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Charge Transfer Effects on the Efficiency of Singlet Oxygen Production Following Oxygen
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Rate constants for quenching by molecular oxygen of excited singlet and triplet sk%(asr,ld k?z,
respectively, are reported for 12 aromatic hydrocarbons in acetonitrile. Measured valk@ésa&tept in the

case of fluoranthene for whidkg? = 6.6 x 10° dm? mol2 s7%, are in the range (2-34.3) x 10 dm?® mol?

s 1, i.e., close to 4.5« 10 dm?® mol~* s7%, the average value obtained fq the rate constant for diffusion-
controlled reactions of oxygen with aromatic hydrocarbons in acetonitrile. Valuke%Z whry from 0.24 to

5.6 x 10° dm® mol? s1. Thus, K%%ks was found to be less than one-ninth for 11 compounds. The
efficiencies of singlet oxygen production during oxygen quenching of the excited singlet and tripletfgtates,
andfz, respectively, were also measured, as were the oxidation potentials of the hydrocarbons in acetonitrile.
Values offi were shown to be zero within experimental error for eight compounds and in the range of 0.27
=+ 0.05 for the other four compounds. Three different methods, which gave good agreement, were used to
measure values dii which were found to vary from 0.41 in the case of acenaphthene to 0.85 for anthracene.
The fraction of excited singlet states quenched by oxygen which result in tripletéi%\\mas also measured

for all compounds and found to vary from 0.49 to 1.0. Combination of the total quenching rate constants with
the fractional efficiencies allows separate net quenching rate constants to be obtained for the various oxygen
quenching pathways in acetonitrile. The reasons for variations in these net quenching rate constants and thus
in the fractional efficiencies for quenching by the various quenching pathways are discussed. Quenching of
both excited singlet and triplet states by energy transfer and by charge-transfer assisted pathways are established.
The logarithm of the net rate constants for quenching of the triplet states without energy transfer to oxygen
for 11 of the aromatic hydrocarbons shows a linear dependence on the free energy for full charge transfer
from the triplet state, with a slope which indicates that the transition states for this quenching pathway only
have about 13.5% charge-transfer character.

Introduction < —77 kJ motL. The lowestkS? value these authors observed

The ground state of molecular oxygen(&X,") is a potent ~ Was 8.2x 10° dm® mol~* s™* for oxygen quenching of
quencher of electronically excited states of moleciié&Rate ~ fluoranthene fluorescence. Recerftiye have reported that
constants for quenching by oxygen of excited singlet states in fliorescence quenching by molecular oxygen of several an-
solution kgz are well-known to have high valugsften ap- thracene derivatives in acetonitrile occurs widft value:_; in
proaching the diffusion-controlled limiting rate constaqt the range (35) x 10'° dm® mol™* st W(:th two ez<lce_plt|ons
Murov et al2 quote only two values fck% in acetonitrile these ~ WNere the rate constants drop to g)>94LOl d'ﬁ m_?l s for
being for 1,4-dicyanonaphthalene aNgN,N',N'-tetramethyl- ~ O:cyanoanthracene and 0.44 10 dm® mol™* s™* for 9,10-
benzidine withk$? equal to 1.3 and 4.6 101 dm® mol-1 572, dicyanoanthracene.
respectively. However, in 1993, Kikuchi et atlemonstrated In contrast toothe situation concernitid?, there are many
thatk3? values, in acetonitrile as solvent, decrease in the casefate constantsks?, for triplet state quenching by oxygen in
of four cyanoanthracenes and of five acridium ions, from 16 to acetonitrile listed in the Handbook of Photochemistriyor
5.3 x 10° dmd mol~1 s~ and from 2.2 to 0.1x 10° dm3 mol-1 reactions between two triplet states, the spin statistical factor is
st asAGS', the free energy change for full electron transfer one-ninth for the production of a singlet encounter comglex,
from the first excited singlet state, increases freiil to 24 kJ and in the vast majority of case” values are less thaky/9
mol 1 and from—75 to 44 kJ mot?, respectively. In addition, ~ (€.9., taking as an average valie= 4.5 x 10'° dm® mol™*
Sato et alt have measurek? for nine aromatic hydrocarbons s 1 [see ref 7 and later discussion]). There are three exceptions
in acetonitrile and in six cases values between 3.2 andk3.7  given in the compilation by Murov et &lwhere thek? values
101° dm® mol~* s~ were obtained, they have suggested that are greater thank/9. Thus, oxygen quenching of the triplet

this corresponds to diffusion-controlled quenching wihee" states of acetone, butanone, and 2-pentanone are reported to be
5.4, 4.3, and 3.% 10'°dm?® mol~1 s71, respectively> However
* Corresponding author. the authorswho reported these high values stated that they used
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SCHEME 1 The quantum yield of sensitized production of singlet oxygen
®, is given by the sum of the contributions arising from oxygen
guenching of the lowest excited singlet statg ¢&d the lowest

L '‘M+hv—> ‘M’

i' :/41 : .i’;”v‘ Ky, =k +E, +Kie o =k /kgp excited triplet state (1) of the sensitizer, i.e.,
4. M s °M° @ =k, /kep
5 M0, S8 L3 410, £5 = kg, /K2 cDA = cI)A(Sl) + (I)A(Tl) (l)
6 M'+70,—T 5 M +°0, }kg’uksnksnkso £92 = (kgy +Kgr)/ k§?
7. 'M*4%0; —52_; Quenching® Of /@ =F° /F=1+kg*[0, ]/ Ksp Quenching of the excited singlet state by oxygen leads to a
PO = k22[0,)/ (kep + k&[0, ]) Stern—Volmer relationship between the fluorescence intensities
—(F—F)/F° of the sensitizer in the absence and presence of oxy{eamd
o i F, resp(_actlvely,_ as given |n_ Scheme 1. The rate constgnts for
M P00 | g, £] = kg /K2 quench!ng of smgTIet and triplet states by oxygk\g’i,andk 2,
10. M 470, _kro_,Qummnga} T Skmrko e — k200,11 (ke +KP 0D respectively, and,, have been shown to depend on several
o e s factors including the excited-state energy, the nature of the
g l(;z._—kﬂ:az;hv }kﬁkwkm excited state, the redox potential of the excited state and the
. 2 [

nature of the solverit:28
~ 2Step 7 includes all quenching which is not due to catalyzed  |n 1971 Potashnik et &k showed that oxygen quenching of
intersystem crossing, with or without energy transfer to give singlet the lowest excited singlet state of eight aromatic hydrocarbons

oxygen, and step10 includes all quenching of the triplet state which ;. , o intersystem crossing with high yield in toluene but this
does not lead to singlet oxygen. Thus, any quenching reactions, via

exciplex formation or not, with or without cage escape to give ions, YI€ld drops when acetonitrile is used as solvent. Thus, the
provided they do not result in £{Ag) or 3M*, are included in steps  fraction of singlet states quenched by oxygen which yield triplet
7 and 10, as would be any chemical reaction. states, with or without singlet oxygen productiofﬁ?,2 (see
Scheme 1) was found to k0.9 in all cases with toluene as
oxygen saturated acetonitrile solutions and take the oxygensolvent but decreased with acetonitrile as solvent to give values

concentration in acetonitrile as 1310~ mol dn13. Had they in the range 0.55 to 0.9. More recentljs? values for
used a value of 9.3 1072 mol dm 3 (see ref 2), the values  anthracene and eight of its derivatives were measured and found
reported would have decreased 7-fold and would alkidéd/ to vary from 0.57 to 0.83 in acetonitrielespite the fact that in

