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Abstract

Rate constants for quenching by molecular oxygen of excited singletand tripletlﬁmdkg, respectively, of some aromatic hydrocarbons
in acetonitrile are reported. The fraction of excited singlet states quenched by oxygen which result in triplef$tatesin the range of
0.25-0.85. The efficiencies of singlet oxygen production during oxygen quenching of the excited singlet and triplef Statelsf; ,
respectively, were also measured. Valuesffwere shown to be 0.28 0.05 for 1,2;5,6-dibenzanthracene, pyrene, fluoranthene, 1,11-
benzoperlyene and perlyene while valuesf@fcover the range of 0.25-1.0. 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. Facto
governing the production of singlet oxygen with different efficiencies during quenching of both excited singlet and triplet states by oxygen
are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction is produced with varying efficiency as a consequence of
guenching of both excited singlet)Sand triplet (Ty) states
Oxygen quenching of the electronically excited states [1-3]. The quantum yields@,, for the photosensitized
[1-4] may be accompanied by the transfer of excitation formation of the lowest electronically excited state of
energy to the oxygen molecule, generating the excited statesmolecular oxygen in solution have been reported for a large
02*(1E+) and/or @"(*A Ag) of the oxygen molecule. The number of compounds in a wide range of solvefits4].
O, (1Ag) state is usually referred to as singlet oxygen, and However, the fraction of excited smglet states quenched by
has a long lifetime since return to its ground state is spin 0xygen which yield singlet oxygery;3 and the fraction of
forbidden. Itis a highly reactive species and powerful oxidant the excited smglet state quenched by oxygen to give the
in photosensitised oxidations, photodynamic inactivation triplet state, /7 (seeScheme ) have only been measured
of viruses and cells, phototherapy for cancer, in photocar- in minority of singlet oxygen studiefl,2,6-13] Despite
Cinogenisisl photodegrada’[ion of dyes and po|yn‘[€|]s the Iarge number of studies on the quenChing of the excited
and blood sterilizatiofi5]. The various processes by which triplet state by molecular oxygefi-3,8-55] the fraction
oxygen can interact with excited states can be understood byof the excited trlplet states quenched by oxygen which give

consideringScheme 11t is well known that singlet oxygen ~ singlet oxygen,f{, has been reported only in a number
of caseg[1-3,8-27,29-39,41-50]t has been shown that

both the rate constants for quenching of triplet states by

e e (o Ao > 0xygen. kg, and 1 depend on several factors inciuding
d.rworrall@Iboro.ac.uk (D.R. Worrall). oxidation potentl_aIon, of the sensitizef10,11,14-27,38]
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1. $1+30, -2 514103 1S = kea /&S
2. Sl+302LTI+302 kg = ksa + kst + kso _fTS :(kSA+kST)/k§
3. $1+30, %Quenching @Yy =F°IF

=1+ k][0, Vkgp

PP? = k§[021/(ksp +k5[02])
=(F'-F)/F°

4. kg,
f =kralkd

5. T]+302LSO+102* k:]r =kTA +kT0
PP? = kg [02]/(kp + kg [02])

6. TI+°0, kT—O>Quenching
Scheme 1.

of the triplet statd14,26,29-55]and polarity of the solvent  equal to the calculated value of the diffusion controlled rate

[9,16,19,20,22,24] constantkg, while a lower value of 6.6 10° dm® mol~1s1
In Scheme 1steps 1 and 5 include direct production is reported for fluoranthene in acetonitrile.
of 02" (*Ag) from oxygen quenching as well a5, @ Ag) The mechanism of the excited triplet state quenched by

formed from any Q*(lzg‘) formed initially. Step 3includes  oxygen was first described by Gijzeman et[@B] and is
all quenching, which is not due to catalyzed intersystem shown inScheme 2According toScheme 2quenching oc-
crossing, with or without energy transfer, and step 6 includes curs via the singlet and triplet channels (a) and (b) but energy
all quenching of the triplet state which does not lead to singlet transfer arises only from quenching via the singlet channel.
oxygen production. Thus

