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ABSTRACT: Photochemical properties of the lowest triplet state of 4H-1-benzopyran-4-thione (BPT) in 3-
methylpentane were studied in the thione concentration range 10ÿ7ÿ 10ÿ3

M. The quantum yield of the
photochemical decomposition of BPT was found to be highly concentration dependent. For low BPT concentrations
(<10ÿ6 M) a reaction with the solvent is responsible for the consumption of the thione. In the concentration range
1� 10ÿ6 –8�10ÿ5 M the main process is the reaction of thiyl radicals, formed in the primary reaction of hydrogen
abstraction from a solvent molecule, with BPT molecules in the ground state. For thione concentrations>10ÿ4 M, the
BPT triplet decays almost entirely in a self-quenching process. HPLC analysis showed that five different
photoproducts, including an oligomer, are formed. Knowledge of earlier studied photophysical properties of BPT in
3-methylpentane and perfluoroalkanes permitted a quantitative explanation of the mechanism of photochemical
reactions of3(BPT). The studies indicate, for BPT concentrations<10ÿ4 M, a dominant role of the interaction of
3(BPT) with the solvent and the subsequent caged radical recombination in deactivation of BPT in theT1 state.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Although the photochemical properties of thioketones
have been the subject of studies for many years, much
less is known about them than about their oxygen
analogues.1–5Relatively much attention has been devoted
to photocycloaddition and photooxidation reactions and
photoreduction and dimerization of thioketones.3–5 The
use of highly unreactive perfluoroalkanes as solvents6

made it possible to investigate the photochemical
properties of aromatic thiones in the absence of the
solute–solvent interactions which can otherwise dom-
inate the decay of thione triplets.3,7 A number of studies
have shown that self-quenching (concentration quench-
ing) plays a very important (usually dominant) role in the
deactivation of the lowest triplet state of thioketones.3,8,9

This process, believed for a long time to be only physical
in nature, has been shown to participate in the photo-
chemical decomposition of thiones in perfluoroalkanes as
solvents.7

The aim of this study was to investigate the photo-
chemical properties of 4H-1-benzopyran-4-thione (BPT)
in 3-methylpentane (3-MP) in the concentration range
10ÿ7 –10ÿ3 M. This is the first attempt to study the

photochemistry of this thione in an active solvent in a
concentration range wide enough to allow the investiga-
tion of all processes responsible for its photochemical
decomposition. The photochemical properties of this
thione in perfluoroalkanes and its photophysical proper-
ties in perfluoroalkanes and 3-MP have been described
previously.3,6,7,9 The photophysical and photochemical
data given there allowed the determination of the role of
self-quenching processes and3(BPT) reaction with the
solvent and also the subsequent reaction of radicals
formed probably in the latter reaction with BPT
molecules in their ground state. It should be pointed out
that photochemical studies of thioketones are particularly
difficult owing to their high photoreactivity towards
solvent impurities and oxygen, the need to use very low
thione concentrations to prevent BPT triplet deactivation
from being dominated by the self-quenching process,
possible thermal instability of photoproducts and the
tendency of the photoproducts to undergo further
photoreactions leading to the formation of poly-
mers.3–5,10–12

RESULTS AND DISCUSSION

TheS1 state of BPT was initially populated by absorption
of laser radiation (�exc= 515 nm, e = 8 lmolÿ1 cmÿ1).
The lifetime of the lowest excited singlet state of
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thioketonesis veryshort(ca10ÿ12 s)becauseof thevery
efficientandfast intersystemcrossingS1 → T1.

13,14This
is the reasonwhy the T1 stateis entirely responsiblefor
the photochemicaldecompositionof BPT underexcita-
tion to S1. Absorptionchangesduring irradiationof BPT
areshownin Fig. 1.

Figure 2 shows the concentrationdependenceof
quantum yield of photochemicaldecomposition(fD)
for BPT in 3-MP andperfluoroalkanes.3(BPT) in 3-MP
can decay in both intramolecular and intermolecular
processesconnectedwith interactionswith the solvent

andthroughtheself-quenchingprocess.That is why the
overall photochemicaldecompositionof BPT can be
representedasa sumof threecomponents:

�D � Cintra�intra � Cinter�inter � Csq�sq

where Cintra is the contribution of intramolecular
processes,Cinter is thecontributionof the intermolecular
processesotherthanself-quenching,Csq is the contribu-

Figure 3. Contributions of intramolecular processes (intra),
interactions with the solvent (inter) and self-quenching (sq) in
deactivation of 3(BPT) as functions of BPT concentration. The
following photophysical parameters for BPT triplets in 3-MP
are also given: ksq, the self-quenching rate constant; k3-MP[3-
MP], the rate of the process of interaction with the solvent;
and t0

T1
, the triplet lifetimes extrapolated to in®nite dilution

in 3-MP and PF (per¯uoro-1,3-dimethylcyclohexane)

Figure 2. Concentration dependence of the quantum yield
of photochemical decay of BPT in 3-MP (full circles, original
results; squares, from Ref. 18) and per¯uoro-1,3-dimethyl-
cyclohexane (open circles, from Refs 7 and 9); �exc = 515 nm

Figure 1. Spectral changes in the UV±visible absorption spectra of BPT in 3-MP ([BPT] = 1� 10ÿ3
M) upon irradiation at 515 nm.

