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ABSTRACT: The correlation of the reactive component of the bimolecular quenching rate constant,kr, with DG for
reactions of singlet molecular oxygen with phenols is interpreted in terms of classical and semiclassical theories of
electron transfer. Both treatments indicate a diabatic process with a reorganization energy of about 0.46 eV. The
observed diabaticity is in line with a crossing of states with different symmetry. Similar results were obtained for the
reactions of singlet molecular oxygen with phenoxide ions in water. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The quenching of singlet molecular oxygen, O2(
1Dg), by

phenolic compounds has been extensively studied
because of the important role of phenols as O2(

1Dg)
scavengers in biological systems, and the potential use of
O2(

1Dg)-mediated photo-oxidation of phenolic pesticides
in waste water treatment.1–3

Scavenging of O2(
1Dg) by phenols takes place by two

main pathways: (i) a chemical reaction with rate constant
kr, [Eqn. (1)] and (ii ) a physical interaction with
quenching constantkq [Eqn. (2)]. The bimolecular rate
constant for the overall process,kt, thus shows the
contribution of both reaction channels.

O2�1�g� � phenolic compound (XOH)!kr products�1�

O2�1�g� � XOH !kq
O2�1�g

ÿ� � XOH �2�

Reported values forkt are strongly dependent on the
structural properties of the phenolic substrates and on the
solvent. Early work by Thomas and Foote on the
quenching of O2(

1Dg) by substituted 2,6-di-tert-butyl-
phenols in methanol showed a linear correlation of logkt

with the half-wave oxidation potentials of the phenols.4

Scurlock et al. observed a similar correlation for
substituted phenols in deuterated methanol.5 The effi-
ciency of the overall quenching process is increased with
increasing solvent polarity and the differences inkt

observed for various phenols become more important
when the polarity of the media is increased. The previous
observations are in agreement with a mechanism
involving the formation of charge-transfer intermedi-
ates.1,3 5–8

Evaluation of the results in terms of charge transfer
theories9 requires the measurement of the overall
quenching rate constants under similar experimental
conditions, for a set of substituted phenols showing one-
electron redox potentials within a wide range. Such
conditions are difficult to fulfill forkt measurements.3

However, an acceptable set of the reactive component of
the bimolecular quenching rate constant,kr, determined
in water at neutral pH is available for substituted phenols
showing XO./XOH one-electron reduction potentials
ranging from 0.46 to 1.23 V vs NHE. In this paper, we
analyze these data in terms of a classical and a
semiclassical treatment of the electron transfer pro-
cess.9–11

CORRELATION OF LOG kr WITH ONE-
ELECTRON REDOX POTENTIALS AND
DISCUSSION IN TERMS OF CLASSICAL AND
SEMICLASSICAL TREATMENTS

A charge-transfer mechanism was proposed for the
O2(

1Dg)-sensitized photo-oxygenation of phenols.1,6,12

Such a mechanism involves the reactions shown in
Scheme 1, where mainly pathways concerning the
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quenchingof O2(
1Dg) by phenolare considered.Deac-

tivation pathwaysdueto the interactionwith thesolvent
moleculesareof no significancefor thepresentanalysis,
asall rateconstantsweredeterminedin thesamesolvent.

In this schemekd and kÿd are diffusion-controlled rate
constantsfor the formation and decompositionof the
precursorcomplex, [O2(

1Dg)—XOH]; ka and kÿa are
‘activation energycontrolled’ rateconstantsof the elec-
tron transferfrom thephenolto O2(

1Dg). Decomposition
of thechargetransfercomplex,�Oÿ:2 —XOH:��, maytake
place by a physical and/or chemicalprocesswith rate
constantsk1 andk2, respectively.Experimentalevidence
for the formation of an exciplex hasbeenreportedfor
vitamin E asquencher.8

Assumingsteady-stateconditionsfor theprecursorand
chargetransfer intermediates,9,13 the resolution of the
differential equationsystemfor the reactionmechanism
in Scheme1 appliedto thedepletionof O2(

1Dg) leadsto

Eqn.(3) for theoverall rateconstant,kt:

kt � kd

1� kÿd
ka
� kÿdkÿa
�k1�k2�ka

�3�

Similarly, Eqn.(4) is derivedfor kr from theresolution
of the differential equationsappliedto the depletionof
phenolsand/or formation of productsand considering
that for relatively efficient quencherskÿa� (k1� k2):

9

kr � f
kd

1� kÿd=ka

� �
�4�

with f = k2/(k1� k2) = kr/kt.
Table1 lists thevaluesof kr obtainedin waterat pH 7

and the correspondingvalues of the XO./XOH one-
electron reduction potentials vs NHE, E°(XO./XOH).
Accordingto the reactionmechanismshownin Scheme
1, the electron transfer from phenol to O2(

1Dg) yields
phenolradicalcations,XOH�..

