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The decay of triplet xanthione has been studied by means of the phos- 
phorescence decay kinetics and the photodecomposition quantum yields bx 
measured in a variety of solvents at room temperature. Both the triplet 
decay and #x are strongly dependent not only on the solvent but also on the 
xanthione concentration. Based on these results a mechanism for the photo- 
chemical transformation of xanthione is proposed which features a primary 
photochemical step involving hydrogen abstraction from the solvent and the 
formation of a solventcaged radical pair. Following these stepa there is a 
competition between the recombination of the caged radicals and the reac- 
tion of the thioketyl radical with a xanthione ground state molecule. The 
reaction scheme is supported by quantitative calculation of the yields. 

1. Introduction 

Thiocarbonyl compounds are photochemically active not only in their 
lowest triplet state (T,, ns*) but, often, also in their second excited singlet 
state (Ss, xx *). The major photochemical reactions which originate from 
these excited states are the photoreduction by hydrogen abstraction from 
appropriate solvents and cycloaddition. Both of these photoreactions of 
thiones are well documented and have been the subject of recent reviews 11, 
2) and publications [3 - 61. 

Xanthione, an aromatic thioketone, has proved to be particularly suit- 
able for studying the photophysical properties of thiones [ 7,8]. Recently, 
the triplet state and the intersystem crossing process of this molecule have 
been investigated by means of the optically detected magnetic resonance 
technique [ 91, and triplet lifetimes have been measured under a variety of 
conditions. It was shown that quenching of the triplet state by ground state 
xanthione molecules is diffusion controlled. This process, which is evidently 
physical in nature, probably involves triplet excimer formation [lo] . 
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Substantial information is now available about the xanthione triplet 
(T,) state. The observation that T1 is the only important photoactive state 
makes xanthione particularly suitable for a mechanistic study of the photo- 
chemical transformations of aromatic thioketones in solution. 

The salient experimental findings about xanthione photochemistry are 
consistent with a primary photochemical step which involves hydrogen ab- 
straction from the solvent and furnishes a solvent-caged radical pair. Follow- 
ing this step there is a competition between the recombination of the caged 
radicals and the reaction of the thioketyl radical with a xanthione ground 
state molecule which, after further reactions, ultimately yields stable photo- 
products. This sequence of events is supported by computer simulation of 
the course of the reaction. 

2. Experimental 

Xanthione (X), which was synthesized by a published procedure [ 111, 
was repeatedly recrystallized from ethanol (m.p. 155 - 150 “C). S-Methyl- 
pentane (3-MP, purum, Fluka AG) was purified by three cycles of frontal 
chromatography over AlaOs (neutral, Merck AG) just prior to its use. 
Ethanol-d, (minimum degree of deuteration 99%, Merck AG), ethanol-d, 
(minimum degree of deuteration 99%, NMR spectroscopy grade, Merck AG) 
and all other solvents were used as received. 

The quantum yield 9 x of xanthione photodecomposition was deter- 
mined spectrophotometrically by use of a ferrioxalate actinometer [12]. 
The photolyses were performed with 1.5 X 10B4 M xanthione solutions, 
with excitation into the Sz + S0 absorption band (e(24 630 cm-l) = 14 800 
M-l cm-l in ethanol). For this purpose a 150 W high pressure xenon arc 
lamp (Osram) was employed in combination with a Spex Minimal-e mono- 
chromator. The band-pass of the excitation light was f 50 W, and intensities 
were about 1014 photons cmB2 s- ‘. The irradiation time of the degassed or 
deoxygenated samples was limited so that no more than about 15% of the 
initial xanthione molecules underwent decomposition. 

The phosphorescence decay times were measured with a nitrogen laser 
(Lambda Physik, Model 100A) excitation source. The lifetime analyses and 
the reaction simulations were performed with a PDP 11140 minicomputer. 