The numbers on the curves are the irradiation time in minutes
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tion of self-quenchingandfintra, finter andfsq are the
photochemicaldecompositionquantumyieldsfor eachof
the processesdeterminedassumingthat eachparticular
processwould be the only one. To give a quantitative
descriptionof a photochemicaldecompositionof BPT in
3-MP, the earlier measuredphotophysicalparameters
were used,including the triplet lifetimes and the self-
quenchingrateconstant.3,7,9 Thesevaluespermittedthe
exact determinationof the contributionsof the above-
mentionedprocessesin the deactivationof 3(BPT) (Fig.
3). As we have shown for several thioketones,their
photochemicaldecompositionin chemically inert per-
fluoroalkanesoccurs only in intramolecularand self-
quenching process3,7. For [BPT]< 10ÿ6 M, the self-
quenchingis negligible and only intramolecularpro-
cesses are responsible for the decay of BPT in
perfluoroalkanes. Thevalueof fD measuredunderthese
conditionsis not higher than 4.4� 10ÿ4, which can be
consideredastheupperlimit of fintra.

7

Thevalueof fD measuredin 3-MPfor thelowestBPT
concentration([BPT] = 2.7� 10ÿ7 M) is 0.0165. It is
significantly higher (ca 40 times) thanfintra. Sincethe
contributionof self-quenchingfor thisBPTconcentration
can be neglected,such a high value of fD can be
attributedonly to the occurrenceof processesin which
the solvent plays an active role, namely it acts as a
hydrogenatom donor in the reactionof hydrogenatom
abstractionby BPT triplets. An analogousreactionhas
beenproposedby BrühlmannandHuber10 for xanthione
in methylcyclohexane.The product of this primary
processis acagedradicalpair.Two structuresof radicals
formedfrom aBPTmoleculein thisreactionarepossible.
In the thiyl radical the lone electronis localizedon the
sulfur atom (indicated as 1 in Scheme1) and in the
thioketyl radical the electronis localizedon the carbon
atom of the thiokarbonyl group. The radicals can
recombine in a solvent cage reproducing substrate
molecules in the ground state or form stable photo-
products,the sulfideand/orthiol (not shownin Scheme
1). Analogous products were observedby Kito and
Ohno15 for the reaction of thiobenzophenonewith
tetrahydrofuran.The UV–visible absorptionspectrum
of the productscould be obtainedon the basisof the
changesin the absorptionspectrumof the irradiated
solution,but HPLC analysiswas not possibleowing to
the extremelylow concentration(<10ÿ6 M) of BPT that
hadto beusedin this case.

It shouldbenotedthat radicalrecombinationis a very
efficient processsince the above-describedinteraction
with thesolventis responsiblefor a deactivationof BPT
triplets by 54% and the value of fD is much lower
(fD = 0.0165)thantheyield of theprimary process.We
can concludethat in fact the majority of the radicals
formedrecombineand the efficiency of the recombina-
tion is ashigh as97%.This is in agreementwith earlier
work by deMayo andco-workers,16,17who reportedthat
theprocessof recombinationof radicalsformedby thione

moleculesin the triplet stateoccurredwith anefficiency
of ca 90%.

For high concentrationsof BPT (>10ÿ4 M) the
mechanism of its photochemical decomposition is
relativelysimplebecausethentheself-quenchingprocess
is mainly responsiblefor deactivationof 3(BPT) (Fig.
3).18 Self-quenchingwas for a long time consideredto
be an entirely physical process.3–5,8,10 However, we
have shown that in perfluoroalkanes,for BPT con-
centrations>10ÿ4 M, this is the only processleadingto
the photochemical decomposition of BPT, with a
quantum yield of 3.6� 10ÿ3.3,7 A very similar and
almostconstantvalue of fD was obtainedin 3-MP for
BPT concentrations>10ÿ4 M.3,18 Also, the changesin
theabsorptionspectraof irradiatedsolutionsin thesetwo
solventswere very similar. Theseobservationssuggest
that in both cases the same process, namely self-
quenching,is responsiblefor photochemicalconsump-
tion of BPT. The useof HPLC showedthat underthese
conditions three products are formed. Taking into
accountthe fact that they are formed as the result of
self-quenching,we canexpectthat theyall aredimersof
variousstructure.Their UV–visible spectraobtainedby
meansof HPLCarepresentedin Fig.4(a).In two of them
there is a long-wavelengthband similar to the S0→S2

bandcharacteristicof BPT.This indicatesthepresenceof
a thiocarbonyl group in the moleculesof these two

