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ABSTRACT: Absorption and fluorescence spectra of alizarin (1,2-dihydroxyanthraquinone) and purpurin (1,2,4-
trihydroxyanthraquinone) were investigated as a function of pH in water–dioxane (2:1, v/v) in the pH range 2–14.
Absorbance changes with pH are accompanied by color changes; by increasing the pH, the spectra shift to the red.
These molecules exhibit fluorescence emissions over the whole pH range explored; fluorescence quantum yields
increase with increasing pH and are greater for purpurin (ΦF = 10ÿ3–10ÿ2) than for alizarin (ΦF = 10ÿ4–10ÿ3). The
fluorescence lifetimes were measured by the phase-shift technique for the three species derived from purpurin
(neutral,t = 150 ps; mono-anion,t = 2600 ps and di-anion,t = 380 ps), and only for the di-anion of alizarin (t = 80
ps). Both spectrophotometric and fluorimetric titrations gave pKs of the first and second dissociation steps in the
ground state. Excited-state pK*s were calculated by the Fo¨rster cycle. In the ground state, purpurin (pK1 = 4.7;
pK2 = 9.5) is a stronger acid than alizarin (pK1 = 6.6; pK2 = 12.4) in both the first and second dissociation steps; in the
excited state, purpurin is a weaker acid in both dissociation steps. Copyright 2000 John Wiley & Sons, Ltd.

KEYWORDS: 1,2-dihydroxyanthraquinone; 1,2,4-trihydroxyanthraquinone; acidichromism; fluorescence yield;
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INTRODUCTION

Hydroxyanthraquinones are a class of molecules which
have attracted wide interest from both applied and
fundamental points of view. Their chromophore is
contained in the anti-tumor anthracycline1 and their
activity in photo-induced intramolecular proton transfer
makes them potential candidates for molecular storage
devices.2 Compared with anthraquinone, which has the
lowest excited singlet state of n,p* character, thep,p*
excitation energy of hydroxyanthraquinones is lower than
the n,p*excitation energy.3 Consequently, hydroxyan-
thraquinones absorb visible light and are colored,
whereas anthraquinone is colorless. Most applications
are based on their chromatic properties, which depend on
the position and number of the hydroxy substituents.
Owing to their relatively high triplet yields, they may
work as photosensitizers of electron-transfer induced
reactions.4

In this paper attention is focused on two hydroxy-
anthraquinones, alizarin and purpurin (Scheme 1). A
mixture of alizarin and purpurin constitutes the red dye

madder,5,6 a colorant used in painting, which has been
obtained from madder root (Rubia tinctorum) since 3000
BC. This colorant is also called Madder Lake because it is
generally precipitated on to an inert inorganic substrate
(Al2O3�nH2O).

Since paintings are subject to deterioration because of
aging and also due to atmospheric pollutants, it is
important to know which chromatic changes they under-
go when the environment changes. In recent decades,
acidic rain has been one of the most important causes of
pollution and may have attacked painted artifacts. One of
the reasons why we undertook this study on the effect of
pH on the absorption and fluorescence spectra of alizarin
and purpurin is to contribute to the knowledge about the

Scheme 1

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.2000;13: 141–150

Copyright  2000 John Wiley & Sons, Ltd. J. Phys. Org. Chem.2000;13: 141–150

*Correspondence to:G. Favaro, Dipartimento di Chimica, Universita`
di Perugia, 06123 Perugia, Italy.
Contract/grant sponsor:Consiglio Nazionale delle Ricerche.
Contract/grant sponsor:Ministero per l’Universita´ e la Ricerca
Scientifica e Technologica.



degradationprocessesin artistic paintings. Moreover,
thesemoleculesrepresenta specialcasewherea modest
structural changeinducesdrastic modifications in the
absorptionand mainly fluorescencecharacteristicsin
organicsolvents.7 Thedifferentspectralbehaviorsof the
two molecules have been explained considering the
relativestability of intramolecularhydrogenbondingin
the groundandin the excitedstatesandon the basisof
literature findings regardingsimilar molecules.8–10 For
1,2,4-HAQ,the intramolecularhydrogenbond is main-
tained in the excited state with little variation in the
molecular geometry.For 1,2-HAQ, the intramolecular
hydrogen-bondedform is the most stable form in the
groundstate,whereasexcited-stateintramolecularproton
transfer (ESIPT) from the phenolic hydroxyl to the
carbonyl oxygen occurs upon excitation with a great
changein molecular geometry.Since thesemolecules
haveacidiccentersthatarecloseto eachother,studying
protolytic equilibrium may also provide information
abouttheir reciprocalinfluenceandpossibleinteractions
with thecarbonylgroups.