Rate constants for quenching by oxygen of excited sin-
glet states in solutionkg, are well known to have values kq = (ka/9)lket/ (ket + k-a)] + (3ka/9)lkic/(Kic + k-a)] (1)
often approaching the diffusion controlled limiting rate con- gnd
stant,ky [56]. Kristiansen et al[57] measuredcg for some T T
aromatic hydrocarbons in acetonitrile and reported values fa = (kda/9)[ket/ (ket + k—d)]/ kq- (2)

of 4.3(0.6)x 101dm® mol~*s~* for biphenyl andkg = According toScheme 2the efficiency of singlet oxygen gen-
2.9(+0.3) x 10*°dm®*mol~'s? for other hydrocarbons.  eration from the triplet statef], would be 1.0 and quench-
Kikuchi et al[58] demonstrated th&ﬁvalues decreaseinthe |ng rate Constam;‘r <kg/9if on|y the 5ing|et channel was in-
case of four cyanoanthracenes and five acridium ions, from, .4 andy] would approach 0.25 witkg < 4kgl9ifthe sin-

16 to g-T?’X 10° and from 2.2 to 0.k 10°dm®mol~*s™* gletand the triplet channels were both involved equally. How-
asAGg', the free energy change for full electron transfer g\ er nejther of these limiting cases has been observed even
from the first excited singlet state, increases frefhl to though a large number of compounds have been stysiee

24 and from—75 to 44kJmat*, respectl\gely, In acetonl-  for example Refg1-3]and cited references thergirFor ex-

trile. In addition, Sato et al7] measured for nine aro- e for a series of biphenyl and naphthanlene derivatives,
matic hydrocarbons in acetonitrile and in six cases values be-g 1o compounds showing quenching rate constaki®<

0 11 -
tween 3.2and 3.% 10°dm® mol~*s~* were obtained; they  gp,q, observedr] values far from unity{10,11,16,17,2Q]

have suggested that this corresponds to diffusion controlledy ;5 ,es ofcT > 4ky/9 are also reported in few cases, showing
quenching whenAGST < —77kImot . The lowestkS : . : o o
S q that if the quenching mechanism is as describesidneme 2

value these authors observed was 820 dmPmol~tst then the quintet encounter complex must also contribute to
for oxygen quenching of fluoranthene fluorescence. Oleathe overall quenching mechanigsp—61] In this paper we
and Wilkinson[9] have reported that fluorescence quench- are extending our investigations into the factors governing

ing by molecular oxygen of several anthracene deriva- the generation of singlet oxygen during oxygen quenching
tives in acetonitrile occurs witrk(? values in the range

(3-5)x 10t°dm?® mol~1 s~ with two exceptions, where the Uk - e & .

rate constants drop to 0.941010dm®mol~1s! for 9- M0 R o M0 (A @

cyanoanthracene and 0.44.0°°dm®mol~1s™! for 9,10- M+ 0y (°F, ) 9k - . ke .

dicyanoanthracene. o —— (M-0HY M 0:(h) )
Recentsly_ in acetonitrile[11] we ha\ée reportiaij j/f\l- S0kt 5o o, g, " ©

ues for kg in the range (2.3-3.8 101°dme mol-1s i

for a series of aromatic hydrocarbons. A higher value of
4.3x 1019dm3 mol~1s1 is reported for biphenyl, which is Scheme 2.
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of both excited singlet and triplet states in acetonitrile to in- The same laser was used as the excitation source for kinetic
clude more compounds that cover a wider range of the en-absorption measurements with a 300 W xenon arc lamp as the
ergies of the excited states, and also a wide range of oxida-analysing source. The rate constd;rgtknroxygen guenching
tion potentials to aid with understanding of the mechanism of the triplet states were determined using 8).