, theconjugateacidof the
phenoxyradicalsXO. [Eqn. (5)]:

XOH�: � XO: � H� �5�

Consequently,the E°(XOH�./XOH) values are the

O2�1�g� � XOH�kd

kÿd

�O2�1�g� � XOH�ka

kÿa

�Oÿ:2 ÿ XOH
#

:��!k2 products

O2�3�ÿg � � XOH

Scheme 1

Table 1. Values of rate constant kr in water at neutral pH, the one-electron reduction potential of phenoxy radicals vs NHE, E°
(XO./XOH), dissociation pK of the radical cations XOH�. and estimated radii for phenols X-C6H4OH

SubstituentX kr (l molÿ1 sÿ1) E° (XO./XOH)a pK (XOH�.) r (Å)m

4-OH 2.5� 107b 0.46 ÿ1.33g 3.08
4-Phenyl 3.8� 107c 0.505 ÿ1.38j 4.93
2,6-(OCH3)2 3.6� 107d 0.58 ÿ1.43j 3.92
4-OCH3 2.2� 107d 0.60 ÿ1.41g 3.71
2-OCH3 6.0� 106d 0.77 ÿ1.63g 3.47
4-tert-Butyl 1.2� 107d 0.80 ÿ1.58j 3.94
3-OH 2.0� 107b 0.81 ÿ1.55h 2.81
4-CH3 1.0� 107d 0.87 ÿ1.70g 3.29
4-CH2CH(NH2)COOHe 8.0� 106f 0.89 ÿ1.64j 4.47
4-Cl 6.0� 106d 0.94 ÿ1.30i,k 3.15
4-H 2.6� 106d 0.97 ÿ2.00g,l 2.81
4-COCH3 1.5� 106d 1.06 ÿ1.86i 4.52
3-NO2 2.6� 105d 1.13 ÿ1.78i 3.05
4-CN 2.4� 105d 1.17 ÿ1.83i 3.57
4-NO2 2.6� 105d 1.23 ÿ1.79i 3.45

a All datafrom Ref. 14 exceptfor thevaluefor 4-methoxyphenol,which wastakenfrom Ref. 15.
b Takenfrom Ref. 6.
c Upperlimit from Ref. 16.
d Takenfrom Ref. 17.
e Tyrosine.
f Takenfrom Ref. 18.
g Takenfrom Ref. 19.
h Takenfrom Ref. 20.
i Takenfrom Ref. 21.
j Calculatedfrom the regressionshownin Fig. 1.
k The pK valueÿ1.67from the regressionshownin Fig. 1 wasusedfor calculatingDG.
l Thevalueÿ1.69V from the regressionshownin Fig. 1 wasusedfor calculatingDG.
m Calculatedasdescribedin the text.
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reductionpotentialsrequiredfor the applicationof the
charge transfer theories. The latter values may be
estimated from the reported E°(XO./XOH) and the
correspondingpK of the radicalcation.19–21However,if
E° (XO./XOH) is usedinsteadof E° (XOH.�/XOH) for
calculatingDG, very similar� andk valuesareobtained
from the fitting of experimentaldatawith Eqn. (7) (see
below).

ThepK valuesarenotknownfor all theradicalcations
shown in Table 1. However, an acceptable linear
correlationof pK vs E°(XO./XOH) (Fig. 1) is observed,
from which theunknownpKs canbeestimated.

According to the Marcus theory,10 electron transfer
ratesareexpectedto increaseasthedifferencesin Gibbs
energy for the electron transfer reaction,DG, become
morenegative.DGvaluesarecalculatedwith theequation

�G� E��XOH�:=XOH� ÿ E��O2�1�g�=Oÿ:2 � ÿ e2="r �6�

whereE��O2�1�g�=Oÿ:2 � � 650mVatpH 7 [22] ande2/�r
is a small correctiveterm due to staticattractionof the
reactionproductswith e = 80.1for thedielectricconstant
of waterat298K.23 Thedistancer betweenthedonorand
acceptor is estimated taking 2 Å as the radius of
molecularoxygenin solution (ro2

19) and estimatingthe
radii of phenolswith a molecular modeling program
basedon the calculation of the geometryof minimal
energy24 (alsoshownin Table1).

