2(dtc() (where Ni(dtc)2 is a flat dithiocarbamate Ni(II) complex), have been recorded in frozen matrices. The dtc( radicals (R2NCS2() were produced by photodissociation of thiuram disulphide molecules (tds ( R2NC(S)S-S(S)CNR2, where R is the alkyl group) at low temperature close to the melting point of a solvent. Coordination of radicals gives rise to both the optical spectrum with intensive absorption bands in the range of 200-800 nm and the ESR spectrum with anisotropic g-factor (gxx = 2.154, gyy = 2.136, and gzz = 2.040). For some solvents, forming a polycrystalline matrix upon freezing, the ESR spectrum of the Ni(dtc)2(dtc() complex transforms into a wide singlet line due to the increased local concentration.

1. Introduction

Recently [1] we have established that the solution of thiuram disulphide (tds) and dithiocarbamate Ni(II) complex, (Ni(dtc)2), is a photochromic system. Using laser flash photolysis, we have shown that the photochemical activity of this system is initiated by photodissociation of thiuram disulphide molecule into two dithiocarbamate radicals [2]. A free dtc( radical displays the absorption band with a maximum at 600 nm (( = 3100 M-1cm-1) [2]. In the presence of the Ni(dtc)2 complex the dtc( radical decays in two competing channels (the first being the recombination, the second being the reaction with a flat Ni(dtc)2 complex) to form the intermediate radical complex Ni(dtc)2(dtc(), whose hypothetical structure is shown in Fig. 1. This complex has a wide optical absorption band with a maximum in the range of 400 - 450 nm (( = 8700 M-1cm-1 at 450 nm in acetonitrile) [1].

The Ni(dtc)2(dtc() complex vanishes due to back dissociation into the initial Ni(dtc)2 complex and the dtc( radical with a rate constant of 130 s-1 (the individual lifetimes ( 10 ms) in acetonitrile at room temperature (298 K), and the activation energy of this process is 29.3 kJ/mol [1]. However, the [image: image2.wmf]S
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observed lifetime is usually two orders of magnitude longer due to the repetitive coordination of the radical. The formation of the Ni(dtc)2(dtc() complex is in fair agreement with the fact that the flat Ni(dtc)2 complexes add reversibly the molecules such as pyridine and [image: image3.wmf] 
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picoline [3]. The adduct coordinates by nitrogen atom at the fifth coordination site. The activation energy of the dissociation of these complexes varies from 30 to 40 kJ/mol [3, 4].

To study the structure of the species with the unpaired electron the determination of the ESR parameters is usually important. The dissociation energy of 29 kJ/mol leads to the three orders of magnitude increase of the individual and observed lifetimes at the cooling of the solution down to the melting point (for methanol (175 К). A fairly long lifetime in cold solutions allows us to obtain a frozen matrix, containing the high concentration of the radical complex. In this paper the optical and ESR spectra of this complex in solid frozen matrices are determined. The features of these spectra give the information to discuss the structure of the Ni(dtc)2(dtc() complex and its aggregation in frozen matrix.

2. Experimental

To prepare the samples, containing the Ni(dtc)2(dtc() complex, the thiuram disulphide and Ni(dtc)2 solutions were cooled to the temperature close to the melting point of a solvent and were irradiated by the pulses of an XeCl excimer laser (308 nm, 15 ns, 10 Hz, 50 mJ). The tds concentration was usually in the range of (1-1.5) (10-3 M, that of the Ni(dtc)2 complex was in the range of (0.7-1.4) (10-3 M. After irradiation the sample was frozen to the temperature of liquid nitrogen (77 K) and either the optical or ESR spectra were taken. The optical spectra were recorded using a quartz cuvette with a thickness of 0.1-3 mm. The ESR spectra were recorded by means of quartz ampoules with a 3 mm i.d. The optical spectra were observed on a Specord UV VIS spectrophotometer (Carl Zeiss). The ESR spectra were recorded using an ESR Bruker EMX spectrometer. Solutions were prepared using the spectrally pure solvents.