9. We have reported values Kf? for a series of naphthalehe  cyclohexane these same derivatives hif¢ealues of unity!2
and biphenyl'® derivatives in acetonitrile and other solvents Sato et aft also have measured? arising following oxygen
and have shown that the rate constants increase as the oxidatioguenching of the excited singlet states of nine aromatic

potentials decrease and the maximum values observed arewydrocarbons in acetonitrile and have found values between 0.36
<4ky/9 in all solvents. and 1.0.

Oxygen quenching may be accompanied by the transfer of  very few groups have reporte values; however, in 1990
excitation energy to the oxygen molecule, generating directly, \jc|ean et al® measured the efficiencies of singlet oxygen
or indirectly, through the production of £'%4"), the first productionf; andf) from the excited singlet and triplet states

exfcited sr:ate OI thﬁ oxygen Imolecul@*(}ég), Vl"hiCh we shallh_ H of seven compounds in benzene solution. These authors reported
refer to henceforth as singlet oxygen. Singlet oxygen, whic fi values of zero in all cases except for pyrene and perylene
has a long lifetime since return to its ground state is spin f

forbidden, is a highly reactive species and is responsible for 'I?r:gv\r/];l?e\;a:iezr(t);g?d?i} ?/r:rli2&5Eé:vevzr();]cgvgy%ov:irgnr;for:zd.
oxidative processes in a number of systéritsis well-known  0.79 fp " A hvrin-IX-dimeth .I 8 P
that singlet oxygen is produced with varying efficiency as a rone 1o ©. 73 for protoporphiyrin imethylestertiowever,
consequence of quenching of both excited singlet and triplet these authorss assuwé% values of unity, as d!d Usui et &.
states. In a compilatidnof the quantum yieldsb, for the yvho reported; andf, values fqr seven aromatic h_ydrocarbons
photosensitized formation of the lowest electronically excited N cyclohexane. The assumpupnf& values of unity may be
state of molecular oxygen in solution, 1400 values are reportediustified in these two cases since the solvents used were non
for 754 different compounds in a wide range of solvents. Polar. The efficiencies of singlet oxygen production from the
However, the fraction of triplet states quenched by oxygen which Singlet and triplet states of a series of anthracene derivatives in
yield singlet oxygeri} and the fraction of excited singlet states ~ cetonitrile and cyclohexane were recently reported by@is.
quenched by oxygen which yield singlet oxygefri, (see Fsor anthracen_e and elg.hF of its meso derivatives, the values of
Scheme 1) only had been measured in 357 and 28 cases‘:A measu_red in acetonitrile as a solvent are lower than those
respectively, when this compilation was made in 1993. Despite fePorted in cyclohexane for the same compouiidsyd these
a lot of published dat&;28 much remains to be done in order values vary from 0 to 0.50.
to provide a general interpretation to explain the reasons why ~Many more measurements have been madé| aind thus
oxygen quenching of the excited states of certain compoundsmMuch more is known concerning the efficiencies of singlet
yield singlet oxygen with high and others with low efficiency. ©0Xygen production during quenching of triplet states than of
Further information on these fundamental constants should helpsinglet states. Recently, the valuesik§f andf were reported
enhance understanding of the determining parameters. In thisby us and shown to be inversely correlated for a range of
paper we report measurements which help to explain why substituted biphenyt? naphthalené,and anthracene deriva-
different aromatic hydrocarbons form singlet oxygen with a tives!2 in acetonitrile, benzene, and cyclohexane. Bkih
variety of different efficiencies during oxygen quenching of andfz show a pronounced sensitivity to the oxidation potential
electronically excited triplet and singlet states in the polar solvent of the derivative and to the solvent polarity. It was demonstrated
acetonitrile. that the quenching rate constants increase as the oxidation
The various competing reactions can be understood by potential of the derivative decreases and increase as the solvent
considering Scheme 1. polarity increases whereas the efficiencies of singlet oxygen
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production increase with the oxidation potential and decrease [Oz] T
with increasing solvent polarity. The sensitivity to the oxidation
potential is most clearly seen when results from a set of
derivatives with almost constant triplet energy, size, etc. are
compared. However, Grewer and Braddrave shown a similar
dependence is apparent for a much wider range of aromatic
compounds in toluene as solvent. Oxygen quenching of triplet
states can be interprefédusing Scheme 2 based on that
originally proposed by Gijzeman et &l.

According to Scheme 2 quenching occurs via the singlet and
triplet channels (a) and (b) but energy transfer arises only from
guenching via the singlet channel. Thus

O E
kr? = (Ky/9)[Kef (e + K_g)] + (Bky/9Ikc/ (i + k] (2) ©
0 . ; . . .
and 0.0 0.1 02 03 0.4
T _ o i i
1 = (k) [/ (ke + k_I/KS? (3) Laser Intensity /mJ per pulse
Figure 1. Dependence of the initial luminescence intensitdue to
Equations 4 and 5 define net rate constdmtsandkro for steps singlet oxygen phosphorescence on the laser fluence following laser
9 and 10 in Scheme 1 for quenching via the singlet channel (a) excitation at 266 nm of optically matched perylene solutions containing
and via the triplet channel (b) with and without energy transfer different oxygen concentrations in acetonitrile.
to oxygen, respectively.

-
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Apparatus. Ground-state absorption spectra were measured

Kry = k?z fZ (4) using a Hewlett-Packard 8453 single beam photodiode array
spectrometer. Steady-state luminescence measurements were
o ) :
kro = K22 (1 — fZ) (5) carried out using a Spex FluoroMax spectrofluorophotometer.