EXPERIMENTAL

Materials. Alizarin (1,2-dihydroxyanthraquinone, 1,2-
HAQ) and purpurin (1,2,4-trihydroxyanthraquinone,
1,2,4-HAQ) were purchasedfrom Aldrich and used
without further purification. Dioxane was a Fluka
spectrogradeproduct.Doubly distilled water was used
to preparethebuffersfor thepK measurements.

Apparatus. Theabsorptionspectrawererecordedwith a
Perkin-ElmerLambda16 spectrophotometer.The fluor-
escencespectrawererecordedusinga SpexFluorolog-2
FL 112 spectrofluorimetercontrolled by the Spex
DM3000Fspectroscopysoftware.This instrumentgives
corrected emission spectra and is equipped with an
accessoryfor fluorescencelifetime measurements,which
is based on the phase-shiftmethod (time resolution
within 30 ps). The dataare processedby meansof the
softwareGlobalUnlimited3.0,whichallowstheanalysis
of multiple decaysup to four components.

Spectrophotometric and ¯uorimetric titrations. To
determinethe pKs, water–dioxanesolutions (2:1, v/v)
wereusedfor solubility requirements.Britton buffersat
low ionic strength(m = 0.01mol dmÿ3) or, in thepH 7–10
region,Tris–HCl buffers(from Aldrich), wereaddedto
the dioxanesolutionsof the colorants.The pH values
weremeasuredin theaqueousmediumwith anOrionSA-
520 pH meter. Control pH measurementswere also
carriedoutin themixedsolventandgavepH valuesabout
0.8 units abovethosedeterminedin water in the whole
pH range explored. The dissociationconstantsof the
hydroxyanthraquinoneswereobtainedfrom theinflection

pointsin theabsorbancevspH curvesat thewavelengths
of maximumdifferencein absorbanceof theequilibrating
species.In the fluorimetric titrations, the excitationwas
carriedout at an isosbesticpoint betweenthe spectraof
theequilibratingspecies;thedissociationconstantswere
obtained from the inflection points of the emission
intensity vs pH curves at wavelengths where the
maximum sensitivity could be obtained.Samplecon-
centrationswere of the order of 3.0� 10ÿ5 mol dmÿ3.
Giventhelow concentrationof thesolutions,theactivity
coefficientratio of the acid–basecouplewasconsidered
to beunity.

Fluorescence quantum yields and lifetimes. The emis-
sion quantumyields (ΦF) were obtainedby comparing
correctedareasof the sampleand the standard(quinine
sulfate in 1 N H2SO4, ΦST = 0.546)11 emissions,using
Eqn.(1) whichaccountsfor thedifferencesin absorbance
andrefractionindexof thesample(AS, nS) andstandard
(AST, nST) solutions:

�F � �ST�AST=AS��areaS=areaST��nS
2=nST

2� �1�

Sampleconcentrationswereadjustedin orderto keepthe
absorbancewithin the range 0.2–0.5. The solvent
contributionto theemissionsignalwassubtracted,when
necessary.Theaccuracyin theΦF valuesis estimatedto
be within 10% for ΦF � 10ÿ3 and within 20% for ΦF

<10ÿ3.
The emission lifetimes (tF) were determined by

using the Pockelscell of the Spex spectrofluorimeter
accessorybasedon the phase-shiftmethod.The light
scatteredby an aqueousglycogen solution (undetect-
ablefluorescence)wasusedasa standard.The accuracy
of the data obtaineddependedon the intensity of the
emission.

All measurementswere performedat room tempera-
ture (20� 2°C), usingfreshlypreparedsolutions.

RESULTS

Owingto thescantsolubility of thesemoleculesin water,
thepH effectson theabsorptionandemissionspectraof
1,2-HAQ and 1,2,4-HAQ were investigatedin a mixed
solvent[water–dioxane(2:1, v/v)]. For both molecules,
three species,characterizedby distinct absorptionand
emissionspectra,weredetectedin thepH rangeexplored
(pH 2 –14).Eachof themwasstablewithin a limited pH
interval and was the precursor for the one formed
successivelyasthe pH changed,asdemonstratedby the
presence of well defined isosbestic points in the
absorptionspectraandreversibilityof thetransformation.
Basedontheseobservations,thespecieswereassignedto
the neutralform (acidic solutions),mono-anion(neutral
and moderately basic solutions) and di-anion (basic
solutions).
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Spectral characteristics

1.2-HAQ. Absorption spectra. In acidic solutions(pH
�5), the absorptionspectrumof 1,2-HAQ showed a
maximumat 430nm, shiftedto the redcomparedwith a
polar organic solvent (�max= 421nm, in acetonitrile).7