3. Results and discussion

3.1. Optical spectrum of the Ni(dtc)2(dtc() radical complex 
When the methanol solution, containing thiuram disulphide (Fig. 2, spectrum 2) and Ni(dtc)2 (Fig. 2, spectrum 1), and cooled to 160-200 K, is irradiated by eximer XeCl laser (arrow in Fig. 2 denotes the laser radiation frequency), a light yellow sample becomes strongly brown. This color is preserved upon freezing to 77 K (Fig. 2, spectrum 3). A similar coloring is observed upon irradiation of the tds + Ni(dtc)2 system in other solvents (isopropanol, acetonitrile, benzene, toluene). Laser flash photolysis has demonstrated [1] that in this system the following reactions are realized
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The unstable in liquid solution radical complex Ni(dtc)2(dtc(), displaying the optical spectrum 3 in Fig. 2, can be stabilized in the frozen matrix. The spectrum of Ni(dtc)2(dtc(), in the frozen matrix is in fair agreement with that, obtained in experiments on laser flash photolysis [1]. We distinguish the bands with maxima at 37000, 29650, 25000, 22700, 20450, 18300 (the shoulder) cm-1 (extinction coefficients being 88200, 40000, 24400, 18800, 16500, 10000 M-1cm-1, respectively).

As has been mentioned, the dtc( radical has an absorption band with a maximum at 600 nm [2]. In the Ni(dtc)2(dtc() spectrum this band is, however, either absent or overlapped by stronger absorption of the formed complex. The optical spectrum of Ni(dtc)2(dtc() resembles that of dithiocarbamate Ni(IV) complex, Ni(dtc)3+ (Fig.2, spectrum 4) which has the octahedral structure [5]. Typical is the existence of absorption bands in the visible spectrum region up to the red one, probably, due to both the noticeable electron density transfer from ion to radical and the existence of actually three dithiocarbamate ligands in the coordination sphere of the nickel ion in both cases. These complexes are, however, the different species as since the Ni(dtc)3+ complex is stable in many solvents while the radical complex Ni(dtc)2(dtc() disappears quickly enough [1]. In addition, the Ni(dtc)3+ complex has no ESR spectrum (low-spin complex with electron 3d6 configuration) whereas Ni(dtc)2(dtc() displays the pronounced ESR spectrum.

3.2.  ESR spectrum of the Ni(dtc)2(dtc() radical complex in transparent glassy matrices 


The starting complex Ni(dtc)2 in the frozen matrix displays no ESR spectrum. The photochemically generated Ni(dtc)2(dtc() complex has, however, strong lines in the ESR spectrum. Figure 3 (spectrum 1a) shows the ESR spectrum of Ni(dtc)2(dtc() in the transparent methanol matrix (5% H2O) at 77 K. Similar spectra of this complex have been also obtained in other glassy matrices (ethanol, isopropanol, and toluene). The ESR spectrum of Ni(dtc)2(dtc() is characterized by the anisotropic g-factor. There is no hyperfine structure because the nuclei of stable natural isotopes of atoms S (99.2%), C (98.9%), and Ni (98.85%) on which the unpaired electron is localized, have no spins. Numerical modeling (Fig. 3, spectrum 1b) allowed us to determine the values of the g-factor components and of the linewidths. The calculating parameters are given in Figure caption. Note that the linewidth in the spectrum has also of anisotropic character.

Large deviations of g-factor components ((g ( 0.15) from the g-factor value for a free electron (ge=2.0023) testify to the coordination of the dtc( radical with a metal ion. For free organic radicals the g-factor values are close enough to the ge value ((g ( 0.01) and only the existence of the transient metal ions with large constants of spin-orbital interaction leads to a substantial shift in g-factor [6]. Since a constant of spin-orbital interaction for the Ni2+ ion is negative (( ( -325 cm-1 [6]), the g-factor increases compared to ge ((g ( -(  ) and the ESR signal moves to the weaker field.