For singlet oxygen luminescence measurements, the third and
To account fork? values higher tharky9, Garner and fourth harmonics of a Lumonics Q-switched Nd:YAG laser (HY
Wilkinsont® suggested the involvement of charge-transfer 200, 8 ns) were employed for excitation at 266 nm (maximum
complexes in the mechanism of quenching by molecular oxygen 23mJ) and at 355 nm (maximum 11mJ), respectively. ®gr
and the possibility of intersystem crossing between channels. measurements, air was removed from the solutions by freeze
Recently, Darmanyan et &l have reported that oxygen quench- pump—thaw cycles and then pure oxygen at different pressures
ing of the triplet states of several aromatic amines in cyclo- was added to solutions at room temperature and these were
hexane givekra values greater thaky/9 andkro values almost allowed to equilibrate. The steady-state fluorescence intensity
equal toky/3. These authors propose intersystem crossing from was measured from each solution and time-resolved singlet
the quintet channel (c) to channel (a) and possibly channel (b) oxygen luminescence (1270 nm) was detected using a Judson
to explain their results. Germanium photodiode (G-050, active diamete®.5 cm)

In this paper we extend our investigations on the factors following laser excitation with energies which did not exceed
governing the generation of singlet oxygen during oxygen 0.5 mJ per pulse. Individual singlet oxygen luminescence traces
quenching of both excited singlet and triplet states to various (12 at least) were signal averaged and were fitted using a single-
aromatic hydrocarbons in acetonitrile. The compounds under exponential function to yield the luminescence intengjtsit t
investigations have been selected to have a wide range of energy= 0. The luminescence intensitl, at zero time was plotted
states and of oxidation potentials to aid with the understanding against the laser fluence. The slopes obtained from these straight

of the mechanism of quenching by oxygen. line plots were compared with those obtained from optically
' . matched standards in the same solvent thereby yielding relative
Experimental Section @, values Acridine was used as the standard for excitation at

Materials. Acenaphthene (Aldrich, 99%), anthracene (Sigma POth 266 and 355 nmdjs = 0.82 (ref 25)]. The absorbances
99+%), Biphenyl (Aldrich 99%), chrysene (Aldrich, zone of the optlcall_y matched solutlpns Were_usgally 0.30 at 266 or
refined, 98%), 1,2,3,4-dibenzanthracene (Koch Light, pure), _355 nm.AtyplcaI set of results is shown in Figure 1 for perylene
fluoranthene (Aldrich, 99%), naphthalene (Aldrich, scintillation 1N acetonitrile.
grade, Gold Label), perylene (Aldrich, 99.5%), phenanthrene  The same laser was used as the excitation source for kinetic
(Aldrich, 99.5%), pyrene (Aldrich, 99%), tetracene (Aldrich, absorption measurements with a 300 W xenon arc lamp as the
99%), 1-iodopropane (Aldrich, 99%), and acridine (Aldrich, analyzing source. Full details of the laser flash photolysis
99%) were all used as received. Triphenylene (Aldrich, 98%) instrument has been given previoudiThe rate constanlk;‘?2
was recrystallized from toluene. Acetonitrile (Aldrich, spectro- for oxygen quenching of the triplet states were determined using
photometric grade) was dried by refluxing over calcium hydride. eq 6
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O+ (FUF) — 1
A(F%F)

IP

obs ™ haveEs, — Er, and Er,) = 94 kJ mof?. (Nota bene: For
triplet—triplet absorption at the absorption maximum for each h
measurements of rate constants in benzene for fluorescence
air-saturated solutions, and the oxygen concentration in air tionship betweerk;” and the energy galis, — Er, as given in
compounds investigated showed any photodegradation when Values off(T)2 the fraction of excited singlet states quenched
therefore a newly prepared solution was used after each lasetthe triplet absorbances at tinhie= O, A?Z, andA$ of optically
dilute, air-equilibrated acetonitrile solutions of the compounds
A E| ol F
o= i G (7
; . AT F F
radicals from any of the aromatic hydrocarbons, although we
compounds in the presence of the electron acceptor 9’10'the triplet absorbance in the absence of oxygén's difficult
intensity measurements using air and oxygen saturated solutions
Cyclic voltammograms were recorded using an EG&G intersystem crossing with unit efficiency and this value was
A three-compartment cell was employed with a platinum wire by oxygen. The following equation, where the subscripts IP and
quoted with respect to a sodium chloride saturated calomel Gence quenching ratios.
@Y + fX[(FIF) — 1)] -
electrodes were separated from the working electrode compart- o
acid; anodization, then cathodization, (2 min each at 100 mA o
ments were carried out in deoxygenated acetonitrile solutions kept high enough such that oxygen quenching of the triplet state
electrolyte. The values obtained for the half wave oxidation oxygen concentration used, then according to Scheme 1, eq 9
literature?® are given in Table 1. ®,, the efficiency of singlet oxygen production from the singlet
Results and Discussion
The photophysical properties of the aromatic hydrocarbons quantum vyield of triplet state production in the absence of
range from 254 to 391 kJ mol and the energy of the lowest  following equationt
. . : ® —=(fs+f°2fT)F—0—1 + P2} (9)
singlet and triplet states i&94 kJ mot? for most of the AE AT OAMVE TA
mol-1, respectively. Since §(1A) lies 94 kJ mot? above the as shown in Figures 3&. The values obtained for the intercepts
produce G*('Ag) directly during oxygen quenching of their ~ Combination of the intercepts of the plots shown in Figures

