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Electron transfer reactions of singlet molecular oxygen
with phenols
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ABSTRACT: The correlation of the reactive component of the bimolecular quenching rate cokstaitt) AG 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. Copyrigh®00 John Wiley & Sons, Ltd.

KEYWORDS: singlet molecular oxygen; phenols; electron transfer reactions

INTRODUCTION Scurlock et al. observed a similar correlation for
substituted phenols in deuterated methandhe effi-

The quenching of singlet molecular oxygena(ﬂg), by ciency of the overall quenching process is increased with
phenolic compounds has been extensively studiedincreasing solvent polarity and the differences kn
because of the important role of phenols aﬁ(lmg) observed for various phenols become more important
scavengers in biological systems, and the potential use ofiwhen the polarity of the media is increased. The previous
Oz(lAg)—mediated photo-oxidation of phenolic pesticides observations are in agreement with a mechanism
in waste water treatment> involving the formation of charge-transfer intermedi-

Scavenging of @*Ag) by phenols takes place by two ates™3 58
main pathways:ij a chemical reaction with rate constant Evaluation of the results in terms of charge transfer
k, [Egn. (1)] and i) a physical interaction with theorie§ requires the measurement of the overall
quenching constari, [Eqn. (2)]. The bimolecular rate  quenching rate constants under similar experimental
constant for the overall procesg;, thus shows the conditions, for a set of substituted phenols showing one-
contribution of both reaction channels. electron redox potentials within a wide range. Such
conditions are difficult to fulfill fork, measurements.
However, an acceptable set of the reactive component of
the bimolecular quenching rate constdgt,determined

1 kq 1o - in water at neutral pH is available for substituted phenols
O2("Ag) + XOH — Oy("%y ) 4+ XOH (2) showing XO/XOH one-electron reduction potentials

ranging from 0.46 to 1.23 V vs NHE. In this paper, we

Reported values fok; are strongly dependent on the analyze these data in terms of a classical and a
structural properties of the phenolic substrates and on thesemiclassical treatment of the electron transfer pro-
solvent. Early work by Thomas and Foote on the cess ™!
quenching of Q(lAg) by substituted 2,6-diert-butyl-
phenols in methanol showed a linear correlation ofkpg
with the half-wave oxidation potentials of the phenbls.

Oz(lAg) + phenolic compound (XOH)kL products(1)

CORRELATION OF LOG k, WITH ONE-
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quenchingof 02(1Ag) by phenolare consideredDeac-
tivation pathwaysdueto the interactionwith the solvent
moleculesareof no significancefor the presentanalysis,
asall rateconstantsveredeterminedn the samesolvent.

Oz(*Ag) + XOH kﬁ[oz(mg) + XOH ké[o; — XOH*] % products
& l

—a

0,(°%4) + XOH

Scheme 1

In this schemeky and k_g are diffusion-contolled rate
constantsfor the formation and decompositionof the
precursorcomplex, [02(1Ag)—XOH]; ke and k_, are
‘activation energycontrolled’ rate constantof the elec-
tron transferfrom the phenolto 02(1Ag). Decomposition
of thechargetransfercomplex,[O; —XOH "], maytake
place by a physical and/or chemical processwith rate
constantk,; andk,, respectively Experimentalevidence
for the formation of an exciplex hasbeenreportedfor
vitamin E asquenchef
Assumingsteady-stateonditionsfor theprecursoand
chargetransferintermediates;*® the resolution of the
differential equationsystemfor the reactionmechanism
in Schemel appliedto the depletionof 02(1Ag) leadsto

Eqn. (3) for the overall rate constantk:

B Kg
- k_, k_gk_a
1+ Kd + (k1+dk2)ka

(3)

Similarly, Egn.(4) is derivedfor k, from theresolution
of the differential equationsappliedto the depletionof
phenolsand/or formation of productsand considering
thatfor relatively efficient quenchersk_, < (k; + kp):°

with f = Ko/ (ky + ko) = ki/k;.