Coordination of the dtc( radical in the Ni(dtc)2(dtc() complex can be realized by either one (Fig. 1) or two sulfur atoms. Studying the process of Ni(dtc)2(dtc() formation by means of laser flash photolysis, we have determined only one characteristic time (kbim = 2.5x109 M-1s-1 in acetonitrile [1]), corresponding to the penetration of one sulfur atom into the coordination sphere. The coordination of the second atom needs substantial rearrangement of the entire coordination sphere. However, we have failed to reveal a change in the optical spectrum within the entire time domain (1 mcs - 100 ms). The existence of three values of g-factor also confirms the coordination of radical by one sulfur atom. In the case of two atom coordination, we should observe the axial g-factor symmetry. The determination of the accurate geometry of the radical complex and of its magnetic parameters calls for further quantum-chemical calculations.

3.3.  ESR spectrum of the radical complex Ni(dtc)2(dtc()  in polycrystalline matrices

It is known that the formation of polycrystalline matrix causes a sharp increase in the local concentration of radicals [7]. The sizes of radicals differ from those of solvent molecules. Therefore they are displaced from the growing crystal and are stabilized either in structure defects or at grain boundaries [8]. The local concentration may increase by three-four orders of magnitude (up to 1 - 10 M at initial concentration of 10-4 - 10-3 M) which leads to a substantial increase in the exchange and dipole-dipole interactions between paramagnetic species and to the appearance of a singlet line instead of the structurized spectrum with either HFI or anisotropic g-factor. This has been discovered for both the paramagnetic ions [9-11] and the stable nitroxyl [12-18] and iminoxyl radicals [19]. 

The method of paramagnetic probe was used to study the structural transitions of aqueous solutions with various salt additions [7-14], organic compounds [14-16, 19], liquid crystals [17], and polymers [18]. These studies show that near and below the melting point of crystallizing liquids there is a drastic increase in local concentrations of radicals due to their motion to liquid regions [7]. Introducing salt additions into aqueous solutions causes a decrease in local concentrations and more uniform radical distribution [12, 13] which is in agreement with the formation of transparent glassy matrices upon the freezing of many concentrated aqueous salt solutions.

A change in the ESR spectrum of the radical complex Ni(dtc)2(dtc() upon transition from a transparent glassy matrix to the polycrystalline matrix corresponds well to the above concepts. Figure 3 (spectrum 2a) shows the ESR spectrum of Ni(dtc)2(dtc() in anhydrous methanol which freezes as a polycrystalline matrix. It is seen that the usual spectrum with anisotropic g-factor appears along with a wide singlet line. It is known that the heating of the transparent glassy matrix above the temperature of glass formation leads to its crystallization and to the losses in transparency. Figure 3 indicates that the heating of the glassy methanol matrix (5% of water) to 130-150 K (below melting point) and a subsequent freezing to 77 K cause the transformation of ESR spectrum into a singlet line (spectra 2a-4a). In this case its relative intensity increases to 80% after repeated "heating-freezing" cycles. However, when the sample is heated above the melting point (180 K) and then is frozen, a glassy transparent matrix is formed, the wide line vanishes and the intensity of anisotropic spectrum returns to its initial level.
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Figure 3b shows the calculated ESR spectra of the Ni(dtc)2(dtc() complex (calculated parameters are given in Figure captions) which are in satisfactory agreement with the experimental spectra and which show that the contribution of the singlet line to the total intensity can be substantial and depends on the method of sample preparation.

A two-fold decrease in concentration (( 10-5 M) leads to the fact that in both glassy and polycrystalline methanol matrices the ESR spectrum contains only the anisotropic spectrum of the individual complex Ni(dtc)2(dtc(). This is likely to be the case of the "diluted" solution which for various radicals and solvents is obtained at various concentrations [8].