Kope = Krp + k[O,] (6) and triplet states in the case of the other nine sensitizers which
_ e A~ 1
where kyps and krp are the first-order constants for decay of fluorantheneEs, — Er, is ~ 93 kJ mot™.) WhereEr, values
were not available in the literature, these were determined from
compound in the presence and absence of oxygen, respectively. ; i b ] -
The pseudo-first-order decay constégss was measured in duenching by |0dopr0panléq, and using the empirical rela-
equilibrated acetonitrifewas taken to be 1.8 103 mol dn3, ref 31. Values ofEr, obtained in this way are subject to
It has been found that, except for tetracene, none of the considerable uncertainty.
subjected to laser photolysis. However, the concentration of by O, which gives triplet states can be obtained from the
tetracene decreases dramatically upon laser excitation andmeasured ratios of the fluorescence intensities F &rah# of
exposure. matched solutions of each hydrocarbon in the presence and
Kinetic absorption measurements were carried out using absence of oxygen respectively using the following equation:
under investigation. Analysis of the transient spectra at times 0
>60 ns after lasing demonstrated the lack of formation of cation 7
hha_tve prewou.?lyl/l Shp"\}ﬁ Iradlcal Eanolns_canfbe dete?te? uslng Plots according to eq 7 are shown in Figure 2 for naphthalene,
this system following laser photolysis of several of these |, onyi and 1,2,3,4-dibenzanthracene. In the case of perylene,
dicyanoanthracene. o - .
. to measure with high accuracy due to the very low triplet yield
Slopes of SterrVolmer plots obtained from fluorescence q>$, Therefore, in this case, the triplet absorbarse was
were combined with literature fluorescence lifetimes to give the gggsgegnénwmgh prj;fcnhcgs O(ferolgr?e ?Illrjlgreos'ggncrzzra?:g];al sed
rate constants for oxygen quenching of the singlet slk@és prop q pery y Y
. . : . compared to the triplet absorbance observed at the same
Princeton Applied Research (PAR) 173 potentiostat with a PAR . . 0 .
175 universal programmer and a PAR 179 digital coulometer. quenching ratiog-/F for quenching of perylene fluorescence
(0.32 cn? surface area) working electrode and platinum mesh Oﬁéelite tonm\zasuremde?ts mlad;éré tf;etvsreji(fefn(;er:)tffllod(r)pr(_)pane
counter electrode. Electrode potentials were measured and ar@Nd OXygen, was used o calculaeat two difierent fiuores
electrode (SSCE) at 2k 2 °C. (N.B. 0.005 V less than SCE).
No iR compensation was employed. Both counter and reference
A(FYIF)
ment of the electrochemical cell by glass frits. Platinum working
electrodes were pretreated by immersion in concentrated sulfurici®: ya|yes for all the compounds studied are collected in Table
in 0.5 mol dn7 sulfuric acid) followed by washing with de- When the amount of oxygen dissolved in solution is varied
|on|2ed Water, then acet0n|tr|le and f|na"y alr-dl'led. Measure' so asto aﬁect the amount Of ﬂuorescence quenchn’]g but always
by purging with solvent saturated nitrogen gas. Tetrabutylam- s the dominant triplet decay pathway at all the concentrations
monium-perchlorate (0.1 mol drf) was used as the supporting of dissolved oxygen used, i.e., providé@z = 1 for each
H OX f . .
potential Ey,”, which were comparable with those in the ;|| hold. Thus, the measured singlet oxygen quantum yield
and triplet stateséi andfz, respectively, the fraction of singlet
state quenched by oxygen which yield triplet staf's the
under investigation are collected in Table 1, which shows that oxygen ®?, and the fluorescence intensities in the presence
the energy of the lowest excited singlet stdig ) covers a wide and absence of oxygeR and FO are related through the
excited triplet stateHr,) ranges even further, i.e., from 123 to
280 kJ mot™. The energy difference between the lowest excited FO
compounds with three exceptions, phenanthrene, triphenylene . ) .
and chrysene, whers, — Er, values are 87, 66, and 91 kJ Plots of ®A(F%F) versus (F%F)—1] give good straight lines
ground state, it is unlikely that these three sensitizers will (fa®3) and slopes f§ + f22f)) are collected in Table 2.
excited singlet states. However, it is energetically possible to 3a—c together with the values of the triplet quantum yields as
produce G*(*Ag) by oxygen quenching of both excited singlet given in Table 1 allows values cbi to be determined. Values
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TABLE 1: Photophysical Properties of Unsubstituted Aromatic Hydrocarbons in Acetonitrile. Energies of the Excited Singlet
StatesEs, (£ 2 kJ mol™1), Energies of the Triplet StatesEr,(+ 2 kJ mol™1), and Er,(+ 10 kJ mol™),

Half-Wave Oxidation Potentials Ef,lx (£ 0.1V), Triplet Quantum Yields @Y and Lifetimes of the Excited Singlet Staters

compound Es,/kJ mol? Er, @/kJ mol2 Er,/kJ mol? EQ/V vs SCE Tgns oI a
bipheny! 392 274 <392 1.91 150 0.78&
naphthalene 384 255 371 1.62 103 0.7
acenaphthene 372 248 358 1.31 a46 0.58
phenanthrene 344 257 23 1.59 55.1 0.7Z
triphenylene 346 280 328 1.68 35 0.8
chrysene 330 239 367 145 437 0.85
pyrene 322 202 275 1.22 374 0.4¢
anthracene 319 178 312 1.20 5.8 0.68
1,2,3,4-DBA 318 213 293 1.37 43 0.85
fluoranthene 314 221 268 1.61 46 0.27,0.25
perylene 273 151 287 0.97 6 0.03
tetracene 253 123 246 0.87 6.4 0.624 0.04

2 Reference 2° Estimated from ref 3%¢ Reference 4¢ Reference 40% Reference 14.Reference 319 Reference 41" Reference 42.Reference
43, adjusted for different supporting electrolyte, by comparison with other compouReference 22 Determined from the measurements of
fluorescence yields in acetonitrile and ethanol, assuming®hat ®+ = 1.0.

T T T T f\ values to be obtained from these different techniques and
the values obtained are also listed in Table 2. The valués of
1.0 7 obtained from the intercept of plots of the type shown in Figure
3 and by these other two techniques agree within experimental
error. The error in the intercepts is about 10% with four
exceptions those relating to acenaphthene, fluoranthene, perylene,
and pyrene where the error is much higher. Errors in the slopes
are <10% in all cases. Combination of the measured values of
%2 andf) for each compound allows the determinationfpf
d using the appropriate value obtained from the slope. The
efficiency of singlet oxygen production from the excited singlet
statesfi varies from 0 to 0.30. In only four cases, namely,
o pyrene, fluoranthene, perylene, and tetracene, are the values of
fi clearly in excess of experimental error (see Table 2).
Values of the rate constants for oxygen quenching of the
lowest excited singlet statelésjz are given in Table 3. To
interpret these results it is interesting to calculate the appropriate
02 i values ofky, the diffusion-controlled rate constafitsor the
A studied compounds using eq 10:

©

o
1
L

=)

=N

1
I

@ (A, A )-(F/F)]
>

kg = 47N(Dy, + Do )(ry + o) (10)

0.0 r T T T T . . . .
0.0 02 04 06 08 10 whereN is Avogadro’s constanty is the radius of the aromatic