of excited states quenching by oxygen. The mechanism of T

the excited singlet states quenching by oxygen and factorskobs = kT + kq[O2] ®)

that govern the values off and f3 and other parameters \herek.,s andkrp are the first order constants for decay
are studied. Dependence of these parameters on the oxidapf triplettriplet absorption at the absorption maximum for
tion pOtential and on the energy of the excited states Wereeach Compound in the presence and absence of oxygen, re-
investigated. spectively. The pseudo-first order decay constagpt, was
measured in air saturated solutions and the oxygen concen-
tration in air equilibrated acetonitrilgs6] was taken to be
2. Experimental 1.9% 10~3 mol dn3.
Slopes of Stern—\Volmer plots obtained from fluorescence
Cyanophenanthrene (Aldrich, 97%) was recrystallized intensity measurements using air and oxygen saturated solu-
from ehthanol. 1,2;5,6-Dibenzanthracene (Aldrich, 97%), tions were combined with literature fluorescence lifetimes to
were double recrystallized from cyclohexane. 2,6-Dimetho- give the rate constants for oxygen quenching of the singlet
xynaphthalene (Aldrich, 99%) and 1,2-benzanthracene stateskS.
(Aldrich, 99%) were used as received. Acenaphthene The half-wave oxidation potentials were measured by
(Aldrich, 99%), anthracene (Sigma 99+%), fluoranthene cyclic voltammetry in acetonitrile versus SCE as previously
(Aldrich, 99%), naphthalene (Aldrich, scintillation grade, described16]. Some data from our previous publicatjdri]
Gold Label), perylene (Aldrich, 99.5%), phenanthrene are reproduced and included here. Data obtained were within

(Aldrich, 99.5%), pyrene (Aldrich, 99%), and acridine the experimental error reported and therefore uncertainty re-
(Aldrich, 99%) were all used as received. Acetonitrile duced to 10%.

(Aldrich, spectrophotometric grade) was dried by refluxing
over calcium hydride.
Ground state absorption spectra were measured using &. Results and discussion
Hewlett Packard 8453 single beam photodiode array spec-
trometer. Steady state luminescence measurements were car- The photophysical properties of the aromatic hydrocar-

ried out using a Spex FluoroMax spectrofluorophotometer. pons under investigation are collected Table 1 which

For singlet oxygen luminescence measurements, the thirdshows that the energy of the lowest excited singlet stasg,
and fourth harmonics of a Lumonics Q-switched Nd:YAG covers a wide range from 273 to 384 kJ mblnd the en-
laser (HY 200, 8 ns) were employed for excitation at 266 nm ergy of the lowest excited triplet stak-, ranges from 151 to
(maximum 23 mJ) and at 355 nm (maximum 11 mJ), respec- 261 kJ mot L. The half-wave oxidation potentiaex covers
tively. The laser energies employed durihg measurements g range of 0.97-1.92 V versus SCE.
did not exceed 0.5 mJ pulsk Time resolved singlet oxygen Values for the fraction of excited singlet states quenched
luminescence (1270 nm) was detected using a liquid nitro- by molecular oxygen which give rise to triplet statg$, can
gen cooled germanium photodiode detector (EO-980P Northpe optained from the measured ratios of the fluorescence in-
Coast Scientific). tensities in the presence and absence of oxygandF°, and

For @, measurements, air was removed from the solu- of the triplet-triplet absorbances at tire0 in the presence
tions by freeze—pump-thaw cycles and then pure oxygen atand absence of oxygeAr andA2, respectively, of optically

different pressures was added to solutions at room temperamatched solutions of each hydrocarbon using the following
ture and these were allowed to equilibrate. The steady statequation[2,6]

fluorescence intensity was measured from each solution and

time resolved singlet oxygen luminescence (1270nm)was .o (A1 F\ o 1 F
detected. Individual singlet oxygen luminescence traces (12 T A_$ T F0 ) T fr ( N ﬁ)
at least) were signal averaged and were fitted using a sin-

gle exponential function to yield the luminescence intensity Data obtained foy‘TS from this equation are listed ifable 1

lp att=0. The luminescence intensitly at zero time was In order to measure the fraction of the excited singlet
plotted against the laser fluence. The slopes obtained fromstates quenched by oxygen to give singlet oxyg@],the
these straight line plots were compared with those obtainedamount of oxygen dissolved in solution is varied so as to af-
from optically matched standards in the same solvent therebyfect the amount of fluorescence quenching but always kept
yielding relative®, values. Acridine was used as the stan- high enough such that oxygen quenching of the triplet state is
dard for excitation at both 266 and 355 néy =0.82[62]). the dominant triplet decay pathway at all the concentrations
The absorbances of the optically matched solutions were usu-of dissolved oxygen. Thus the measured singlet oxygen quan-
ally 0.30 at 266 or 355 nm. tum yield @ A, the efficiencies of singlet oxygen production

