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Abstract

Acid-base equilibria were studied for 4-hydroxycoumarin, 7-hydroxy-4-methylcoumarin and their thione derivatives in

different media for their ground and lowest energy singlet and triplet excited states. The ethoxylated and/or methoxylated

derivatives were also investigated. Characterization involves ¯uorescence spectra, quantum yields, lifetimes, phosphorescence

spectra, lifetimes, and triplet±triplet absorption spectra. From their pKa values it was found that 4 and 7-hydroxycoumarins are

more acidic in their lowest excited singlet states than in S0. The origin and character of the lowest singlet and triplet excited

states is discussed. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Coumarins, in particular the hydroxycoumarins

(HCs), are well-known natural products [1], but they

also occur in areas as diverse as sun screen formula-

tions [2], laser dyes [3], pesticides, etc [4]. Despite the

enormous potential interest of these compounds there

is no complete characterization of their photophysics.

In this work, we report the properties of 4 and 7-

HCs, their ethers and their thione analogs in their S0,

S1 and T1 states (Scheme 1). Ground and excited state

acid-base behavior was studied, and absorption

assigned to neutral, anionic and cationic forms. The

absence of ¯uorescence for the thionecoumarins indi-

cates very ef®cient radiationless deactivation. In some

cases more complex tautomeric behavior was

observed [5±8]. This will be described in detail

elsewhere [9].

The overall excited state formation and deactiva-

tion pathways for the HC are summarized in Scheme

2. Depending on the HC considered, some of the path-

ways can be neglected.

2. Experimental

All used solvents were of spectroscopic grade and

were puri®ed by conventional methods. Millipore

water was generally used. Glass compositions are

given in volume:volume ratios. 4-Hydroxycoumarin

and 4-methoxycoumarin were used as purchased (extra-

synthese). 7-Methoxy-4-methylcoumarin (Aldrich) and

7-hydroxy-4-methylcoumarin (Aldrich) were puri®ed

as reported elsewhere [10]. The thione coumarins

were synthetized by conventional procedures [9,11].

Absorption and luminescence spectra were recorded

on Shimadzu UV-2100, Olis-Cary 14, and Jobin-Ivon
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SPEX Fluorog 3-22 spectrometers, respectively. For

phosphorescence studies, the 1934 D phosphorimeter

accessory was used. Fluorescence and phosphores-

cence spectra were corrected for the wavelength

response of the system. Oscillator Strengths were

obtained from the experimental integrated intensities,

according to equation: f � 4:315 £ 1029
R
e� �n�d �n .

Triplet±triplet absorption spectra and intersystem

crossing (ISC) yields were obtained using an Applied

Photophysics laser ¯ash photolysis equipment

pumped by a Nd:YAG laser (Spectra Physics) with

excitation wavelength 355 nm or 266 nm [9]. First-

order kinetics was observed for the decay of the

lowest triplet state. The transient spectra (300±

700 nm) were obtained by monitoring the optical

density change at 5±10 nm intervals and averaging

at least 10 decays at each wavelength.

Fluorescence decays were measured using a home-

built TCSPC apparatus with an N2 ®lled IBH 5000

coaxial ¯ashlamp as excitation source, Jobin±Ivon

monochromator, Philips XP2020Q photomultiplier,

and Canberra instruments TAC and MCA. Alternate

measurements (1000 c.p.c.) of the pulse pro®le at

337 nm and the sample emission were performed

until 1 2 2 £ 104 counts at the maximum were

reached. The ¯uorescence decays were analyzed

using the modulating functions method of Striker

with automatic correction for the photomultiplier

ªwavelength shiftº [12].

The semi-empirical quantum mechanical calcula-

tions were performed with the ZINDO/S Hamiltonian

[13] using HYPERCHEM (release 3, for Windows).

Up to 201 singly excited con®gurations were used in

the con®guration interaction (CI) calculations.

3. Results

3.1. 4HC and 4MetC

Fig. 1A presents the absorption, ¯uorescence and
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phosphorescence spectra of 4-hydroxycoumarin

(4HC) in the solvents: ethanol, ethanol:HCl (37% in

water) 19:1 (v:v) and ethanol: diethyl ether: NH3

(28% in water) 10:9:1. In water (®gure not shown),

for pH , 4 the spectra presents two vibrationally

resolved bands at 280 and 300 nm. For pH . 4 new

bands appear at 286 and 298 nm. In aprotic solvents

(e.g. dioxane) the absorption spectra of 4HC is equal

in shape and has similar maxima to these obtained for

water at pH , 4. This absorption was therefore attrib-

uted to a neutral species. The other absorbing form,

also obtained in basic ethanolic mixtures, was attrib-

uted to the anionic form of 4HC.