0 molecule, values of which were calculated from Le Bas

1-F/F molecular volumes (e.g., see ref 33) as 3.8.4 A, andro, is
Figure 2. Plots for determining the fractions of excited singlet states the oxygen radius takéhas 0.2 nm. The diffusion coefficient
S: quenched by © which gives triplet stated? in acetonitrile. of oxygen in acetonitrileDo, has been reported to be 7.12 (
(biphenyl (1), naphthalened), 1,2,3,4-dibenzanthraceng)y). 0.64) x 1075 cn? s! by different groups$4—3° Diffusion

coefficients of the aromatic hydrocarbons have been measured

of fZ were also obtained using the technique of triplet state in this work using cyclic voltammetry by following the peak
population with 100% efficiency by energy transfer from a anodic currentif,) at different scan speeds. The values obtained
ketone of higher triplet energy (see ref 7 for full details of this of 2.8+ 0.8 x 105 cn? s~ 1 agree with those in the literatuife
method). These results are also given in Table 2. Benzophenoneand substitution into eq 10 givég values of 4.540.5) x 10%
was used as triplet donor in the case of phenanthrene anddm® mol™ st in acetonitrile for 10 of these compounds.
triphenylene, while triplet 2acetonaphthone was used to Kristiansen et at?> measure 2 for five of the compounds
sensitize the production of the triplet states of chrysene, pyrene,studied here in acetonitrile reporting values of 4430(6) x
1,2,3,4-dibenzanthracene, and perylene, prior to oxygen quench-101° dm? mol~2 s~ for biphenyl andks? = 2.9 (0.3) x 10
ing. In the case of fluoranthene and anthracene, which strongly dm?® mol~ s~ for the other four hydrocarbons. Sato ef also
absorb at 355 nm, it was difficult to populate their triplet states measured the oxygen quenching rate constant for the lowest
exclusively via triplet-triplet energy transfer from a ketone. excited singlet state of some of these aromatic hydrocarbons in
For these two compounds, their triplet states were populatedacetonitrile and report values &f2 in the range 3.5+40.3) x
by enhancing intersystem crossing using 0.5 mot#imdopro- 10 dm® mol~ s~ with the exception of fluoranthene for which
pane to completely quench all fluorescence, enabling their triplet they reported akg’2 value of 8.2x 10° dm® mol~! s%. The
states to be produced with an efficiene®.99, prior to oxygen values ofkg2 reported by Sato et dlare slightly higher than
guenching. Measurement df, from these solutions enabled those measured by Kristiansen et?dlprobably because of the
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TABLE 2: Experimental Values of the Slopes {a" f?z + A5 and Intercepts (faT <I>$) Obtained from Plots According to

Equation 9: f?z Is the Fraction of Excited Singlet States Quenched by Oxygen Which Gives Triplet States, arfd® and foT Are
the Efficiencies of Singlet Oxygen Production during Oxygen Quenching of the Excited Singlet and Triplet States, Respectively

compound intercepf(” ®%) slope(faT 22 + £,5) 102 faT @ faT fAS
biphenyl 0.40+ 0.05 0.474+ 0.02 0.77£0.1 0.51 0.48¢ <0.09
naphthalene 0.56 0.05 0.49+ 0.01 0.72+0.1 0.63 0.62 <0.04
acenaphthene 0.260.01 0.27+0.01 0.57£ 0.2 0.4% 0.41d <0.03
phenanthrene 0.38 0.02 0.38+ 0.02 0.96+ 0.1 0.46 0.58 0.00+ 0.05
triphenylene 0.408: 0.05 0.494+0.01 1.0+0.1 0.45 0.49 <0.02
chrysene 0.54 0.05 0.644 0.02 0.90+ 0.1 0.64 0.76 <0.01
pyrene 0.38t 0.05 0.69+ 0.01 0.49+ 0.1 0.83 0.7% 0.304+ 0.05
anthracene 0.614+0.05 0.66+0.02 0.73+ 0.2 0.90 0.85 <0.02
1,2,3,4-DBA 0.66+ 0.01 0.83+ 0.01 1.0+ 0.12 0.78 0.78 0.05+ 0.05
fluoranthene 0.2% 0.02 0.89+ 0.01 0.65+ 0.2 1.0 0.82 0.30+ 0.05
perylene 0.08t0.02 0.77+£0.01 0.68+ 0.1 1.0 0.72 0.274+0.05
tetracene 0.36:0.02 0.73+0.01 1.0+0.2 0.48 0.25+ 0.05

af,T determined from the values of the intercept and triplet quantum yields,£rt®% °f,T determined by triplet energy transfer method from
a higher ketone, errat 10% ° Reference 99 Reference 7¢ AT determined by enhancement of intersystem crossing from the singlet to triplet state
by using iodopropane to getr > 0.99, error= 10% fError & 20%

use a low value of 1.7 1072 mol dnm3 for the oxygen are often far from fully reversible. The values obtainedEﬁf'<
concentration in air saturated acetonitrile solutions. On the basisare sensitive to conditions (see ref 30 for a detailed discussion).
of the values calculated in this work, and considering the There are many values in the literature for all the compounds
experimental value3?? which should be<ks, we use in the  studied. It was felt that measuririg) values under identical
further discussion an average valuegfor oxygen quenching  conditions in our laboratory would give a best set of values for
in acetonitrile of 4.5< 10'°dm® mol~* s™* for all the compounds  comparison purposes in this study. (Nota bene: Because traces
studied. On the basis of this value, the values kflkg indicated some irreversible behavior, we quote error values of
obtained by us are in the range 0.007 to 0.125, while values of 100 mV.) As far as the reduction potential of oxygen is
kgzlkd are much higher, ranging from 0.5 to 0.96 except for concerned, we have used the value-69.78 V vs SCE as
fluoranthene, which has a lower value of 0.15. suggested by Mattes and Faffd.This value is based on the
The rate constantl? andk? given in Tables 3 and 4 can  average of two values;0.82 and—0.75 V from refs 38a and
be combined with the measured fractional efficiencies to obtain 38b, and must therefore also be regarded as subject to a likely
net rate constants for the steps shown in Scheme 1. Thus, theerror of £50 mV. The uncertainties in these values can be

rate constants for steps-Fin Scheme 1, are given by accommodated in the consta@ which is often taken as
zero345723|f C in eq 14 is not zero, and values as high as
kep = K2 f3 (11)  0.65 eV have been suggesftihe values calculated fdcy
are likely to be subject to a constant error. The valuaér;@fT
ker = ng(f$2 — fi) (12) and AGY', which equalEct — Es; and Ecr — Ers, respec-
tively, when takingC = 0, given in Tables 3 and 4, demonstrate
Keo = kgz(l _ f?z) (13) that electron transfer to oxygen from all the excited singlet states

and all but four of the triplet states is exoergic and yet no
where ksy and kst are the net rate constants for oxygen Separated ions are produced. It is apparent that quenching by
quenching of excited singlet states which produces the triplet diréct electron transfer to produce separate ions does not
state with and without energy transfer to oxygen, respectively cOmpete effectively with encounter/exciplex formation. Figure
andksois the net rate constant for oxygen quenching of excited 4 shows schemaﬂcally the electronic energy level diagrams for
singlet states by any process which does not catalyze intersystenghcounter/exciplex complexes of oxygen with the compounds