Thisabsorptioncorrespondsto theneutralmolecule.The
red spectralshift with respectto acetonitrile is due to
hydrogen bonding with the solvent. With decreasing
acidity, theabsorptionshiftedto longerwavelengthsand
the solution turned from yellow to pale pink. A net
isosbesticpoint wasobservedat 463nm. In thepH 8–10
range,thespectrumdid not showappreciablevariations;
the maximumwas locatedat 540nm. This spectrumis
assignedto themono-anion.A furtherpH increasecaused
anenhancementof absorbancewith a furthershift of the
spectrumto the red (isosbesticpoint at 516 nm) andthe
color turnedto blue.At pH �13, the spectralshapeand
intensityremainedconstant.Thisnewspectrum,which is
assignedto the di-anion, is vibronically structuredand
shows maxima located at 540, 573 and 615nm. The
spectralevolutionof a 3.1� 10ÿ5 mol dmÿ3 solutionof

1,2-HAQin water–dioxaneis shownin Fig.1; absorption
maxima and molar absorptioncoefficientsof the three
speciesarereportedin Table1.

Fluorescence spectra. All speciesderivedfrom 1,2-HAQ
by changingtheacidityof thesolutionarefluorescent;the
fluorescencequantum yield critically dependson the
degreeof protonation.The emissionintensity increases
from the neutral molecule (ΦF = 5.1� 10ÿ4) to the
mono-anion (ΦF = 1.1� 10ÿ3) to the di-anion (ΦF =
3.1� 10ÿ3). The quantumyields arewithin the orderof
magnitudeof thosereportedin theliteraturefor 1,2-HAQ
in organic solvents.7,12,13 The fluorescencespectraare
broadandstructureless;two scarcelyresolvedpeakswere
only detectedin a basicsolution.Parallelto absorption,
thefluorescencemaximashift to the redwith increasing
pH (�max= 485,625and682nmfor theneutralmolecule,
mono-anion and di-anion, respectively). The Stokes
shifts, calculatedusing the maxima of the absorption
andfluorescencespectra,aresimilar for thethreespecies.
Absorptionandfluorescencespectraof the threespecies
(normalized on the maximum) are shown in Fig. 2;

Figure 1. Evolution of the absorption spectrum of 1,2-HAQ (3.0�
10ÿ5 mol dmÿ3) in water±dioxane solutions (2:1, v/v) as a function of pH.
Light grey, pH = 2 (neutral form); grey, pH = 9 (mono-anion); black, pH = 14
(di-anion). Arrows indicate isosbestic points between the neutral form and
mono-anion (a, 463 nm) and between the mono-anion and di-anion (b,
516 nm)

Table 1. Absorption maxima (�max), molar absorption coef®cients (e), ¯uorescence maxima and Stokes shifts (Dv) of 1,2-HAQ at
different protonation degrees (neutral molecule, mono-anion and di-anion) in buffered water±dioxane solutions (2:1, v/v)

Species pH Absorption�max/nm (e/dm3molÿ1cmÿ1) Dv/cmÿ1 Fluorescence�max/nm

Neutral 2.5 430(4700) 2600 485
Mono-anion 9.0 535(6100) 2700 625
Di-anion 14 540(8600)

573(13000) 2800 682
615(11300)
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spectralcharacteristicsaregivenin Table1.Owingto the
weaknessof the emissions,the lifetimes of all three
species could not be determined; this figure was
measurablefor the di-anion only (t = 80 ps), but with
greatexperimentaluncertainty(�50%). For the neutral
form and the mono-anion,the radiativerate parameter,
kF = 1/t°, wasobtainedusingtheapproximateequation14

kF � 1:33� 10ÿ5n2�2"��� �2�

wheren is therefractiveindexof themedium,�(cmÿ1) is
thewavenumberande(�) themolarabsorptioncoefficient
at theabsorptionmaximum.Theactuallifetime, t = ΦF/
kF, wasestimatedby dividing theexperimentalemission
quantumyield by the calculatedkF. The t valuesare
shorterthan the value reportedin the literature for the
moleculein an organicsolvent(t = 250 ps).13 The rate
constantof radiationlessdeactivation,kNR, was calcu-
lated as the difference 1/tÿ kF. All parametersare
reportedin Table2. Eventhoughthe approximationsin
Eqn. (1) are very broad and allow only the ordersof
magnitudeof the rate parametersto be obtained,the
agreementbetweenthe measuredand the calculatedt
valueof thedi-anionis acceptable.