Tablel lists the valuesof k, obtainedin waterat pH 7
and the correspondingvalues of the XO/XOH one-
electron reduction potentialsvs NHE, E°(XO/XOH).
Accordingto the reactionmechanisnshownin Scheme
1, the electrontransferfrom phenolto 02(1Ag) yields
phenolradicalcations XOH ", the conjugateacid of the
phenoxyradicalsXO- [Eqgn. (5)]:

XOH* = XO + H* (5)

Consequently,the E°(XOH"/XOH) values are the

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

SubstituentX k- (Imol~ts™ E° (XO/XOH)? pK (XOH™) r (A)™
4-OH 2.5%x 10 0.46 —1.3% 3.08
4-Phenyl 3.8x 10 0.505 —-1.38 4.93
2,6-(OCHy), 3.6x 10 0.58 —1.43 3.92
4-OCH; 2.2% 18‘753 0.60 4.4;3 3.71
2-OCH, 6.0x 1 0.77 ~1.63 3.47
4-tert-Butyl 1.2x 107 0.80 —1.58 3.94
3-OH 2.0x 10 0.81 —1.58" 2.81
4-CHs 1.0x 107 0.87 _1.70 3.29
4-CH,CH(NH,)COOH 8.0x 10°f 0.89 —-1.64 4.47
4-Cl 6.0 x 10% 0.94 —1.30K 3.15
4-H 2.6x 10° 0.97 —2.00" 2.81
4-COCH, 1.5x 10 1.06 —-1.86 4,52
3-NO, 2.6x 10> 1.13 -1.78 3.05
4-CN 2.4x% 107 1.17 —1.83 3.57
4-NO, 2.6x 10 1.23 —1.79 3.45

& All datafrom Ref. 14 exceptfor the valuefor 4-methoxyphenolwhich wastakenfrom Ref. 15.

b Takenfrom Ref. 6.

€ Upperlimit from Ref. 16.

4 Takenfrom Ref. 17.

¢ Tyrosine.

f Takenfrom Ref. 18.

9 Takenfrom Ref. 19.

' Takenfrom Ref. 20.

' Takenfrom Ref. 21.

I Calculatedfrom the regressiorshownin Fig. 1.

 The pK value —1.67 from the regressiorshownin Fig. 1 wasusedfor calculatingAG.
Thevalue —1.69V from the regressiorshownin Fig. 1 wasusedfor calculatingAG.

M Calculatedasdescribedn the text.
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Figure 1. Correlation between pK of XOH™" vs F2(XO/XOH).
The intercept and slope of the plot are —1.05 4 0.09 and
—0.67 +0.10, respectively. Regression coefficient r* = 0.88.
The solid curves show the 99% confidence interval

reductionpotentialsrequiredfor the applicationof the
charge transfer theories. The latter values may be
estimated from the reported E°(XO/XOH) and the
correspondingK of the radical cation'®**However, if
E° (XO/XOH) is usedinsteadof E° (XOH */XOH) for
calculatingAG, very similar A andx valuesare obtained
from the fitting of experimentaldatawith Eqn. (7) (see
below).

ThepK valuesarenot knownfor all theradicalcations
shown in Table 1. However, an acceptablelinear
correlationof pK vs E°(XO/XOH) (Fig. 1) is observed,
from which the unknownpKs canbe estimated.

According to the Marcus theory® electron transfer
ratesareexpectedo increaseasthe differencesn Gibbs
energyfor the electrontransferreaction, AG, become
morenegative AG valuesarecalculatedvith theequation

AG = E°(XOH" /XOH) — E°[05(*Ag) /05| — €/er (6)

whereE°[0,(*Aq) /O, ] = 650mVatpH 7 [22] ande?/er

is a small correctiveterm dueto static attractionof the

reactionproductswith ¢ = 80.1for thedielectricconstant
of waterat298K.*® Thedistance betweerthedonorand
acceptor is estimated taking 2A as the radius of

molecularoxygenin solution(rozlg) and estimatingthe

radii of phenolswith a molecular modeling program
basedon the calculation of the geometryof minimal

energy* (alsoshownin Table1).