crossing to the triplet state. Values lofa, kro, ksa, kst, and under investigation. It is the relative ordering of, and the
kso evaluated using egs 4, 5, 11, 12, and 13 are given in TablesProbability of nonradiative transitions between, these encounter/
3 and 4. exciplex complexes which therefore determines the rates and
A good estimate for the energy of charge-transfer states efficiencies of the various quenching pathways.
corresponding to the radical ion pair (M-0,") is givers” by Quenching of Excited Triplet States.As far as oxygen
eq 14: quenching of triplet states of these aromatic hydrocarbons is
concerned (tetracene excepted), it is clear that in this study we
Eer = FEY — Egz“) +C (14) have observed a behavior similar to that found by us previously

for biphenyl and naphthalefederivatives, where asAG(T:T
where F is the Faraday constanEy® and ES® are the decreasek?? values increase arff] values decrease. With the
half-wave oxidation potential of the sensitizer, ‘and the half- exception of tetracendy values are close to unity for com-
wave reduction potential of £F%,), respectively, with both ~ pounds for which the charge-transfer states lie above the locally
potentials referred to the same standard s@tiepends onthe  excited triplet states, namely anthracene, fluoranthene, and
electrostatic interaction energy, which is inversely proportional perylene, whereas compounds where the charge-transfer state
to the static relative permittivity, of the solvent and on the lies below the lowest triplet state ha\i§ values less than
differences in solvation energies of the separate ions and theunity. We have therefore employed the equations derived from
ion pair. It is well-known that radical cations of aromatic Scheme 3 which has been developed previously By°use fit
hydrocarbons have limited stability and cyclic voltametric traces the experimental data fde, andkro.
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Figure 3. Plots for determining the efficiency of singlet oxygen production from the excited sir@lend triplet states‘l of aromatic
hydrocarbons in acetonitrile. (a) acenaphthé&me fiphenyl ©O), triphenylene 4), and phenanthren&}. (b) 1,2,3,4-dibenzanthracens)( fluoranthene
(O), perylene 4), and tetracenew). (c) chrysenel), naphthalene), and pyrene 4).

In Scheme 34-3% and'*C are used to represent the encounter multiplets of both the encounter and charge-transfer complexes.
and charge-transfer complexes shown in Scheme 2, respectively(Nota bene: Schemes 2 and 3 are identical whanand the
and P and3P represent the precursor/encounter complexes intersystem crossing rate constamis,, ks1 , kss , Ks3, ki3, and
M---0z*, Ay and 3(M---30,, 3%;7), respectively. Thus, ka1 are negligibly small.)
Scheme 3 incorporates Scheme 2 and includes the possibility Since including intersystem crossing did not improve the fit,

of direct production of @(*Ag) and/or Q*(1=y) without passing we give only the values calculated when all rate constants of
through the charge-transfer complé&, and includes the  intersystem crossing were taken as zero, in which case steady-

possibility of intersystem crossing between the different spin state treatment of all the reactive intermediates in Scheme 3
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TABLE 3: Experimental Values for Rate Constants of Excited Singlet States Quenched by OxygdcgZa

compound k&/10° dnmol-1s ks/10° dmPmoltst ksa/10° dmPmol st kso/10° dmPmoltst AG&ST/kJ molt
biphenyl 43+ 4 29+ 6 <3.8 10+ 2 —133+ 10
naphthalene 3% 3 21+ 4 <12 9+ 2 —152+5
acenaphthene 34 20+ 4 <0.9 16+ 3 —170+ 10
phenanthrene 333 31+6 <1.0 <13 —115+5
triphenylene 3&4 36+7 <0.8 <1 —-109+5
chrysene 333 29+ 6 <04 <33 —115+5
pyrene 2H 3 541 9+1.0 149+ 3 —129+5
anthracene 363 21+ 4 <0.7 8.0+ 2 —128+5
1,2,3,4-DBA 23t 2 22+ 4 <12 <1 —111+5
fluoranthene 6.6 1 2+04 2.0£0.2 23104 —83+8
perylene 384 16+ 4 10+ 2.0 12+ 3 —105+5
tetracene 424 31+ 6 10+ 2.0 <2 —94+ 10

aDerived rate constants (eqs-113) for elementary reactions defined in SchemAG " is the free energy changes for electron transfer from
the excited singlet states to molecular oxygB(E" — Eg":) — Es).

TABLE 4: Experimental Values for Rate Constants for Oxygen Quenching of Excited Triplet Statesk?za

compound k?zll()9 dm*mol-ts? kra/1®® dm*mol~1s? kro/10° dm*mol~ts™? /101051 AGrCT/kJ mol?
bipheny! 2.5+0.2 1.2+ 0.1(1.2) 1.2+ 0.1 (0.7) 2.6 —1542
naphthalene 2502 1.6+ 0.1(1.6) 0.9+ 0.1 (1.0) 35 —23+2
acenaphthene 561.0 244+0.2(2.4) 3.2:0.3(2.9) 6.1 —46+5
phenanthrene 3203 1.6+ 0.2 (1.6) 1.6+ 0.2 (1.3) 3.3 —28+3
triphenylene 3.5:0.3 1.6+ 0.2 (1.6) 1.9+ 0.2 (2.4) 2.7 —43+ 4
chrysene 2.6t0.2 1.4+ 0.1(1.4) 0.6+ 0.05 (1.0) 2.8 —24+2
pyrene 2.4+0.2 1.8+ 0.2(1.8) 0.5+ 0.05 (0.5) 5.0 -9+1
anthracene 2.20.2 1.9+ 0.2(1.9) 0.3+ 0.03(0.1) 5.6 131
1,2,3,4-DBA 1.4+0.2 1.1+ 0.1(1.1) 0.3+ 0.03 (0.4) 2.2 —-6+1
fluoranthene 1.3:0.2 1.2+ 0.1(1.2) 0.1+ 0.01 (0.2) 2.8 16t 1
perylene 0.3:0.1 0.2+ 0.04 (0.2) 0.1+ 0.02 (<0.01) 0.4 17+ 2
tetracene 3503 1.7+ 0.2 (1.7) 1.83+ 0.2 (<0.01) 4.6 36t 5

a Derived rate constants (egs 4 and 5) for elementary reactions defined in Scheme 1. Numbers in bracketsidiko are those obtained by
fitting to egs 15 and 16. Values &, are those obtained which gave a good fit to the valuds ofising equations derived from SchemeAZCT
is the free energy change for electron transfer from the excited triplet states to molecular d%@h{ E'Oezd) — Er).

gives 10

TA

and

k(M ot k)

9k g+ o+ ky) (13)
3,3, 3

o= T (16)

B 9(k_y + k)

wherelf, = ky/(*k_1 + kp) and3fp, = 3k/(Ck_1 + 3kp), i.e., f;p
and3f, are the fractions of the charge-transfer complexes which no photodegration was observed and a good fit with the
dissociate to give @(*Ag) and Q(Z;"), respectively.