Scheme 1.
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Figure 4. UV±visible absorption spectra of products of photochemical decay of 3(BPT) in 3-MP. (a) Dimers with thiocarbonyl
groups (I) and (II) and 1,3-dithiane (III); (b) disul®de (I) and chromone (II)
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products.3,7,9,19 The possiblestructuresof the products
are shown in Scheme 1 (structures 2 and 3). The
photoreactionleading to the formation of product 2
seemsparticularly likely sincethe formation of sucha
productcanbeconsideredasanexampleof awell known
reactionof cycloadditionof a thiocarbonylgroup to a
carbon–carbondoublebond.3–5,20,21It is interestingthat
thesetwo productsare not formed upon irradiation of
BPT derivativeswith an alkyl group(butyl or decyl) at
the 2-position,owing to steric hindranceinhibiting the
formationof theseproducts.The productswith thiocar-
bonyl groups can absorb incident light and, being
photochemicallyreactive,theyundergosecondaryphoto-
chemicalreactionsincludingfurtherpolymerization.The
photopolymerization can take place also when 3(BPT)
reacts with product 2 or 3 in its ground state.
Photopolymerization processeshave been reported to
occur also during the photolysisof other thioketones;
however,thepolymersformedhavenot beenthesubject
of any studiesso far. Formation of a precipitatewas
observeduponirradiationof asolutionof BPTin 3-MPof
relativelyhighconcentration(>10ÿ4 M). Massspectraof
the isolatedprecipitatewere recordedby positive and
negativeion liquid secondaryion massspectrometry).
(LSIMS) The positive ion spectrum revealed an
[M � H]� peak at m/z 811, whereasthe negative ion
spectrumindicatedan [MÿH]ÿ peakat m/z809, which
provesthat themolecularweightof theoligomeris 810,
which correspondsto 5MBPT. The m/zvaluesshowthat
BPT is indeeda monomerunit of theobtainedoligomer.
Thisconclusionwasconfirmedby theelectronionization
(EI) massspectrumwith peaksat m/z 162 and 324,
interpretedascorrespondingto the monomeranddimer
formeddueto fragmentationof the oligomer.The UV–
visible absorptionspectrumof theoligomerdissolvedin
dimethylsulfoxideshowsa bandwith a maximumat the
wavelength378nm. This indicates the presenceof a
thiocarbonylgroup in the oligomer molecule.7,9,19 The
intensity of this band is lower, relative to thoseof the
other absorptionbands, than in the spectrumof the
monomer,which is connectedwith the fact that only a
small proportion of thiocarbonyl groups remain intact
when the oligomer is formed. For BPT concentrations
>10ÿ4 M, the oligomer is the main product of photo-
chemicaldecompositionof BPT in 3-MP.Thestructures
of products2 and3 seemto be particularly likely since
they can yield the oligomer observedas a product in
furtherphotoreactions.Theconsumptionof theprimarily
formed dimers makesit impossibleto obtain them in
quantitiessufficientfor moredetailedspectralanalysis.

Thethird productformedasa resultof self-quenching
is, as expected,1,3-dithiane(shown in Scheme1 as
compound4). Themoleculesof thisdimerdonotcontain
a thiocarbonyl group and do not undergothermal or
photochemicaldecomposition.The UV–visible absorp-
tion spectrumof this product is shown in Fig. 4(a).
Photochemicaland thermaldimerizationand formation

of 1,3-dithiane have been reported for adamanta-
nethione.4,5,22 1,3-Dithianeshave been consideredas
theonly productsformedin theT1 self-quenchingprocess
in perfluoroalkanes.3,7 However,HPLC analysisof the
productsof photochemicaldecompositionof BPT in the
concentrationrangewhereself-quenchingis the domi-
nantprocessin 3(BPT) decayprovedthatapartfrom 1,3-
dithiane, two other primary products(2 and 3) of the
photochemicaldecompositionof BPT areformedunder
suchconditions.