1,2,4-HAQ. Absorption spectra. Theabsorptionchanges

observedfor 1,2,4-HAQ by changingthe pH occurred
approximatelyin thesamepH regionasfor 1,2-HAQ.A
red shift was also observed for this molecule on
increasingthe pH of the solution but the spectrawere
crowdedinto amorerestrictedwavelengthrange(Fig.3).
The differencesin molar absorptioncoefficientsof the
threespeciesare lessmarked.Furthermore,the spectra
arenarrowerandshowa weakvibronic structure.With
increasedpH, the solutionchangesfrom yellow–orange
(pH � 3.5) to pink (pH� 6–9) to violet (pH � 12).
Isosbestic points were observed at 480nm for the
neutral–mono-anioncoupleandat 500,528 and575nm
for the mono-anion–di-anioncouple. The spectral
characteristicsof 1,2,4-HAQ at pH values typical of
anyof the threeformsarereportedin Table3.

Fluorescence spectra. As alreadyfound in an organic
solvent(acetonitrile),7 the emissionof 1,2,4-HAQis far
more intensethan that of 1,2-HAQ. Fluorescencewas
observedoverthewholepH rangeexplored.Intensityand
wavelength changesof the emission spectrum with
changingpH were lessmarkedthan for 1,2-HAQ. The
fluorescenceintensity of 1,2,4-HAQ decreasesslightly
from the neutral molecule (ΦF = 3.3� 10ÿ3) to the
mono-anion(ΦF = 2.6� 10ÿ3) and then increasesagain
for thedi-anion(ΦF = 1.1� 10ÿ2), which is thestrongest

Figure 2. Absorption (dotted line) and ¯uorescence (full line)
normalized spectra of the three species derived from 1,2-HAQ in
water±dioxane solutions (2:1, v/v). Light grey, pH = 2 (neutral
form); grey, pH = 9 (mono-anion); black, pH = 14 (di-anion)

Table 2. Fluorescence quantum yields and dynamic parameters of 1,2-HAQ at pH values typical of the neutral form, anion and
di-anion in water±dioxane (2:1, v/v) [values in parentheses were calculated (see text)]

Species ΦF t/ps kF/107 sÿ1 kNR/109sÿ1

Neutralform 5.1� 10ÿ4 (7) (7.5) (140)
Mono-anion 1.1� 10ÿ3 (17) (7.0) (60)
Di-anion 3.4� 10ÿ3 80� 40 (30) 4.2 (11) 12 (32)
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fluorescingspecies(Fig. 4). The fluorescencespectraof
thethreespecies,which arebroadandpoorly structured,
overlap greatly. The Stokes shifts decreasefrom the
neutral molecule to the mono-anion and di-anion.
Normalizedabsorptionand fluorescencespectraof the
threespeciesderivedfrom 1,2,4-HAQareshownin Fig.
5. The fluorescencelifetimes, determinedby the phase-
shift method,areof theorderof hundredsof picoseconds.
The mono-anionis the longest-livedspecies(t = 2600
ps). The experimentaldecays fitted a bi-exponential
kinetic law well, with contributionsfrom thetwo species
that were pH dependent.The two distinct lifetimes
indicate that acidic and basic excited speciesdo not
equilibrate within the excited-statelifetime. The rate
parametersfor emission, kF = ΦF/t, and radiationless
deactivation,kNR = 1/t ÿkF, were determinedfrom the
experimentalΦF and t data; the resultsare reportedin
Table4.

Acid±base properties

The pKs relative to the protolytic dissociationof 1,2-
HAQ and1,2,4-HAQweredeterminedin water–dioxane
(2:1, v/v) by spectrophotometrictitration. For both
molecules,two inflection points were found in the pH
rangeexplored(pH 2–14). For 1,2,4-HAQ, in which a
third hydroxyl group is present,a third inflection point
would be expected; however, owing to the double
negativecharge,the protolytic dissociationof the di-
anion into the tri-anion takesplaceat pH valuesmuch
higher than 14. On the other hand, the acid–base
equilibrium of the anthraquinoniccarbonyl occurs at
pH values(pKa = ÿ 8.5, for anthraquinone)15 below the
exploredrange.ThepK valuesdeterminedarereportedin
Table 5. The differencesbetweenpK2 andpK1 (5.8 for
1,2-HAQand4.8for 1,2,4-HAQ)indicatea loweracidity
of the secondOH, which is mainly due to the effect of

Figure 3. Evolution of the absorption spectrum of 1,2,4-HAQ (3.3�
10ÿ5 mol dmÿ3) in water±dioxane solutions (2:1, v/v) as a function of pH.
Light grey, pH = 2 (neutral form); grey, pH = 7 (mono-anion); black, pH = 14 (di-
anion). Arrows indicate isosbestic points between the neutral form and mono-
anion (a, 480 nm) and between the mono-anion and di-anion (b, 528 nm)