The emission spectrum of 4HC in water (Fig.

1B) lacks structure, and for pH , 3 has a

maximum at l em
max� 350 nm. The emission

maximum shifts to 360 nm (3 , pH , 4) and for

pH $ 4, the maximum is at l em
max � 370 nm. The

observed pH dependent maxima probably imply

the presence of three different species: a cation,

Cp, with l em
max� 350 nm, a neutral form, Np,

l em
max� 360 nm, and an anion, Ap, l em

max� 370 nm.
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Fig. 1. (A) Left-hand panel, absorption spectra of 4HC, middle-hand panel, ¯uorescence spectra of and right-hand panel, phosphorescence

spectra of 4HC in ethanol (-W-), ethanol:HCl (¼), ethanol: diethyl ether:NH3 (Ð) and dioxane [only for absorption (- - -)]. (B) Fluorescence

spectra of 4HC as a function of pH.

Fig. 2. Left-hand panel, absorption spectra of 4HTC and right-hand panel, phosphorescence spectra of 4HTC in ethanol (Ð), ethanol:HCl (- - -)

and ethanol:diethyl ether:NH3 (-W-). In right-hand panel also presented is the phosphorescence spectrum of 4EtTC in ethanol (-K-).



The obtained pKa
p� 3.7, for the Np Ã! Ap equili-

brium was determined by ¯uorimetric titration.

Comparison of the emission spectra in aqueous

solution (Fig. 1B) and in the ethanolic mixtures

(Fig. 1A) shows a blue shift of the emission

band for all three species: Cp(l em
max� 340 nm), Np

((l em
max� 355 nm) and Ap (l em

max � 375 nm). Also,

in the ethanolic mixtures Cp and Np emission

presents vibrational structure. In the three etha-

nolic mixtures (®gure not shown), the parent

compound 4MetC shows a similar emission with

l em
max� 350 nm, identi®ed with the neutral form of

4HC. This suggests the cationic form of 4HC

being protonated at the hydroxylic rather than

carbonyl oxygen.

3.2. 4HTC and 4EtTC

Fig. 2 presents the absorption and phosphorescence

spectra of 4-hydroxythionecoumarin (4HTC) in three

different ethanolic solvents, together with the phos-

phorescence of 4EtTC in ethanol. For 4EtTC, a single

vibrationally resolved band is observed with

l em
max� 550 nm independent of solvent. Fig. 3 shows

the triplet±triplet spectra of 4HTC and 4EtTC in

different solvents.

3.3. 7H4MC, 7H4MTC and their parent compounds

7Met4MC and 7Et4MTC

The absorption spectra of 7H4MC consist of two

different bands, attributed to the neutral and anionic

forms, N and A, respectively [5,7,8]. In ¯uorescence,

an additional band with l em
max < 480 nm is also

observed [5,6]. The nature of this new band as been

extensively discussed, but must be considered to be a

neutral tautomer [5,6]. Triplet±triplet spectra of

7H4MC, 7Met4MC, 7H4MTC and 7Et4MTC in

different solvents are shown in Fig. 4.

Fig. 5A presents the absorption and phosphores-

cence spectra of 7H4MTC in different ethanolic

solvents, while Fig. 5B presents the pH dependence

of the absorption spectra.

4. Discussion

The only previous reports on the spectroscopy and

photophysics on these systems are for the S1 state of

7H4MC [3,5±8] and transient spectra for 4HC at 77 K

and 7H4MC at room temperature [14±16].

The following discussion will focus on: (a) the

assignment of the lowest singlet and triplet states

(n,pp vs p,pp); (b) the in¯uence of solvent on the

emission; (c) the nature of the coupling mediating

S1±T1 ISC and (d) the number and type of species

existing in S0, S1 and T1.