Using the same or similar parameters as used in our previousand g in the expressio\G* = o + BAGET for both singlet
fit for biphenyl derivatived, values of kta and kro were
calculated using Scheme 3 and good fits to the experimentalyepresenting the fraction of electron transtavhich exists in
data were found, see Table 4. As in our previous stiidfase
use the linear free energy relationstis* = a. + SAGY', as
expected from the linear dependence of log on AG?T

shown in Figure 5.

The fits were obtained using the following parameters:

ky= 4.5 x 10'°dm’mol*s %, k_, = 2k, mol dm *(ref 6—
7), %k =2x10%s ", % =2 x 10" s kg = e =
kT/h exp(—AG'IRT), *k_; = *k_; = kT/h exp(—(AG" —

AGEN)RT), andAG® = 20.5+ 0.135AGS"

good fits were not possible if the intersystem crossing rates were
increased to even higher values so that equilibrium between
the encounter and charge-transfer compléxég and'3C was
established. Thus, it is not possible on the basis of these results
to establish the extent of intersystem crossing between the spin
channels.

It is obvious that the point for tetracene lies far off the line
shown in Figure 5 and this requires more detailed investigation.
However, we have observed that chemical degradation of
tetracene occurs during triplet quenching experiments and we
therefore suggest that there is an extra specific chemical step
occurring in this case. For all the other aromatic hydrocarbons,

experimental data was obtained using the same valuesa for
and triplet channels. The value @ can be interpreted as

the transition state for charge-transfer assisted quenching. (Nota
bene: The same value Bfcan be used for both the formation

of 1C and 3C for 11 of the hydrocarbons, i.e., excluding
tetracene.) The value of 13.5% charge transfer in the transition
states for charge-transfer assisted oxygen quenching accounts
for the slope of the line shown in Figure 5 being less than
(RT)~. An even lower value of 8% charge transfer character
was found recently by Darmanyan et'alvho studied a series

of strong electron donating amines as singlet oxygen sensitizers
in cyclohexane and benzene.

In this work no correlation has been found betwé&egnand
AG?T see Table 4. However, in previous studies of naphtha-

(Nota bene: Equally good fits could be obtained using nonzero lene and biphenyl derivatives, such a dependence was estab-
intersystem crossing rates as high ax 2.0'° s71; however,

lished and therefore charge-transfer assisted quenching is
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Figure 4. Schematic electronic energy level diagram for encounter complexes@) formed between unsubstituted aromatic hydrocarbons (M)
and molecular oxygen ({pin acetonitrile. (Nota bene: The order of energy levels for complexes of (a) biphenyl and acenaphthene are the same as
that shown for naphthalene.) (b) triphenylene and chrysene as shown for phenanthrene. (c) 1,2,3,4-dibenzanthracene as shown for pyrene.
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included here although the main contribution leading to quench- =
ing via energy transfer in the singlet channel is according to 2
the fits obtained here via the step in Scheme 3 lab¥gdThe o
fitted values oflk, are all in the range (2:26.1) x 100 s™? >
except for perylene which yields a value of 4010° s™1. The vy
values of these rate constants for nonradiative internal conver-
sion in the encounter complexes MD, which we can represent 014 ]
as T ]
1%
1 3¢ —y_ A1 1A (L 1
(T0, %y ) — {(S, + "0,(*y ;" andlor'Ay) —
M(S)) + 02(1Ag) T T T T ¥ T T T T T T T
-80 -60 -40 -20 0 20 40
CT -1
would be expected to have an energy gap dependence as recentl AGT /kJ mol

demonstrated by Bodensheim ef&lvho measured separate I¥igure 5. Dep(_andence of the rate constants in acetonitrile for oxygen
oxygen quenching rate constants due to energy transfer to yieldqﬁemr"nggTf riplet states without energy transfeson the free energy
both O*(=¢") and Q*(*Ag) for thirteen organic sensitizers changeAGy see text

which have triplet energies in the range 140Er < 309 kJ where only Q*(*Ag) production is energetically possible. (Nota
mol~1 in carbon tetrachloride solution. It is interesting to note bene: As mentioned earlier, tetracene needs to be considered
for the series of compounds which we have studied bath O  as an exception since chemical intermediates on the decomposi-
(*=g") and G*(*Ag) are likely to be produced as a result of tion pathway are probably involved in the production of singlet
quenching by energy transfer except in the case of peryleneoxygen in this case.)
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Figure 6. Dependence of the net quenching rate constants in
acetonitrile,kso (O) and kro (O), defined by eqs 5 and 13, for all

compounds under investigation on the corresponding free energy
changesAGS" and AGY'. (Lables are ac, acenaphthalene; np, naph-

thalene; bp, biphenyl; pyr, pyrene; anth, anthracene; per, perylene; and’@

fl, fluoranthene.)

Quenching of Excited Singlet StatesThe dependence of
kro on AGY" shown in Figure 5 constitutes good evidence for
the involvement of charge-transfer interactions in oxygen
quenching of triplet states in agreement with several other
studies’-910.15.17.182Degpite charge-transfer interactions being
the subject of many papers in this area, e.g., see BiRkapter

Abdel-Shafi and Wilkinson
SCHEME 4

N1 T )— M(T)+0,(°%;)

M (S1)+0:(’Zy) 3681.32;) 3(T.'Ag)

M (T)) + 02 ('Ay)

J(M.00)—> M (S0 +0;(%;)

where AGS" = —140 kJ mot? and found the yield of ion
production to be 0.003. These authors have also commented
on the fact that they fountf? values decreased to a constant
value of about 0.4 whenGS' is less than-100 kJ mot?, i.e.,
this value tends to level off. It has to be born in mind thg
values are approaching the diffusion limit and the three
component&so, ksa, andkst which are in competition can never
be greater than the diffusion-controlled limit.