(4)



Table 1
Photophysical properties of unsubstituted aromatic hydrocarbons in acetonitrile
Compound Es, (kImofl)  Ep (kImoll)  Er, (kImor?Y) Eox(V) ts(ns) @2 kg (x1010dm®  kJ (x10°dm?® P N i

vs. SCE mol-1s™1) mol-1s™1)
Naphthalen& 384 255 371 1.62 105 0.79 3.1 25 0220.10 0.62+ 0.06  0.04+ 0.04
Acenaphthalerié 372 248 358 1.31 46 0.58 3.7 5.6 0.%70.06 0.45+ 0.04 0.03+ 0.03
Phenanthrerié 345 260 323 1.59 5% 0.72 3.3 3.2 0.96t 0.10 0.50+ 0.05 0.00
2,6-Dimethoxynaphthalene 340 261 - 1.13 70 0.9%4 33 9.6 0.25+ 0.03 0.25+ 0.02 0.00
1,2;5,6-Dibenzoanthracene 337 219 279 1.39 306" 0.84 2.9 1.9 0.56+ 0.06  0.86+ 0.08  0.28+ 0.03
9-Cyanophenanthrene 330 243 308 1.92 216" 0.68 2.3 1.6 0.85+ 0.10 0.80+ 0.08 0.04+ 0.04
Pyrené! 322 203 275 1.22 374 0.46 3.1 21 0490.05 0.79+ 0.08 0.30+ 0.03
Anthracené! 319 178 312 1.20 B 0.68 3.0 2.2 0.73t 0.10 0.87+£ 0.08 0.00
Fluoranthen&" 315 221 268 161 46 0.25 0.66 13 0.650.07 0.91+ 0.10 0.30+ 0.03
1,2-Benzanthracene 311 198 292 1.31 4217 0.4¢ 3.1 1.9 0.79+ 0.10 0.90+ 0.10 0.00
1,11-Benzoperylene 305 194 260 1.03 127 029 29 1.9 0.36+ 0.04 0.90+ 0.10  0.30+ 0.03
Perylené! 273 151 287 0.97 6 0.03 3.8 0.3 0.680.10 1.00+ 0.10 0.27+ 0.03

Energies of the excited singlet statés, (+2kJ mol 1), energies of the triplet stateBy, (£2kJ mot1) and ET, (£10kJ mot 1), half wave oxidation potential&oy (+0.1 V), lifetimes of the excited singlet
state s, the triplet quantum yield@$ and experimental values for rate constants of excited singlet and triplet states quenched by@@gdkg respectively and fraction of the excited singlet state quenche

by oxygen to give triplet statg‘,TS, or to give singlet oxygelff, and the fraction of the excited triplet state quenched by oxygen to give singlet owben,

6.T-0.T (5002) ZLT Ansiway :v RBojoigoloyd pue Ansiuaydoloyd J0 [eunor / [[elop “d'd ‘eys-|apay 'v'v

€L1
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from the singlet and triplet stateﬁf and f], respectively,
the fraction of singlet state quenched by oxygen which yield
triplet stateszS, the quantum yield of triplet state production
in the absence of oxyge®?, and the fluorescence intensities
in the presence and absence of oxygeandF?, are related
through the following equatior2]:
FO FO

oale = U8+ 1D (- 1) + @81 ®
Plots of @ (F%/F) versus [FO/F) — 1] according to Eq(5),
give good straight lines with intercept @@ fg) and slope of
(ff + fTsfl). Combination of the intercepts with the values
of the triplet quantum yields as givenTable lallows values
of f1 to be determined. Substitution of the obtained values
of fg and values offTS (Eq. (4)) into the slope of Eq(5)
allows for the determination of Y. Data of f1, £ and f3
are listed also ifable 1