Replacing the rate constantka in Eqn. (4) by the
expressionderivedas a function of DG in the classical
Marcus treatmentof electron transfer,10 the following
equationis obtainedfor kr:

kr � fkd

1� kÿd
�� exp�����G�2=4�RT� �7�

wherek is the transmissioncoefficient for the electron
transfer;� is thefrequencyfactorand�/4 is theactivation
freeenergyfor DG = 0 with � thesumof theinner-sphere
and solvent reorganization energies, �in and �out,
respectively.

Theplot of log kr vsDG, shownin Fig. 2, follows the
expectedtrend(seeabove).

The value kd = 1.2� 1010 l molÿ1 sÿ1 is estimated
from theSmoluchowskiequation[Eqn. (8)]:25

kd � 4�N�Do2 � DPh��rPh� ro2�=1000 �8�

where N = Avogadro's number, ro2
= 2 Å , the average

radiusof thephenolsrPh= 3.6Å andDo2
andDPhare,the

diffusion coefficients of molecular oxygen [1.98�
10ÿ5 cm2 sÿ1 (Ref. 26)] and phenol in water [0.89�
10ÿ5 cm2 sÿ1 (Ref. 23)], respectively.

Thefactor f = k2/(k1�k2) = kr/kt is knownto dependon
the solventand on the natureof the quencher.For the
compoundslistedin Table1 valuesof kt only for phenol,
hydroquinoneandresorcinolin neutralaqueoussolution
arereported.3 Theexperimentalvaluesof f for the latter
phenolsare 0.5, 0.1 and 1 respectively.The observed
trenddoesnot follow a correlationwith the correspond-
ing oxidationpotentials(Table1) andthevaluesof f are
thusexpectednot to affectthelog kr vsDG correlationin
a systematicway, only the random dispersionof the
correlation.Consequently,f = 0.5 is a goodestimatefor
this parameter.

Taking f kd = 6� 109 l molÿ1 sÿ1 (seeabove),thebest
fit of thedata(dashedline in Fig. 2) wasobservedfor the
values� = 0.46� 0.04eV andkÿd/�n = 156� 20.

Figure 1. Correlation between pK of XOH�. vs E°(XO./XOH).
The intercept and slope of the plot are ÿ1.05� 0.09 and
ÿ0.67� 0.10, respectively. Regression coef®cient r2 = 0.88.
The solid curves show the 99% con®dence interval

Figure 2. Plot of log kr vs DG for phenols (*) (see Table 1)
and the following phenoxide ions (*): phenoxide (1); 4-
chlorophenoxide (2); 2-chlorophenoxide (3); 3-chlorophen-
oxide (4); 4-acetylphenoxide (5); 4-cyanophenoxide (6); and
2,4-dichlorophenoxide (7). The dashed and solid lines show
the ®tting of the data with Eqn. (7) (classical treatment) and
Eqn. (11) (semiclassical treatment), respectively. The ®tting of
the phenoxide ions data was done without including No. 7
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In order to estimatethe transmissioncoefficient k,
relatedto theadiabaticityof thechargetransferprocess,
from the ratio of kÿd/�n = 156, kÿd is estimatedas the
maximum rate for unimolecular dissociation, i.e.
3(Do2

�DPh)/ (ro2
� rPh)

2 = 9.0� 1010sÿ1 27,28. A similar
valueof kÿd (7� 1010 sÿ1) is obtainedfrom theratio kd/
Kd, whereKd is theequilibriumconstantcalculatedfrom
the FuossandEigenequation.29. Hence�n = 6� 108 is
obtained.As thefrequencyfactor,�, is in therange1012–
1014 sÿ1,30,31 the transmissioncoefficient,k, shouldbe
lower than 10ÿ3, which indicates a diabatic charge
transferprocess.Thisresultis in line with theobservation
thatcrossingbetweenstatesof differentsymmetryresults
in diabaticelectrontransfer,asfoundfor electrontransfer
betweenexcited-statemoleculesandamines.9,32