3. Results 

The lifetime of the reactive triplet state of X at room temperature is 
concentration- and solventdependent. The triplet decay constants k,, at in- 
finite dilution were determined for a series of solvents by means of plots 
based on the Stem-Volmer relation: 

km = ko + k, DoI 
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TABLE 1 

Rate coustanb and photodecomposition quantum yield8 of xanthione 
at room temperaturea 

Solvent k. x 10-=b :a% I..;” 
b-l ) 

Qx = 7 (77 K) 
8 ) (w) 

MCH 2.0 8.7 0.014 40 
Acetonitile 3.6 13 < 6 x 1O-4 
3-MP 3.7 17 0.006 40 

Methanol 7.6 9.7 0.001 
Ethanol 11 6.2 0.16 41 
i-P&H 22 1.9 1.9 

Ethanol-d 1 6.0 0.14 46 
Ethanolas 6.9 0.009 66 

%&mated error: ko, kq. T - * 6%; k m f 10%. 
bExtrapolated to infinite dilution. 
%itial xanthione concentration, 1.5 X lo-” M. 

In this equation k, is the measured triplet decay constant at finite concen- 
tration and k, the rate constant for physical quenching between xanthione 
T1 and ground state molecules. As listed in Table 1, the ke values are signifi- 
cantly larger in alcoholic solvents than they are in aprotic solvents [ 71; in 
the former they increase in the order methanol < ethanol < isopropyl alco- 
hol. Moreover, in ethanol and isopropyl alcohol (LPrOH) solutions the 
largest k. ats well as gx values were measured. 

The photodecomposition of X at room temperature is also strongly de- 
pendent on the xanthione concentration. Figures 1 and 2 show this depen- 
dence for 4x in ethanol and in methylcyclohexane (MCH). In ethanol, @x 
increases steadily to a concentration of approximately 6 X 10V6 M, reaches 
a maximum at approximately 6 X 10 -’ M and then decreases slowly as the 
concentration is further increased. The behaviour in MCH is similar. 

The quantum yield was found to be independent of the incident light 
intensity between 101’ and 1016 photons cmB2 s-l. In contrast to fluid solu- 
tions, no appreciable photodecomposition of X is observed in glassy ethanol 
(or in etherisopentaneethanol (EPA)) at 77 K or in a Plexiglass matrix at 
room temperature. 

The deuterium effect for k. and 4x was determined in ethanol-d, and 
ethanol-da solutions. In both solvents the ke values are not significantly 
altered with respect to those in ethanol (Table 1). However, the decomposi- 
tion quantum yield is dramatically reduced by a factor of about 16 in going 
from ethanol to ethanol-de. Between ethanol and ethanoldl, #x is un- 
changed within experimental error. 

Mass spectrometric analysis of the photoproducts in degassed ethanol 
and 3-MP solutions reveals a strong peak at m/e = 181. For an ethanol& 
solution this peak is detected at m/e = 182. An additional peak at mass 166, 
which appears for photolyses performed in a cyclohexane solution, is att& 
buted to the bicyclohexyl radical. 
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Fig. 1. Photodecomposition quantum yield of xanthione as a function of xanthione 
concentration in ethanol. The solid line represents the resultu of a computer simulation 
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Fig. 2. Photodecomposition quantum yield of xanthione as a function of xanthione con- 
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4. Discussion 

The experimental results for the photochemical transformation of X 
from its lowest triplet state *X may be accommodated by the following 
scheme : 
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(5) 

(6) 
dimer formation 

k,H + SH 
. 

- X2H2 + S (7) 

Here X,, represents the ground state xanthione molecule and SH a hydrogen 
donating solvent molecule; the cage is indicated by a bracket. 

4.1. Primary photochemical step 
After excitation into the S2(7rn ) * c- So (~(40 000) = 16 000 W1 cm-l 

in ethanol) or S1 (nr*) + Sc (~(16 000) = 12) transition of xanthione [7,8] 
the excitation energy is channelled into the lowest triplet state T1 (nn*) with 
a quantum yield of unity [ 8,131. In an aprotic solvent such as 3-MP the 
decay of this state is governed by radiationless processes to the ground state 
with kO = 3.7 x lo6 s- 1 at room temperature and at low xanthione concen- 
tration (less than lOBe M) cf. eqn. (1). At higher concentrations a diffusion- 
controlled quenching by ground state xanthione molecules, which is phys- 
ical in nature [lo] (eqn. (2)) dominates triplet deactivation. Some pertinent 
values of the quenching constant kQ are listed in Table 1. In alcoholic 
solvents an additional important deactivation route is operative as indicated 
by a significantly increased k. relative to aprotic solvents. This effect, which 
is accompanied by an increased #x, is most pronounced in isopropyl alcohol. 
It is attributed to hydrogen bonding and hydrogen abstraction from the 
solvent (eqn. (3)). Under these conditions, the triplet decay constant at in- 
finite dilution becomes kO = kT + kN [SH] , where kH is the rate constant of 
hydrogen abstraction and kT the unimobcular triplet constant in hydrogen 
bonding solvents. 