4.1. Acidity in the S0 and S1 states

Table 1 presents the pKa and pKa
p values for the

studied compounds. Substitution in the 4 and 7 posi-

tions induces different behavior relative to the parent

thiones. With 4HC vs 4HTC an increase of three pKa

units is obtained. However, for 7H4MC vs 7H4MTC
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Fig. 3. Triplet±triplet spectra of 4HTC in (A) benzene collected

0.2 ms after the ¯ash, (B) ethanol collected 0.3 ms after the ¯ash,

(C) ethanol: diethyl ether: NH3 collected 1 ms after the ¯ash and of

4EtTC in (D) benzene collected 0.3 ms after the ¯ash.



this difference is reduced to one unit, and the thione

now has lower pKa than the oxygen derivatives. The

change is more dramatic for the pKa values of

7H4MC where a difference of ca. eight orders of

magnitude is found when going from S0 to S1. In

the literature identical pKa and pKa
p are given for

4HC [17]. The lack of signi®cant difference between

ground and excited state pKas, for 4HC, may explain

why tautomerism is observed in the S1 state of

7H4MC but not in 4HC.
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Fig. 4. Left-hand panel, triplet±triplet spectra of 7H4MC in (A) ethanol (-S-) collected 0.5 ms after the ¯ash and water at pH� 11.5 (-V-)

collected 1.5 ms after the ¯ash, (B) ethanol:HCl collected 1.5 ms after the ¯ash, (C) dioxane:water mixture 4:1 (-A-) and dioxane:water mixture

1:4 (-B-) collected 2.5 ms after the ¯ash, (D) dioxane (-O-) collected 8 ms after the ¯ash and acetonitrile (-K-)collected 1.5 ms after the ¯ash.

Middle-hand panel, triplet±triplet spectra of 7Met4MC in (E) dioxane collected 1.5 ms after the ¯ash, (F) dioxane:water mixture 4:1 collected

7 ms after the ¯ash and (G) dioxane:water mixture 1:4 collected 0.2 ms after the ¯ash. Right-hand panel, triplet±triplet spectra of (H) 7HMTC in

methanol collected 0.1 ms after the ¯ash, (I) 7HMTC in benzene collected 0.1 ms after the ¯ash and (J) 7Et4MTC in benzene collected 0.1 ms

after the ¯ash.

Fig. 5. (A) Left-hand panel, absorption spectra of 7H4MTC and right-hand panel, phosphorescence spectra of 7H4MTC in ethanol (Ð),

ethanol:HCl (- - -) and ethanol:diethyl ether:NH3 (-W-). In right-hand panel also presented is the phosphorescence spectrum of 7Et4MTC in

ethanol (-K-). (B) Absorption spectra of 7H4MTC as a function of pH.



4.2. Triplet states

4.2.1. Nature of the lowest triplet state, T1

Assignment of triplet state con®gurations [18] is

based upon: (1) the relatively large gap, DEST,

between the lowest singlet and emitting triplet when

T1 is n,pp; and (2) characteristic phosphorescence

lifetimes (tPh , 0.01 s, for n,pp states and seconds

for p,pp states).

From the observed phosphorescence lifetimes

(Table 2), T1 has p,pp character for all the carbonyl

compounds whilst for the thiones it is n,pp. This

appears to be independent of the state of protonation.

Also, the relatively large energy gap between the

lowest singlet and the emitting triplet, DEST, suggests

a 3(p,pp) state. Smaller values for DEST are associated

with 3(n,pp) states. Exceptional behavior was

observed for 7H4MTC, where the short tPh clearly

shows 3(n,pp) character for T1 but DEST is relatively

large. This may de due to the small T1±T2 gap, lending

some p,pp character to T1, according to ISC I in

Scheme 2 (see next section).

4.2.2. Mechanisms of intersystem crossing

The following ISC pathways can be observed

(Scheme 3), for the different studied coumarins,

depending on the nature of the S1 and T1 states. For

the thionecoumarins, since S1 and T1 both are n,pp, the

pathway of ISC should occur via the spin orbital

coupling (HSO) and vibrational coupling operators

(HVib), I. For the carbonyl compounds two mechan-

isms can operate, II or III in Scheme 3.

4.3. Nature of the lowest singlet excited state, S1

Generally if a carbonyl or a thiocarbonyl-

containing molecule has a lowest Sn,pp state, it will

only be weakly ¯uorescent. The absence of ¯uor-

escence of thiones is generally accepted to be due to

very ef®cient radiationless deactivation [19], where T1

is populated with close to unit ef®ciency, but also with

some ef®cient internal conversion from S1. For 6-

methylthionecoumarin and thionecoumarin, which

has lowest n,pp singlet states, values of fT� 0.75

and 1.0, respectively, were obtained in benzene

[11,20].