Replacing the rate constantk, in Eqn. (4) by the
expressiorderivedas a function of AG in the classical
Marcus treatmentof electrontransfer:® the following
equationis obtainedfor k;:

fka

=1 kdexg(A + AG)Z/4ART]

(7)
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Figure 2. Plot of log k; vs AG for phenols (O) (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 fitting of the data with Eqn. (7) (classical treatment) and
Eqgn. (11) (semiclassical treatment), respectively. The fitting of
the phenoxide ions data was done without including No. 7

wherex is the transmissiorncoefficientfor the electron
transfer; is thefrequencyfactorand /4 is theactivation
freeenergyfor AG = 0 with A thesumof theinner-sphere
and solvent reorganization energies, Ai, and Aoy
respectively.

The plot of log k. vs AG, shownin Fig. 2, follows the
expectedrend(seeabove).

The value ky=1.2x 10'° Imol™ st is estimated
from the Smoluchowskiequation[Eqgn. (8)]:%°

kg = 47N (Do, + Dpn)(fpn+ ro,)/1000  (8)

where N = Avogadrds number, o, = 2A , the average
radiusof the phenolspr=3.6 A andD,, andDpp are,the
diffusion coefficients of molecular oxygen [1.98 x
10°cn? s (Ref. 26)] and phenolin water [0.89 x
10> cn? st (Ref. 23)], respectively.

Thefactorf = ky/(ky+ky) = k/k; is knownto dependon
the solventand on the natureof the quencher.For the
compounddistedin Table1 valuesof k; only for phenol,
hydroquinoneandresorcinolin neutralaqueoussolution
arereported® The experimentalaluesof f for the latter
phenolsare 0.5, 0.1 and 1 respectively.The observed
trend doesnot follow a correlationwith the correspond-
ing oxidation potentials(Table 1) andthe valuesof f are
thusexpectechotto affectthelog k. vs AG correlationin
a systematicway, only the random dispersionof the
correlation.Consequentlyf = 0.5 is a good estimatefor
this parameter.

Takingf kg=6 x 10° | mol~* s~ (seeabove) the best
fit of thedata(dashedine in Fig. 2) wasobservedor the
values\ =0.46+ 0.04eV andk_4/kv =156+ 20.
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In order to estimatethe transmissioncoefficient ,
relatedto the adiabaticityof the chargetransferprocess,
from the ratio of k_g4/xkv =156, k_4 is estimatedas the
maximum rate for unimolecular dissociation, i.e.
3(Do, + Dpn)/ (o, + rpn)®=9.0 x 10*°s™ 27?8 A similar
valueof k_4 (7 x 10°s7Y) is obtainedfrom the ratio ky/
Kg, WhereKy is the equilibrium constantalculatedrom
the Fuossand Eigen equatior?®. Hencexv = 6 x 1% is
obtained As thefrequencyfactor, v, is in therangel10**-
10 5713931 the transmissiorcoefficient, k, shouldbe
lower than 10~3, which indicates a diabatic charge
transferprocessThisresultisin line with theobservation
thatcrossingoetweerstatesf differentsymmetryresults
in diabaticelectrontransferasfoundfor electrontransfer
betweenrexcited-statenoleculesandamines? 2

For the electrontransferreactionof 02(1Ag) with the
phenoxidegonsin waterAG is calculatedasfrom Eqn.(6)
with E°(XO/X0")* instead of E°(XOH™/XOH) and
withoutincludingthestaticattractioncorrectionterm(e?/
er) becausdhe phenoxyradicalsare unchargedspecies.
As severafeportedk, valuesobtainedn alkalinemedium
weremeasuredinderpH conditionswherethe contribu-
tion of the correspondingphenolsto k, cannot be
neglectedonly valuescalculatedfor XO™ from experi-
mental pH dependencesf the quenchingconstantare
considered. The plot of log k, vs AG for thesereactions
is alsoshownin Fig. 2. Following an analysissimilar to
that describedfor phenols,a diabatic process(ix of the
orderof 10~3) with a reorganizatiorenergy\ = 0.34eV
was obtainedfrom the fitting of the datawith Eqn. (7)
(dashedine in Fig. 2).