Table 3. Absorption maxima (�max), molar absorption coef®cients (e), ¯uorescence maxima and Stokes shifts (Dv) of 1,2,4-HAQ
at different protonation degrees (neutral molecule, mono-anion and di-anion) in buffered water±dioxane solutions (2:1, v/v)

Species pH Absorption�max/nm (e/dm3molÿ1cmÿ1) Dv/cmÿ1 Fluorescence�max/nm

Neutral 2.5 455(8000)
480(9000) 3400 575
510(6000)

Mono-anion 7.0 515(10400) 2300 585
Di-anion 14 485(6700)

513(11700)
547(13000) 1600 600
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electrostaticinteraction opposingdeprotonationof the
mono-anion.It canbeseenfrom Table5 that1,2,4-HAQ
is a strongeracid than 1,2-HAQ, in both the first and
seconddissociationsteps.

Fluorimetric titrations should provide information
abouttheexcited-statepK*, if theprotolytic equilibrium
in the excitedstateis establishedwithin the lifetime of
thatstate.16 However,for themoleculesunderstudy,the
fluorimetric titration curvesshowedinflection points at
the same pH values as the spectrophotometricones
(Fig. 6, Table5), that is, theyalsogavetheground-state
pKs.An alternativeway to determinepK* is providedby
the thermodynamicFörster cycle,17 which is basedon

measurementsof frequencyshifts accompanyingproto-
lytic dissociation.By assumingthat DS°, the entropy
change of the protolytic reaction, does not change
appreciablyupon excitation, that is, DH° � DG°, the
following equationis obtained:

pK� � pK � �NAh=2:303RT���Aÿ ÿ �HA� �3�

whereNA is Avogadro’snumber,h is Planck’sconstant,
R is the gasconstantandT is absolutetemperature;HA
and Aÿ indicatethe equilibratingacid–basecouple.To
determinethefrequencydifferences(nAÿ ÿ nHA) between
0–0levels,theintersectionsof normalizedabsorptionand

Figure 4. Emission changes of 1,2,4-HAQ (2.3� 10ÿ5 mol dmÿ3)
in water±dioxane (2:1 v/v) solutions as a function of pH; �exc = 377
nm.). Light grey, pH = 2 (neutral form); grey, pH = 7 (mono-anion);
black, pH = 14 (di-anion)

Figure 5. Absorption (dotted line) and ¯uorescence (full line)
normalized spectra of the three species of 1,2,4-HAQ in water±
dioxane solutions (2:1, v/v). Light grey, pH = 2 (neutral form); grey,
pH = 7 (mono-anion); black pH = 14 (di-anion)
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fluorescencespectraweretaken(seeFigs2 and5). This
methodgave the best results.18 The excited-statepK*s
obtainedfor 1,2-HAQ and 1,2,4-HAQ are reportedin
Table5. It canbeseenthat thesemoleculesarestronger
acidsin theexcitedstatethanin thegroundstatein both
dissociationsteps.However, the acidity increaseupon
excitationis muchmoremarkedfor 1,2-HAQ (DpK*1 =

10 andDpK*2 = 2.6) than for 1,2,4-HAQ (DpK*1 = 1.2
andDpK*2 = 0.9).

DISCUSSION

Thespectralbehaviorof alizarin hasbeenthesubjectof

Table 4. Fluorescence quantum yields and dynamic parameters of 1,2,4-HAQ at pH values typical of the neutral form, mono-
anion and di-anion in water±dioxane (2:1, v/v)

Species ΦF t/ps kF/107 sÿ1 kNR/109sÿ1

Neutralform 3.3� 10ÿ3 150� 10 2.2 6.7
Mono-anion 2.6� 10ÿ3 2600� 40 0.1 0.4
Di-anion 1.2� 10ÿ2 380� 10 3.1 2.6

Figure 6. Spectrophotometric and ¯uorimetric titration curves: (a)
changes of 1,2-HAQ absorbance as a function of pH; (b) changes of
1,2,4-HAQ absorbance as a function of pH; (c) changes of 1,2-HAQ
emission as a function of pH; (d) changes of 1,2,4-HAQ emission as a
function of pH
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several investigations,3,12,19–21whereaslittle has been
reported about purpurin.3,21 Ground-state protolytic
equilibriumconstantsof somedihydroxyanthraquinones,
including1,2-HAQ,in mixedaqueoussolventshavealso
beenreported.22

In this work, the studyof the pH effect on absorption
and fluorescencespectraof 1,2-HAQ and 1,2,4-HAQ
allowed their ground- and excited-statepKs to be
determined;theassignmentsof theneutral,mono-anionic
and di-anionic ground-statespeciesare consistentwith
spectralchangespreviouslyobservedwith similar mol-
ecules and the pH of the solutions where they
occurred.18,22 It is worth noting that thepKs determined
here,and also as thosefrom the literature,have to be
treatedwith caution,sincetheyweremeasuredin mixed
solvents, where the dielectric constant is reduced
compared with pure water. However, the dielectric
constantdecreasefor the mixture used[water–dioxane
(2:1,v/v)], calculatedby theempiricalequationreported
by Anderson,23 is relatively modest,hencethe effect on
thepKs doesnot exceedonepK unit.