In our previous study of oxygen quenching of the fluorescence
of anthracene derivatives in cyclohexane and in acetofitfle
we demonstrated the crucial importance of internal conversion
from the encounter compleXS;++-3%;) and the efficiency of
formation of the triplet encounter complégT,+-+%;) which
can undergo internal conversion directly to gi@(é’l--ﬁz;)
by-passing theé(T;--+1Ay) state which can then dissociate to
give 3M*(T 1) + O5(°Z;) without energy transfer. The very low
lues of ﬁ for the first three compounds in Table 2, and for
anthracene, can be attributed to the occurrence of these same
processes, since the energies of the encounter complexes are in
the order (5...32;) > (TZ...32;) > (Tl"'lAg) > (Tl"'32§).
We suggest this ordering of the energy levels within M..O
complexes explains the high value ﬁF for biphenyl, naph-
thalene, acenaphthene, and anthracene and the large values for
kst which competes effectively with charge-transfer assisted
quenching which yields neither, ior O;*(*Ag). Phenanthrene,

10 and references therein, the importance of charge-transfertriphenylene, and chrysene would be expected to rﬂiwe 0

interactions in oxygen quenching of excited singlet states is not
well established. Potashnik etalshowed that oxygen quench-
ing of the lowest excited singlet state of several aromatic
hydrocarbons induces intersystem crossing with yields in
acetonitrile as solvent in the range 0-859. Our previous work
with anthracene derivativeand the results reported by Sato et
al# together with the values given fdéf? in Table 2 confirm
that f?z is rarely unity when acetonitrile is used as solvent.
Combination of values ok3? and 1— 12 as in eq 13 allows
values ofksp the contribution to the rate constant for oxygen

(see Figure 4) sincEs, — Er, values are less than 94 kJ mél
and this is confirmed by the experiments. Valuesf%fare
close to unity andkst values are similar or slightly higher than
for biphenyl, naphthalene, acenaphthene, and anthracene.
The ordering of the energy levels within the-MD, com-
plexes can also explain whga values are high enough in the
case of pyrene and fluoranthene to compete with internal
conversion to the'l(z---325) complex state since this lies at a
lower energy (see Figure 4) yieldir@ values equal to 0.3. In
these cases (see Table 3)48%)) > (Ti+-1Ag) > (Tzr++3%;)

guenching of singlet states without the production of triplet > (Tl---SZQ). The fact that the energy of thé’z(-'?’Zg) state

states to be evaluated. Figure 6 shows that the dependence Ofes above that of

ksoon AG%T together with our data for the dependencef
on AG$T. Surprisingly thekso values fall on the best fit curve
obtained from the dependence &fo on AGS' which is

(§--32;), in the case of perylene, easily
explains why energy transfer becomes likely diﬁdjoes not
equal zero in this case.

It is not possible, from this work, to decide whether internal

expected to level off as shown for highly negative free energy conversion continues stepwise passing from each higher to each

changes aky/3 if no intersystem crossings between channels lower encounter/complex state down the energy ladder in

in Scheme 2 or 3 are included. It is important to note that the competition with dissociation from each encounter/complex state

dependence of the rate constakygs on AGgT is slight, and so or whether direct competition between radiationless transitions

if the triplet data shown in Figure 6 is ignored, it is quite possible occurs as shown in Scheme 4.

to draw a different curve through the experimental points which  If the order of the energies of the encounter/complex states

could yield a higher plateau rate constant, i.e., approaching 4.5was the only important parameter determining the relative values

x 10% dm?® mol~1 s 1 at even more negative values mng. of ksa, kst, andkso with the nearest state being produced most
As mentioned previously, attempts by us to detect the efficiently, 1,2,3,4 dibenzanthracene would be expected to

production of free ions as a result of oxygen quenching of either behave like pyrene witmi definitely not equal to zero (nota

singlet or triplet states were unsuccessful, even though as carpene: taking errors into accoufit could be as high as 0.1 in

be seen from Tables 3 and 4GS" andAGY' ranges from 17 this case), and values féigo would never become large since

to —170 kJ mot™. Sato et af also confirm negligible production  the energies of the ion pairs (ivt-O,") in all cases lie far below

of ions in their work whemGgT > —140 kJ mot™. In fact, Es,. This is obviously not the case, and it is clear that charge-

they measured the yield of ions produced following oxygen transfer assisted quenching by oxygen of excited singlet states

guenching of the singlet excited state of dimethoxynaphthaleneas does that of triplet states requires a considerable driving
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force (AGS" < —100 kJ mot?) before it occurs with high

efficiency. This contrasts with the competing nonradiative
transitions where a larger energy gap reduces the probabilities
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Pottier, R. H., Truscott, T. G., Eds.; NATO ASI Series H15; Springer:
Berlin, 1988; p 93.
(26) (a) Sikorska, E.; Sikorski, M.; Steer, R. P.; Wilkinson, F.; Worrall,
R.J. Chem. Soc., Faraday Trank998 94, 2347. (b) Mir, M.; Jansen,
M. G.; Wilkinson, F.; Bourdelande, J. L.; Marquet, dl. Photochem.

for oxygen quenching of triplet states of all the hydrocarbons photobiol. A: Chem1998 113 113.

(with the exception of tetracene which undergoes chemical

(27) Bodesheim, M.; Scuhtz, M.; Schmidt, Rhem. Phys. Lettl994

degradation) can be fitted to a previously published Scheme 3221 7.

using the same fitting parameters if one of the fitting rate

(28) Kanner, R. C.; Foote, C. 3. Am. Chem. S0d.992 114 678.
(29) Wilkinson, F.; Worrall, D. R.; McGarvey, D. J.; Goodwin, A,

constants that for direct energy transfer is allowed to vary. The | angjey, A. J.Chem. Soc., Faraday Trans993 89, 2385.

degree of charge transfer in the transition state for charge-

(30) (a) Mattes, S. L.; Farid, S. l@rganic PhotochemistryPadwa, A.,

transfer assisted oxygen quenching of the triplet states was foundEd.; Marcel Dekker: New York, 1983; Vol. 6, p 231. (b) Perichon, J. In

to be about 13.5%.
The relative position of the second excited-state &5 has
been previously suggestéd! is shown to be crucial in

Encyclopedia of Electrochemistry of the Elemeiard, A. J., Lund, H.,
Ed.; Marcel Dekker: New York, 1978; Vol IX, p 72. (c) Mann, C. K.;
Barnes, K. K.Electrochemical Reactions in Nonaqueous Systéfascel
Dekker: New York, 1970; p 103.

determining whether energy transfer occurs from singlet states Sgl) Dreeskamp, H.; Koch, Ber. Bunsen-Ges. Phys. Chelf74 78,

even when this is energetically possible. Thus, wegrn> Er,
> (Er, +94 kJ mot?), the energy transfer efficiendi tends
to zero; however, wherts, > (Er, +94 kJ mof?) > Er,

(32) Ware, W. RJ. Phys. Chem1962 66, 455.
(33) Gorrell, J. R.; Dubois, J. TlTrans. Faraday Socl967 63, 347.
(34) Vasudevan, D.; Wendt, H. Electroanal. Chem1995 192, 69.

measurable energy transfer to oxygen from excited singlet states (35) Tsushima, M.; Tokuda, K.; Ohsaka,Anal. Chem1994 66, 4556.

occurs even in acetonitrile.
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