For the electrontransferreactionof O2(
1Dg) with the

phenoxideionsin waterDG is calculatedasfrom Eqn.(6)
with E°(XO./XOÿ)15 insteadof E°(XOH�./XOH) and
without includingthestaticattractioncorrectionterm(e2/
�r) becausethe phenoxyradicalsareunchargedspecies.
Asseveralreportedkr valuesobtainedin alkalinemedium
weremeasuredunderpH conditionswherethecontribu-
tion of the correspondingphenols to kr cannot be
neglected,only valuescalculatedfor XOÿ from experi-
mental pH dependencesof the quenchingconstantare
considered.3 Theplot of log kr vsDG for thesereactions
is alsoshownin Fig. 2. Following ananalysissimilar to
that describedfor phenols,a diabaticprocess(k of the
orderof 10ÿ3) with a reorganizationenergy� = 0.34eV
was obtainedfrom the fitting of the datawith Eqn. (7)
(dashedline in Fig. 2).

In thesemiclassicaltreatment,33 therateconstantka is
givenby

ka � �Z�4�kT��1=2G �9�

whereZ is thecollision frequencyin solutionandG is the
thermallyweightedFranck–Condonsumgivenby

G��2��h� coth 
�ÿ1=2 exp

�ÿ��G� ��2=�2��h� coth 
��
�10�

For systems having two or more frequencies,
2p�h�cothg is the sum over the j vibrational modesof
2p�jh�jcothgj, where 
j = h�j/2 kT and �j are the
frequenciesof the vibrational modesof the acceptor,
donorandsolvent.Thereorganizationenergy�, which is
addedto DG in theexponent,is thesumover j of �j.

Therateconstantkt ascalculatedfrom thesemiclassi-
cal treatmentis givenby kt

ÿ1 = ka
ÿ1� kd

ÿ1.9 In thecase
of a quenchingrate limited by the electron transfer
process,it canbe assumedthat kt� kd andthuskr = fka.
Hencethe following equationis obtainedfor kr:

kr � f �Z�4�kT��1=2G �11�

Thekr datashownin Table1 werefittedwith Eqn.(11)
(solid line in Fig. 2). In this case,the variablesare the
valuesof kr for everyquencherand�j arethefrequencies
of the vibrational modes of the acceptor,donor and
solventassociatedwith thecorrespondingreorganization
energies�j. Althoughseveralfrequencieswereincluded
in the fitting function, only the H–O in-plane flexion
modes(1300–1400cmÿ1) contributedappreciablyto the
fitting (�1 = 0.28eV), in addition to the 1 cmÿ1 (�2

= 0.18eV) usuallyincludedin thecalculationsin orderto
account for the vibrational modes of water.33 The
frequencyassociatedwith O=O vibration in molecular
oxygen(1500–1600cmÿ1) alsodid not contributeto the
fitting shownin Fig. 2.

As discussedabove,if thefactor f is takenas0.5, then
theproductk Z obtainedfrom thefitting shownin Fig. 2
is of theorderof 2� 108. Thecollision frequencyZ can
beestimatedby theequation31

Z � 4��rPh� ro2�2�=� �12�

where � is the frequency factor (see above), rPh

� ro2 = 5.6Å and a� 2.6 Åÿ1.31 For n = 1012–1014 sÿ1

(seeabove),Z rangesfrom 9� 1010 to 9� 1012 l molÿ1

sÿ1, andhencek shouldbe lower than2� 10ÿ3, further
confirmingthediabaticityof thechargetransferprocess.

For the electron transfer quenchingof O2(
1Dg) by

phenoxide ions in water (Fig. 2), the semiclassical
treatmentpredictsadiabaticreactionwith areorganization
energyof about0.34eV. In this case,thefitting indicates
thatonly theC–Hstretchingmodesof thephenoxideions
(3000–3100cmÿ1) contribute to the charge transfer
process. We cannot explain the latter observation,
however,as datafor only six compoundsare available
for thefitting theresultis questionable.Thefitting of the
datawith Eqn.(11) is shownin Fig. 2 (solid line).

CONCLUSION

The reactions between O2(
1Dg) and phenols can be

interpreted in terms of classical and semiclassical
theoriesof electrontransfer.Both treatmentsindicatea
diabatic processwith a reorganizationenergyof about
0.46eV. The observeddiabaticity is in line with a
crossingof stateswith differentsymmetry.Similarresults
areobtainedfor thereactionsof O2(

1Dg) with phenoxide
ions in water.
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