Acid–basepropertiesprovide information about the
chargedistribution in the molecule.If acidity constants
are known in both the ground and excited states,
information about the changein electronicdistribution
upon excitation is available.An excited-statemolecule
generallypossessespropertieswhich are different from
thoseof thesamemoleculein thegroundstate,owing to

the redistributionof the electronicdensity.Acidity may
increaseor decreaseuponexcitation.For the molecules
studied here, the red shift of the absorptionspectra,
accompanyingdeprotonation,denotesthat the electro-
nically excited neutral form has a higher energylevel
thantheexciteddeprotonatedspecies,comparedwith the
ground state, and therefore exhibits a propensity to
dissociateat lower pH valuesthanthe groundstate,that
is, it becomesa strongeracid.

For the1,2-HAQ,thepK1 andpK2 determinedhereare
in qualitative agreementwith those reported in the
literature22 (seeTable 5), even though the latter were
obtainedusinga lower dioxanepercentage(1% vs33%).
Comparedwith monohydroxyanthraquinones(1-HAQ
and2-HAQ),18 for which pK measurementswerecarried
out underthe sameconditions(33% dioxane)as in this
work, bothalizarinandpurpurinarestrongeracids.This
is due, as previously suggested,22 to the inductive
electron-attractingeffect of an OH groupon the nearby
one,which increasesthe intrinsic acidity of both. Since
the H� mobility of the 1-OH is reducedby hydrogen
bondingwith thecarbonylin 1,2-HAQ,the2-OHgroupis
the first to dissociate.In the mono-anion,the negative
chargedecreasesthe intrinsic acidity of the other OH
group in the molecule,aswell as its hydrogenbonding
capability. Since the spatial distancebetweenthe two
negative chargesshould be as large as possible to
stabilizethedi-anionicspecies,theseconddeprotonation
is probablyfollowed by chargetransfer(CT) from the1-
Oÿ to the9-CO,yieldingthe1,10-ketoform.Thisspecies
showsan extendedconjugatedsystem,which is respon-
sible for the large,red shift of the absorptionspectrum.
Thus, we believe that the deprotonationstepsoccur as
shownin Scheme2.

In 1,2,4-HAQ,thefirst dissociationstepalsooccursat
the2-OHgroupwhichis by far themostacidiconedueto
the inductiveeffectsof theotherortho (1-OH) andmeta
(4-OH) hydroxyl groups, both hydrogen-bondedto
carbonyls.The noticeabledifference in pK1 between
1,2-HAQ and1,2,4-HAQ(approximately2 pK units) is
dueto a further acidity increaseof purpurin inducedby
the 4-OH in the metapositionwith respectto the 2-OHScheme 2

Table 5. Dissociation constants (pK1 and pK2) of 1,2-HAQ and 1,2,4-HAQ in water±dioxane (2:1, v/v) obtained from (I)
spectrophotometric and (II) ¯uorimetric titrations. Excited-state pK*s calculated by the FoÈ rster cycle. DpK1 *and DpK2* represent
the differences between the ground state pK and the corresponding excited state pK*.

1,2-HAQ 1,2,4-HAQ

pK (I) (II) (I) (II)

pK1 6.57� 0.05(7.4)a 6.3� 0.1 4.70� 0.05 5.0� 0.1
pK2 12.36� 0.05(11.8)a 12.0� 0.1 9.51� 0.05 9.8� 0.1
pK1* ÿ3.4 3.5
DpK1* 10 1.2
pK2* 9.8 8.6
DpK2* 2.6 0.9

a Datatakenfrom Ref. 22.
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undergoing deprotonation [smeta(OH) = 0.121].24 Re-
garding the site of the seconddeprotonationstep, it
should be consideredthat the negativechargeat the
mono-aniondecreasesthe acidity of both the 1- and 4-
OH.Thiseffect,whichis mainlyelectrostaticin nature,is
lessimportanton the4-OH thanon the1-OH becauseit
decreaseswith distance.It can be concludedthat the
seconddeprotonationstepoccursat the4-OH;this is also
consistentwith the greateracidity of the mono-anionof
purpurincomparedwith that derivedfrom alizarin.