For the carbonyl compounds, the origin of the

lowest singlet excited state strongly depends on the

nature of the solvent. With 7H4MC and its methoxy-

lated compound a S1 n,pp state is observed in nonpolar

solvents, but S1 is p,pp in polar solvents [10]. For

4HC, based on tF and fF data it is also n,pp. In diox-

ane:water mixtures quenching of the neutral form is

observed, with lifetimes changing from 0.83 ns
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Table 1

Values of pKa and pKa
p for the different HCs

Compound pKa pKa
p

4HC 4.2#pKa#4.3 3.6#pKa
p#3.7

4HTC 7.3#pKa#7.5 ±

7H4MC 7.7#pKa#7.8 pKa
p�0.74

7H4MTC 6.8#pKa#7.0 ±

Table 2

Phosphorescence lifetimes, tPh, in seconds, in four different solvents for the coumarins studied. Also presented is the nature of the T1 state and

the singlet-triplet splitting

Compound Ethanol Ethanol:HCl Ethanol:ether:NH3 MCH DEST
a (cm21)

4HC 1.43 p,pp 1.53 p,pp 0.61 p,pp ±(b) < 4000

4MetC 1.27 p,pp 1.41 p,pp 1.31 p,pp 1.12 p,pp

4HTC 0.0052 n,pp 0.0023 n,pp 0.0053 n,pp ±(b) < 900

4EtTC 0.001 n,pp 0.0012 n,pp 0.00124 n,pp 0.00083 n,pp

7H4MC 1.65 p,pp 1.69 p,pp 2.26 p,pp ±(b) < 6000

7Met4MC 1.41 p,pp 1.77 p,pp 1.49 p,pp 1.47 p,pp

7H4MTC 0.0006 n,pp 0.0009 n,pp 0.01 n,pp ±(b) < 2700

7Et4MTC 0.00045 n,pp 0.00041 n,pp 0.00054 n,pp 0.00056 n,pp

a Obtained by taken the energy of the on set of the absorption and phosphorescence bands. For the methoxylated or ethoxylated parent

compounds identical values were found.
b Not soluble in this solvent.



(dioxane:water 4:1 v/v) to 0.2 ns (water, pH� 5.5). In

cases where anion is present a second slightly solvent

dependent lifetime is obtained (tF < 5.5 ns). The

obtained fF values, ranging from 0.0016 (dioxane)

to 0.018 (water, pH� 5.5), leading to kF values

from 0.016 ns21 (in dioxane tF # 0.1 ns) to 0.1 ns21,

are consistent with a lowest lying 1(n,pp) state vibro-

nically mixed to a close upper 1(p,pp) state.

4.4. Comparison with theory

Comparison of predicted and experimental spectral

data is given in Table 3. For the thione coumarins,

longer wavelength transitions n,pp are predicted. For

aromatic thione compounds this is common and

shown as a dipole-electric forbidden n,pp transition

with very low molar extinction coef®cients [19]. The

absence of ¯uorescence emission supports a lowest

n,pp singlet. Although this was not observed, transi-

tion energy for the n! pp transition is probably

found in the region predicted by calculation.

4.5. Absorbing and emitting tautomers

4.5.1. 4HC and 4EtC

In the ground state 4HC presents an acid-base equi-

libria between neutral (N) and anionic (A) forms (Fig.

1), with the A absorption at shorter wavelengths than

N. Hydroxyl substitution in the position 4, of the

coumarin skeleton, has a marked in¯uence on the S1

energy of N and A. As with other coumarins [10]

conjugative substitution, e.g. by OH groups, is

predicted to blue shift singlet n,pp transitions and red

shift singlet p,pp transitions [18]. This is probably due

to the perturbation introduced by n electrons of the

hydroxyl group, which in the deprotonated form cannot

be shared by the aromatic ring. Fluorescence emission

from pure neutral, cationic and anionic forms, respec-

tively, is observed for 4HC, in neutral, acidic and

alkaline glasses, as con®rmed by monoexponential

decays. With phosphorescence, similar spectra are

observed in the three mixtures, indicating that a single

species is responsible for the emission from T1 (Fig.