At room temperature the ko values in ethanol and i&OH are 3 - 6 
times larger than are those in 3-MP or acetonitrile. Yet at 77 K, where 9x = 
0, the triplet life-es are equal in 3-MP and ethanol. Evidently hydrogen ab- 
straction is ineffective in a matrix at low temperature. The abstraction reac- 
tion apparently involves an activation energy and/or a specific steric orienta- 
tion between the xanthione triplet molecule and the solvent molecule which 
is not favoured in a rigid matrix. To estimate the upper limit of kH (293 K) 
in ethanol, we make the extreme assumption that hydrogen abstraction in 
methanol is negligible. Thus the decay in methanol is similar to that in 
ethanol but without hydrogen abstraction, so that k, (EtOH) - k, {MeOH) = 
&-I tSH1 = 3.4 X lo6 s-l and kH = 2 X 10’ M” s-l. The quantum yield 
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of hydrogen abstraction is then @x (EtOH) = #rsc kn [SH] /k, > 0.3. We find, 
however, #x (EtOH) m 0.05 as the xanthione concentration approaches zero 
(see Fig. 1). This discrepancy leads us to conclude that radical recombination 
occurs as indicated in step (3). 

The thioketyl radical (XH) and the solvent radical (S) are initially 
caged. Radical recombination and competing consecutive radical reactions 
govern the decay of the caged radical pair [ 15,161. The behaviour of $x 
indicates that radical recombination is an important decay route in ethanol 
at room temperature. 

4.2. Following steps 
Apart from the primary photochemical step, a bimolecular reaction 

involving xanthione ground state molecules must play an important role in 
the photochemical transformation. This conclusion ,is inferred from the 
observation that bx is strongly dependent on the xanthione concentration 
(see Figs. 1 and 2). This behaviour of the decomposition quantum yield sug- 
gests that after hydrogen abstraction a relatively short-lived intermediate, 
represented by the caged radical pair, is formed which either decays to the 
ground state xanthione molecule or reacts further with an Xc molecule. The 
higher the X, concentration, the higher is the probability that during the 
lifetime of the caged radical pair an X0 molecul? ‘*penetrates” the cage and 
comes into the reaction sphere of XH, forming XsH (eqn. (6)). In a final, 
probably slow, step (eqn. (7)) this dimeric radical abstracts a second hydro- 
gen atom from a solvent molecule to form the stable photoproduct XsHs. 
The variation of $ x with [ Xe] in ethanol at low concentration (Fig. 1) indi- 
cates that 9x reaches a limiting value of about 0.05. Although it is apparent- 
ly quite inefficient, photodecomposition also takes place without the bimo- 
lecular step (eqn. (6)). At low xanthione concentration, where the mean col- 
lision time between an X0 molecule and a caged radical pair is long, the XH 
radical may escape from the cage and abstract a hydrogen atom from a 
solvent molecule (eqn. (5)). In MCH (Fig. 2) this minor photochemical path, 
which leads to xanthenyl thiol (XHz ), appears to be negligible. 

The formulation of steps (6) and (7) was guided by the mass spectra- 
metric analysis and on previous photochemical results for saturated thiones 
[I, 2,53 and thiobenzophenone [l - 41. Based on these findings the follow- 
ing structures of the intermediates and product are proposed: 
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The photolysis products of X in ethanol give rise to a fragment with a mass 
peak of 181. This mass, which appears at 182 for the photolysis in 
ethanol&, is assigned to the fragment I: 

In analogy to the findings with a-mercaptotoluene and dibenzyl disulphide 
[ 171, the xanthenyl radical I is considered to be formed from dixanthenyl 
disulphide (XSHz) or xanthenyl thiol (XH,) by the loss of Sa or -SH respec- 
tively. Although we did not succeed in isolating the final products Xs H1 and 
XH2 owing to their instability, the UV spectrum of a photolysed sample, 
which shows maxima at 34 250 cm-l (E = 6000 IC1 cm-l) and 40 500 
cm-l (E = 16 000), provides some structural infkmation. 