In the semiclassicalreatment? the rateconstank, is
given by

ka = KZ(47KTA)Y?G (9)

whereZ is thecollision frequencyin solutionandG is the
thermallyweightedFranck—Condorsumgiven by

G =(2rAhw cothy) Y2 exp

) (10)
[—(AG + \)°/(2rAhv coth )]
For systems having two or more frequencies,
2r hvcothy is the sum over the j vibrational modesof
2n\hy;cothy;, where 7;=hy;/2 kT and v; are the
frequenciesof the vibrational modesof the acceptor,
donorandsolvent.Thereorganizatiorenergy), whichis
addedto AG in the exponentjs the sumoverj of ;.
Therateconstank; ascalculatedirom the semiclassi-
cal treatmenis givenby k* =k, * + kg .2 In thecase
of a quenchingrate limited by the electron transfer
processijt canbe assumedhatk; <« ky andthusk, = fk,
Hencethe following equationis obtainedfor k;:

k = frZ(47kTA)Y?G (11)

Copyrightd 2000JohnWiley & Sons,Ltd.

Thek, datashownin Tablel werefitted with Eqn.(11)
(solid line in Fig. 2). In this case,the variablesare the
valuesof k; for everyquencheandy; arethefrequencies
of the vibrational modes of the acceptor,donor and
solventassociatedvith the correspondingeorganization
energies);. Although severalfrequenciesvereincluded
in the fitting function, only the H—O in-plane flexion
modes(1300-140&m™ ) contributedappreciablyto the
fitting (A, =0.28eV), in addition to the 1cm™* (),
=0.18eV) usuallyincludedin the calculationsn orderto
account for the vibrational modes of water®® The
frequencyassociatedvith O=O vibration in molecular
0xygen(1500-160&m™") alsodid not contributeto the
fitting shownin Fig. 2.

As discussedbove,if thefactorf is takenas0.5,then
the productk Z obtainedfrom thefitting shownin Fig. 2
is of the orderof 2 x 10°. The collision frequencyZ can
be estimatedby the equatiori*

Z ~ 47 (rpn+ o) v/ (12)

where v is the frequency factor (see above) I'ph
1 ro»=5.6A andu~2.6 A 13 Fory=10"%210" st
(seeabove),Z rangesirom 9 x 10*°to 9 x 10" mol™*
s *, andhencex shouldbe lower than2 x 1073, further
confirmingthe diabaticity of the chargetransferprocess.
For the electron transfer quenching of 02(1Ag) by
phenoxide ions in water (Fig. 2), the semiclassical
treatmenpredictsadiabaticreactionwith areorganization
energyof about0.34eV. In this case thefitting indicates
thatonly the C—H stretchingmodesof thephenoxideéons
(3000-310&m ) contribute to the charge transfer
process. We cannot explain the latter observation,
however,as datafor only six compoundsare available
for thefitting the resultis questionableThefitting of the
datawith Eqn.(11)is shownin Fig. 2 (solidline).

CONCLUSION

The reactions between 02(1Ag) and phenols can be
interpreted in terms of classical and semiclassical
theoriesof electrontransfer.Both treatmentandicatea
diabatic processwith a reorganizationenergyof about
0.46eV. The observeddiabaticity is in line with a
crossingof stateswith differentsymmetry Similar results
areobtainedfor the reactionsof 02(1Ag) with phenoxide
ionsin water.
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