1A). However, the different lifetimes (tPh� 1.43 s
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S1(n,π*) Tn(π,π*)

T1(n,π*)

HSO

HVib

S1(n,π*) T1(π,π*)
HSO

Scheme 3.

Table 3

Experimental and theoretical data for the ®rst two lowest transition energy (S1,2 Ã S0) and oscillator strength, f, for the coumarins studied

Compounda Transition l (nm) ZINDO-CI/S f (theory) l max(nm) (exp.) e (M21cm21) f (exp.)

4HC S0! S1 312(n,pp) 0.0007

S0! S2 284 0.2406 304 19,500 0.174

4HTC S0! S1 432(n,pp) 0.0004

S0! S2 312 0.5579 395 6780 0.148

7H4MC S0! S1 319 (328)b 0.0101 (2£1023)b

S0! S2 294 (314)b 0.4119 (0.1025)b 317 9500

S0! S3 278 (285)b 0.0932 (0.1532)b 275 5550

7Et4MTC S0! S1 477(n,pp) 0.0017

S0! S2 332 0.5507 385 17,881

a No signi®cant differences were found for alkoxy or hydroxycoumarins.
b Obtained with the CNDO/S-CI method.



(ethanol), 1.53 s (ethanol:HCl) and 0.61 s (ethano-

l:ether:NH3)) suggest that in basic media either a

different species might be present, or these are

quenched by NH3. With the parent 4MetC a single

phosphorescent band is observed with l em
max� 445 nm

and tph� 1.3 ^ 0.1 s independent of solvent/mixture

(Table 2).

For the cationic species in S1, protonation is

possible at three different sites. Since the spectrum

of the methoxylated compound is independent of

solvent matrix, protonation is most probably at the

hydroxyl oxygen. Literature data exists on the

presence of three species in S0 and S1 [21,22].

However, the assignment of the emitting species is

questionable, since it is suggested that at pH� 2.4 a

neutral excited species exists, while the cationic

species is only reported for very strong acidic media

[21]. Comparison with our data shows that the species

attributed to Np may actually be considered the

excited cation, Cp. Also the same authors suggest

that their cationic excited species (l em
max� 386 nm) is

formed by protonation of the carbonyl group. It is

possible that under the strong acid conditions used a

new cationic excited species arises, which is different

from ours. Although the likely protonation site of 4HC

in S1 is the carbonyl oxygen, the hydroxyl and lactone

oxygens cannot be excluded.

Although dif®culties exist in detailed analysis of

the triplet±triplet spectra of 4HC (®gure not shown)

because of low absorption, and solvent in¯uence,

studies of 4MetC allow assignment of the neutral

triplet state, and this is supported by phosphorescence

lifetimes.

4.5.2. 4HTC and 4EtTC

The absorption spectrum of 4HTC in basic ethanol

show a band (lmax� 420 nm) attributed to the anion

that is only observed at very high pH (Fig. 2). Also,

note that the absorption band in the acidi®ed mixture

(lmax� 385 nm) has a different maximum from the

one in neutral ethanol (lmax� 390 nm), again

showing a new cationic species. This compound did

not ¯uoresce. Peculiar phosphorescence behavior was

observed for 4HTC with spectra and lifetimes

suggesting that two species exist in T1 (Fig. 2). Most

probably, neutral (Np
T1

) and anion (Ap
T1

) forms are

present. Phosphorescence lifetimes, for each solvent,

were collected at different wavelengths and ®rst order

decays were always obtained (Table 2).

Comparison with the phosphorescence spectra of

the ethoxylated thione compound shows that the

vibrational structure, found for 4HTC in ethanol:HCl,

is present for all solvents in 4EtTC, although small

differences, in intensity, were found (Fig. 2). This

suggests that with 4HTC in ethanol and basic ethanol

the same Ap species is present and that no cation is

found for 4HTC in T1.

The triplet±triplet absorption spectrum of 4HTC

(Fig. 3) shows singlet depletion in addition to the

T1! Tn absorption signal. For 4HTC, in both benzene

and ethanol, the spectra are similar in shape and

maxima to that obtained for 4EtTC in benzene. This

is compatible with a neutral triplet transient.

However, in basic ethanol a new band appears in

addition to singlet depletion at < 420 nm, equal to

the absorption observed in the ground-state absorption

(Fig. 2), suggesting therefore that the new band should

be attributed to this species, AT1!Tn
.