In the excitedstate,the phenolicOH is more acidic
than in the groundstate,while the carbonyloxygen is
more basic. The electronicexcitation, which is of CT
character,shortensthe distancebetweenthe oxygenof
thecarbonylandthehydroxyl groupby about0.1Å and
strengthensthe hydrogenbond.25 This favors intramol-
ecular hydrogen atom transfer (or proton transfer,
dependingupon the degreeof CT)9 from the 1-OH to
the carbonyl. If ESIPT occurs, the 9,10-keto form
rearrangesinto the 1,10-ketoform, lowering the energy
of theexcitedstate.2 Formoleculessimilar to thoseunder
study, it has been suggestedthat the potential func-
tions along the protontransfercoordinatein the ground
and excited state are double-minimum energy sur-
faces.9,10,26,27In the groundstate,the lowest minimum
is relatedto the9,10-ketoform, while theminima invert
their positions in the excited state. Whether proton
transferis fastenoughto observeemissionfrom theketo
form dependson the hydrogen-bondstrengthand the
stabilization energy of the 1,10-keto excited state. In
some dihydroxyanthraquinones (e.g. 1,5-HAQ)10,26

ESIPT was irreversibleand occurredso fast (k> 1012

sÿ1)28 that fluorescence,showing a large Stokesshift,
wasonly observedfrom the 1,10-ketoform. The energy
barrierto ESTPincreaseswith thepolarity of thesolvent
andalsowith changesin the relativeOH positions;7 for
example,it doesnot occurfor 1,4-HAQ.28

Referringto the moleculesstudiedhere,alizarin and
purpurinexhibitadifferentbehaviorin organicsolvents.7

For 1,2-HAQ,protontransferoccursin the excitedstate
and the emissionshifts to the red. For 1,2,4-HAQ, the
intramolecular hydrogen bond is maintained in the
excitedstate,similarly to 1,4-HAQ,28 and fluorescence
was observed from the intramolecularly hydrogen-
bonded 9,10-keto form.7 A single exponentialdecay
(t = 1.5 � 0.3 ns) was found for purpurin emissionin
benzenesolution,whereasfor 1,2-HAQthefluorescence
decayfollowed a bi-exponentiallaw. The longer lived
species(t1 = 4.0 � 0.3ns)wasassignedto the1,10-keto

form, and the shorter-livedone (t2 = 0.2� 0.1 ns) was
assignedto the9,10-ketoform for which protontransfer
competes with fluorescenceemission. The t value
reportedfor alizarin in the literature (0.25ns in aceto-
nitrile)13 is in excellentagreementwith t2.

In acidic solution, the fluorescenceof 1,2-HAQ
(neutralmolecule)showsa small Stokesshift (Table1),
which indicatesthat thegeometryof theS1 excitedstate
is not significantly displacedfrom that of the ground
state.The emissioncomesfrom the relaxed9,10-keto
excitedstateandis weakandshort-livedpossiblyowing
to competitionwith ESIPTor, more likely, to intermol-
ecular solvent hydrogen-bondingperturbation(Scheme
2). Emissionfrom the 1,10-ketoexcited statewas not
detectedin aqueoussolution.

The relatively longer lived emissionof 1,2,4-HAQin
aqueoussolution is in agreementwith the lack of
competitiveprocesseswhile maintainingintramolecular
hydrogenbonding. This explains the higher emission
intensityof thismoleculewhichwasheldrigid andquasi-
planar by the intramolecularhydrogenbonds in both
neutralandmono-anionicforms.The further increasein
emission quantum yield of the di-anionic form is
probablyrelatedto the greatercompactnessof the ion,
where the contribution to deactivation through OH
vibrations is weak. Both neutral and mono-anionic
excited states,being so similar to the ground state,
deprotonateat pH valuescloseto thoseof ground-state
deprotonations. For this molecule, both acid–base
equilibria in the excited state involve intramolecular
hydrogen-bondedforms,asin thegroundstate;deactiva-
tion throughsolventinteractionis not very effective.