The main product XsHo, to which those considerations are limited, 
consists of two chromophores, namely the xanthenyl moiety and the di- 
sulphide group. Xanthene in ethanol [18] shows absorption maxima at 
34 360 cm-’ (e = 1730), 36 460 cm-l (e = 2160) and 40 660 cm-l (e = 
7410), while dimethyl disulphide [ 181 has only a weak absorption at 39 300 
cm-l (e = 275). The absorption bands of the product appear at almost the 
same energies. With the expectation that for the XzHa molecule the e values 
will be approximately twice as large as they are for xanthene (the contribu- 
tion of the disulphide group is neglected), the obsemed absorption spectrum 
is also quantitatively consistent with the proposed product. 

4.3. Determination of the note parameters 
To elucidate the rate parameters for the proposed mechanism, the varia- 

tion of @x with [X0] as given in Figs. 1 and 2, was analysed. The decomposi- 
tion quantum yield expressed in terms of the pertinent, rate paranieter is then 

q5x([X,]) = kH ISH1 km ISHI + 2km [X,1 
ko + k, DoI km ISHI + kRsFo1 + k- 

(8) 

with 

ko = bc + k, + kH [ SH] 

The simulation of 9x as a function of [X] is based on the following consid- 
erations. Step (6) involves the diffusion of an X, molecule to the caged 
radical pair followed by a radical reaction which, in general, is associated 
with a low activation energy. Thus kR2 may be as large as the rate constant 
for a diffusioncontrolled reaction and its lower limit was taken as 10s W1 
sY1. Based on the measured k, values in ethanol, a range of kH between 

4 - 6 X 10’ M-l s-l was explored. By varying kH, k_ and kR3 the best fit 
in ethanol (solid curve in Fig. 1) was obtained with kH = 
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1.1 X lo4 M-l s-l, k- = 1.7 X lo6 s-l, kR1 = 6 X lo3 M-l s-l and kR2 = 
6X 10BM+s- ', 

= 1.2 X lo4 k- = 9.0 X lo6 s-l, kR1 = 0 and kR2 = 8 X 10’ 
M-l s-l. 

These rate constants are very reasonable. The kR2 values in both sol- 
vents are close to those for diffusioncontrolled reactions and kH is as ex- 
pected similar in ethanol and MCH. However, the calculated value of kH = 
1.1 x 10’ M-l s-l in ethanol, which is not far from the estimated lower 
limit of approximately 2 X lo4 M-l s-l (see earlier) suggests that the signif- 
icantly higher k. value in ethanol than in aprotic solvents is not mainly due 
to hydrogen abstraction. Rather, the enhanced k,, value in methanol and 
ethanol is probably due to hydrogen bonding between the thioketone group 
and the solvent. The 25% reduction of k. between ethanol and ethanol-d, 
while @x remains unchanged (see Table 1) is consistent with this suggestion. 

Despite almost identical ka values, ex in MCH is about an order of mag- 
nitude smaller than it is in ethanol. Owing to the large rate constant for radical 
recombination which dominates the decay of the caged radical [ 15,161, @X 

in MCH remains low. The calculated kinetic data permit the lifetimes of the 
caged radical pair to be estimated as about 5 JLS in ethanol and about 100 ns 
in MCH. Assuming that the cage stability for an uncharged radical pair is 
mainly determined by the solvent structure [lS] it is attractive to speculate 
that the significantly larger lifetime in ethanol is due to hydrogen bonding 
between solvent molecules [ 191. 

The quantum yield gx is, within experimental error, the same in 
ethanol-d1 as it is in ethanol. ln fully deuterated ethanol @x is reduced by 
a factor of about 16. Since ko is the same in both deuterated solvents, hy- 
drogen and deuterium abstraction from the a! position of ethanol are appar- 
enfly equally efficient, i.e. kH = kD. The dramatically reduced @x value in 
ethanol-d, is probably due to a much higher rate constant for radical recom- 
bination (eqn. (4)) when deuterated radicals are involved. 
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