The most remarkablefeature of the concentration
dependenceof fD is the rapid initial growth of fD with
increasein BPT concentration(Fig. 2). This can be
explainedneitherby an increasein the contributionof
self-quenching,sincefsq is low (seeabove),nor by a
high quantumyield of the primary reaction with the
solvent,becausethe contributionof the latter decreases
with increasingBPTconcentration.Theonly explanation
for the increasein fD canbe an additionalbimolecular
processinvolving BPTmoleculesin thegroundstateand
radicalsformed in the reactionof hydrogenabstraction
that would render the process of recombination of
radicalslessefficient.Sucha processhasbeenproposed
by Brühlmannand Huber10 for xanthionein methylcy-
clohexane.Also elsewherearomatic thioketoneshave
beenreportedto bevery efficientradicalscavengers.23,24

In the first step of this process(Scheme1), the thiyl
radical, formed in the primary reaction with the
solvent,3,10,16 reactswith the BPT molecule in the S0

state,formingadimericradical(structure7), whichin the
following stepabstractsthesecondhydrogenatomfrom a
3-MP molecule,probablyleadingto disulfideformation
(structure8). TheUV–visible spectrumof this productis
shown in Fig. 4(b). As the formation of the dimeric
radicalsis a competitiveprocesswith the thiyl radical
recombination,it causesan increasein finter and the
initial growth of the overall quantumyield of photo-
chemicaldecompositionof BPT with increasein BPT
concentrationup to the value of 0.052 for [BPT] =
6.5� 10ÿ6 M. We cannot rule out the possibility of
formation of disulfide also in the reactionof two thiyl
radicalsfollowing their escapefrom thesolventcage.In
the range1� 10ÿ6 –8� 10ÿ5 M the processof disulfide
formation dominatesthe photochemicaldecomposition
of BPT. However,for increasingBPT concentrationthe
increasein Csq at the expenseof Cinter is still more
significant and when BPT concentration is further
increased ([BPT]> 1� 10ÿ5 M) a decrease in the
experimentalfD is observed.

In the presenceof oxygenan efficient (especiallyfor
low BPTconcentrations)processof photooxidationtakes
place, as has been reported for some other thioke-
tones.3–5,25 This processcan obscureother processes
responsiblefor photochemicalconsumptionof thethione
in air equilibratedsamples.The retentiontime andUV–
visiblespectrum[shownin Fig. 4(b)] of themainproduct
obtainedin thepresenceof oxygenperfectlymatchthese
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propertiesof the chromoneinjected as a standardin
various eluent compositions, which proves that a
chromoneis formed on irradiation of BPT in 3-MP in
aeratedsolutions.

EXPERIMENTAL

BPT wassynthesizedandpurifiedby methodsdescribed
elsewhere.7,9 Chromone (Aldrich) was purified by
column chromatographyand crystallization.3-MP (Al-
drich) was purified by column chromatographyand
distillation. Deoxygenated(if not stated otherwise)
sampleswere illuminated with 515nm radiation from
an argon laser (ILA-120, Zeiss). The intensity of the
incidentradiationwasmeasuredby meansof a Reinecke
saltactinometer.Whenanappropriatelyhigh conversion
was achieved,the irradiated samplewas analysedby
HPLC using a diode-arraydetector(Waters996). This
techniquepermittedrecordingof theUV–visible absorp-
tion spectrumof eachproduct.Sincethequantumyield of
thephotochemicaldecompositionof BPT(fD) wasfound
to dependstronglyon the thioneconcentration,fD was
determinednotonly by extrapolationof themeasuredfD

to zeropercentageof thioneconsumed,butalsousingthe
differentialmethod.MassspectrawererecordedonAMD
604 (LSIMS) and AMD 402 (EI) massspectrometers.
LSI mass spectrawere recordedusing m-nitrobenzyl
alcoholasa matrix.

CONCLUSION

Themeasurementsof thequantumyield of photochemi-
cal decompositionof BPT in 3-MP overa wide rangeof
concentrationand HPLC analysisof irradiatedsamples
togetherwith reportedearlier values of photophysical
parametersof the BPT lowesttriplet stateenabledus to
suggesta full and coherentmechanismfor the photo-
chemicaldecompositionof BPT.Despitethehigh(>0.5)
yield of theprimaryreactionof hydrogenabstractionfor
low (<10ÿ6 M) BPTconcentrations,thequantumyield of
BPT decayis relatively low owing to the very efficient
processof recombinationof cagedradicals.ForhighBPT
concentrations(>10ÿ4 M), when self-quenchingis the
main processof deactivationof 3(BPT), not just one
product(1,3-dithiane)is formedashasbeenassumedso
far, but theformationof two moredimerproductsandan
oligomer has been evidenced. An interesting and

unexpectedfeatureof the concentrationdependenceof
thequantumyield of thephotochemicaldecompositionof
BPT is thatthemaximumvalueof fD (0.052)wasfound
for BPT concentrationsaslow as6.5� 10ÿ6 M.

Acknowledgment

The authorsthank ProfessorWtodzimierz Augustyniak
for valuablediscussionsandRafat Frański for recording
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