4.5.3. 7H4MC, 7H4MTC and their parent compounds

7Met4MC and 7Et4MTC

The complex excited state kinetics of 7H4MC in S1,

involving three excited species, was previously

considered [5]. For 7Met4MC we have obtained tF

values of 0.48, 0.46 and 0.68 ns in ethanol, acidi®ed

ethanol and basic ethanol, respectively. We cannot

clearly establish, based on the ¯uorescence lifetimes,

if the cation (ethanol:HCl mixture) actually has a

different value than the neutral and anionic species.

The triplet±triplet absorption spectra of 7H4MC in

dioxane (Dx) and acetonitrile (MeCN) consist of

single bands with maxima at 460 and 480 nm, respec-

tively (Fig. 4D). The transient spectra obtained in

these conditions can be attributed to a neutral form,

NT1!Tn
, obtained via the NS0

! NS1
!ISC

NT1!Tn

pathway. This is con®rmed by comparison with the

similar triplet±triplet spectrum of 7Met4MC (Fig. 4E

and F). In ethanol, acidi®ed ethanol and in dioxane:

water 4:1 (Dx:H2O 4:1), the T1! Tn absorption

spectra of 7H4MC is different from those obtained

in Dx and MeCN, indicating that although the same

neutral form is present, there are some differences in

the spacing of the Tn states. The similarity between the

T1! Tn absorption spectra of 7H4MC and 7Met4MC

in Dx:H2O (1:4), (Fig. 4C and G), suggests that similar
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neutral species are present and that the differences

between dioxane and acetonitrile are due to solvent

effects on the T1! Tn transitions. The spectrum

obtained at pH� 11.5 (Fig. 4A) is different, indi-

cating a triplet of the anion, AT1!Tn
. In the transient

behavior of 7H4MC, no tautomeric triplet, TT1
!Tn,

was observed. However, we cannot discard the forma-

tion of a small amount of TT1!Tn
.

The phosphorescence data clearly shows that only

two emissive species, NT1

p and AT1

p (Table 2), are

observed. In the acidi®ed ethanolic mixture the ¯uor-

escence spectrum shows emission from Np and Tp

species, whereas in phosphorescence only neutral is

observed. An acid-base equilibrium between NT1!Tn

and AT1!Tn
should exist. Although transient absorp-

tion data exists for 7H4MC [16], the solvent was not

de®ned, and therefore the nature of the transient

cannot be ascertained. However, comparison of the

band reported at 510 nm [16] with our triplet±triplet

spectra suggests this is the same as in our mixture of

ethanol:HCl 19:1 and Dx:H2O 4:1 (Fig. 4). The

triplet±triplet absorption spectrum of 7H4MTC in

methanol and benzene (Fig. 4H and I), displays a

maximum at 510±520 nm. Comparison with the

triplet±triplet absorption spectrum of 7Et4MTC

(Fig. 4J) supports the idea that the absorbing species

should be the neutral, NT1!Tn
. The depletion at 300±

450 nm, with a maximum at 390±400 nm, equal to the

one observed in the ground-state absorption (Fig. 5),

strongly supports the idea that the transient spectrum

obtained in these conditions is the one of a neutral

form, NT1!Tn
, obtained via NS0

! NS1
!ISC

NT1!Tn
:

Fig. 5B shows the ground-state acid-base equili-

brium between the neutral and anionic forms of

7H4MTC. Signi®cant differences are observed

between phosphorescence in basic ethanol and the

other two mixtures, (Fig. 5A, Table 2), indicating

that in T1 two species (neutral and anion) are present.

5. Conclusions

Signi®cant differences are observed between spec-

troscopy and photophysics of HCs and their thione

analogs: red-shift in the absorption spectra, quenching

of ¯uorescence, increased triplet±triplet absorption,

suggesting increased S1 , ,! T1 ISC and a decrease

in the phosphorescence lifetime. The long phosphor-

escence lifetimes observed for the carbonyl

compounds indicate that emission is from a triplet

p,pp state, whilst for the thione compounds the

shorter lifetimes indicate that the T1 state has n,pp

character. For the thionyl compounds, the singlet

state S1 is always n,pp whereas for the carbonyl

compounds, where some degree of mixing with

S2(p,pp) or exchange in the energetic order can

occur, it depends on the media. Depending upon pH

and solvent, the compounds can exist in four forms: a

cation, a neutral form, an anion and a tautomer

(quinone-like canonical form).
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