This behavior of the ESR spectra of the Ni(dtc)2(dtc() complex is also typical for the matrices of other solvents. Thus, e.g. in polycrystalline matrices of acetonitrile and benzene the ESR spectrum of the Ni(dtc)2(dtc() complex at very low concentrations contains only anisotropic lines with three values of the g-factor. An increase in the concentration of the radical complex makes the spectrum transform into a wide singlet line (Fig. 4). If in acetonitrile there are the traces of the anisotropic spectrum, benzene contains only a wide singlet line.

Thus, similarly to paramagnetic metal ions and stable radicals one can assume that in polycrystalline matrices (benzene, acetonitrile, methanol) the local concentrations of Ni(dtc)2(dtc() can reach large values at which the ESR spectrum of this complex transforms into the interchangibly narrowed singlet line. In transparent glassy matrices (methanol with additions of water, toluene, isopropanol) the local concentration coincides with the mean one and in the ESR spectrum predominant are the lines of the individual species.

4. Conclusions

Steady-state optical and ESR spectra of new Ni(dtc)2(dtc() radical complex, whose appearance hase been recorded under laser flash photolysis of thiuram disulphide and Ni(dtc)2 solutions, are registered. It is shown that this complex can be accumulated upon photolysis of the cooled thiuram disulphide and Ni(dtc)2 solutions and stabilized in frozen matrices. It has been revealed that in glassy transparent matrices the Ni(dtc)2(dtc() complex displays the anisotropic ESR spectrum with three g-factor values. In nontransparent polycrystalline matrices the ESR spectrum demonstrates mainly a singlet wide line. Most probably, the formation of these matrices displaces the complex into the defect regions or to the boundaries of the crystals, accompanied by a substantial increase in the local concentration. The exchange and dipole-dipole interactions lead to spectrum transformation into a singlet line.
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Figure 4. ESR spectra of Ni(dtc)2(dtc() complex in frozen polycrystalline matrices of benzene (a) and acetonitrile (b). 1-2 – the spectra at high (5(10-4 М) and low (~1(10-5 M) concentrations, respectively. 3 - simulation of spectra as a sum of two spectra with following parameters:


3a - I - gxx = 2.15032, gyy = 2.1326 и gzz = 2.0380, Gauss shape, widths (Hx = (Hy = 7 G, (Hz = 4.5 G; II - gxx = 2.1180, gyy = 2.1180 и gzz = 2.090, Lorenz shape, widths (Hx = (Hy = 30 G, (Hz = 50 G, with relative contribution 20 and 80% respectively.


3b - I - gxx = 2.15032, gyy = 2.1326 и gzz = 2.0380, Gauss shape, widths (Hx = (Hy = 8 G, (Hz = 5.5 G; II - gxx = 2.1100, gyy = 2.1100 и gzz = 2.100, Lorenz shape, widths (Hx = (Hy = 18 G, (Hz = 28 G, with relative contribution 5 and 95% respectively.
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Figure 1. Hypothetical structure of radical Ni(dtc)2(dtc() complex.
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Figure 2. Absorption spectra of Ni(dtc)2 (1), tds (2), Ni(dtc)2(dtc() (3), Ni(dtc)3+ (4) in methanol matrix at 77 K. The Ni(dtc)2(dtc() complex produced by the laser irradiation (308 nm) of cooled solution of tds and Ni(dtc)2.








Figure 3. ESR spectra of Ni(dtc)2(dtc() complex in frozen methanol matrix at 77 K.


a - experimental spectra: (1) - glassy transparent matrix (methanol + 5% H2O), (2-4) - consecutive heating of the sample to 130-150 K and back freezing to 77 K (after the first cycle the matrix became polycrystalline).


b - calculated spectra: (1-5) - the sum of two spectra with following parameters: I - gxx = 2.1545, gyy = 2.1360 и gzz = 2.0406, Gauss shape, widths (Hx = (Hy = 5.5 G, (Hz = 2.5 G; II - gxx = 2.1172, gyy = 2.1172 и gzz = 2.0972, Lorenz shape, widths (Hx = (Hy = 25 G, (Hz = 28 G, with relative contribution of 1-st spectrum 100, 80, 60, 40, 20% respectively.
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