In the caseof 1,2-HAQ,we believethat the intermol-
ecular hydrogenbond with the solvent contributesin
largepartto fastdeactivationof theexcitedstate.Therate
coefficientfor the non-radiativeprocesses,kNR, is given
by the sum of the internal conversion (kIC) and
intersystemcrossing(kISC) rate constants.It is known
that 1,2-HAQ undergoesfairly efficient intersystem
crossing (ΦISC = 0.16) at a rate of 0.6� 109 sÿ1 in
acetonitrile;19 since kNR is much greater in aqueous
medium,it is likely that internal conversiondominates
excited-statedeactivation.A comparisonof Tables2 and
4 indicatesthat the greatestdifferencebetweenthe two
molecules is that alizarin has a faster radiationless
deactivation than purpurin, while the radiative rate
parametersare almostof the sameorder of magnitude.
This indicatesthat, uponexcitation,the aqueoushydro-
gen-bondingenvironmentaffects them differently. The
greatlyincreasedacidity of 1,2-HAQin theexcitedstate
(pK1ÿ pK1* = 10) denotesthat the excited-statemol-
ecule is substantiallydifferent from the ground-state
molecule.In theexcitedstate,thehydrogenbondingwith
thesolventis strengthenedconsiderablyby theincreased
electrondensityon the carbonyloxygen,owing to the
charge-transfernatureof theexcitedstate.Consequently,
thehydroxyl acidity increases.

Scheme 3
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Finally, it is worth noting that, for both molecules,
excited-statedecayoccursfasterthan the establishment
of protolytic equilibrium, over the whole pH range
explored.In contrast,excited-statefluorimetric titration
wasfeasiblefor 1- and2-monohydroxyanthraquinones.18

The reasonwhy structurallysimilar molecules,studied
under comparableconditions, exhibit such different
behaviorsis still unclear.

CONCLUSIONS

The resultsof this work indicatethat both1,2-HAQ and
1,2,4-HAQbehaveasacidichromicmoleculessincetheir
aqueoussolutions change color as the pH changes.
Emission is less sensitive to changesin the pH than
absorption, especially for purpurin, for which the
fluorescencespectraoverlap widely. The fluorescence
quantumyieldsandthelifetimesaremarkedlydependent
on the pH of the medium. The ΦF values increase
approximately by one order of magnitude from the
neutralmoleculeto the di-anion; the t valuesare on a
picosecondtime-scale;for the purpurin-derivedmono-
anion only the lifetime is fairly long (t = 2.6 ns).
Radiationlessprocesses(kNR, internal conversionand
intersystemcrossing)contributegreatlyto excitedsinglet
deactivation.Dissipationof theelectronicenergythrough
hydrogenbondingwith thesolventis muchmoreefficient
for 1,2-HAQ thanfor 1,2,4-HAQ.

The pK valuesdeterminedin the groundstateare in
line with the positionaleffectsof the hydroxyl groups.
The excited-statepK*s indicate that both molecules
becomestrongeracids upon excitation. However, the
acidity increasesmuch more for alizarin, in agreement
with the greaterchangein electronicdistribution upon
excitation.

Regardingthe aim of definingthe limits of acidity in
atmosphericpollutants(acid rain in particular),thatmay
introduce chromatic changeson surfacespainted with
these colorants, it can be concluded that the mono-
anionic forms (pink color) are stable in neutral and
moderatelyalkaline media; an increasein acidity (pH
<6) turns alizarin yellow, while a lower pH value (pH
<4.5) is neededto changethe color of purpurin. In the
alkalinerange,thecolor changesonly at high pH values
(pH >9 for 1,2,4-HAQandpH >12 for 1,2-HAQ).

Anotherinterestingaspectof thisstudyof thepH effect
on colorants used in artistic painting resides in its

potential to interpret interactionsof colorantswith the
chemical environment in which they are embedded.
Results in this field will be published in specialized
journals.
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19. Gollnick K, Held S, Màrtire DO, BraslavskySE. J. Photochem.

Photobiol.,A: Chem.1992;69: 155–165.
20. KawenokiI, KeitaB, KossanyiJ,NadjoL. Nouv.J. Chim.1982;6:

387–393.
21. El EzabyMS, SalemTM, Zewail AH, IssaR. J. Chem.Soc.B

1970;1293–1296.
22. Gillet H, PariaudJC.Bull. Soc.Chim.Fr. 1966;2624–2631.
23. Anderson JE.J. Phys.Chem.1991;95: 7062–7064.
24. McDaniel DH, Brown HC. J. Org. Chem.1958;23: 420–427.
25. Marzocchi MP, Mantini AR, CasuM, Smulevich G. J. Chem.

Phys.1998;108: 534–549.
26. SmulevichG, FoggiP. J. Chem.Phys.1987;87: 5657–5663.
27. SmulevichG, Foggi P, Feis A, Marzocchi MP. J. Chem.Phys.

1987;87: 5664–5669.
28. Flom SR,BarbaraPF.J. Phys.Chem.1985;89: 4489–4494.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 141–150

150 C. MILIANI, A. ROMANI AND G. FAVARO