The measured fractional efficiencig¢g, f1 and £ can
be combined with the quenching rate const andkg to
obtain net rate constants for the steps showBdheme 1
Thus the rate constants for steps 1-Saheme lare given
by:

ksa = kg fx (6)
kst = k§(ff — £3) 7
kso = kg(1— f7) (8)

whereksy and kst are the net rate constants for oxygen

guenching of excited singlet states which produces the triplet
state with and without energy transfer to oxygen, respectively
andkso the net rate constant for oxygen quenching of excited

A.A. Abdel-Shafi, D.R. Worrall / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 170-179

and without energy transfer to oxygen, respectively:
kta = kg fA
kto = k(1 — f£X)

Values ofkta, ko obtained from Eqg9) and(10)together
with values ofksa, kst andksp evaluated using Eq$6)—(8)
are given inTable 2

A good estimate for the energy of charge-transfer states
corresponding to the radical ion pair {MO, ™) is given[63]
by Eq.(11).

Ect=F(EQ* — ES) + C

9)
(10)

(11)

whereF is the Faraday constarfiy* andE{S" the half wave
oxidation potential of the sensitizer and the half wave reduc-
tion potential of Q(3E§) respectively, with both potentials
referred to the same standard state. The valuddof8 V ver-

sus SCE forz5  is used64] to calculateEcT. C depends on

the electrostatic interaction energy, which is inversely pro-
portional to the static relative permitivity,, of the solvent

and on the differences in solvation energies of the separate
ions and the ion pair. The values of the free energy changes
(AGST andAG$T) to formion pairs from excited singlet and
triplet states with energ¥s, and Et,, are calculated to be
Ect — Es, andEcT — ET,, respectively, when taking = 0.

3.1. Quenching of the excited triplet states

Dependence of the rate constant for quenching of triplet
state by oxygenk!, and the efficiency of singlet oxygen,
02" (*Ag), production,f1, on the oxidation potential of the
aromatic hydrocarbon does not show any correlafiable )
on contrast to those reported previously by ourselves and oth-

Sing|et states by any process which does not Cata|yse inter€rs for different series of aromatic hydrocarbons. Slmllarly,

system crossing to the triplet state.

Egs.(9) and (10) define net rate constants;x andkro
for steps 5 and 6 ischeme Xor quenching via the singlet
channel (a) and via the triplet channel (&cbeme 2with

Table 2

dependence of the rate constants for quenching by oxygen
of excited triplet stateg,] on the triplet state energy is still

vague, while the dependence of the efficiency of singlet oxy-
gen production on the energy of the triplet state shows some

The free energy changes for electron transfer from the excited triplet and singlet states to moleculamﬁ%emd AGgT (see text) and the derived rate

constants (Eqg$6)—(10) for elementary reactions defined$theme 1

Compound AG-lc—T kTA (><109 dm3 kTO (>< 109 dm3 AGgT kSA (><101°drrr°’ kST(><101°dm3 kso(XlOlO dm3
(kJ mol1) mol~1s71) mol~1s71) (kdmotl)  mol-1s1) mol~1s1) mol~1s1)
Naphthalen}-:'1 —234 1.55 0.95 —152 0 2.23 0.87
Acenaphthalerié —46.3 2.52 3.08 —-170 0 211 1.59
Phenanthrerié —-309 1.60 1.60 —-116 0 3.18 0.13
2,6-Dimethoxynaphthalene-76.2 2.40 7.20 —155 0 0.83 2.48
1,2;5,6-Dibenzoanthracene —9.7 1.63 0.27 —-94 0.80 0.80 1.26
9-Cyanophenanthrene ivg 1.28 0.32 —74 0 1.98 0.35
Pyreng! -8.7 1.66 0.44 —-128 0.94 0.59 1.60
Anthracené! 130 1.91 0.29 —128 0 2.19 0.81
Fluoranthen&! 10.6 1.18 0.18 —83 0.20 0.23 0.23
1,2-Benzanthracene B 1.71 0.19 -109 0 2.47 0.66
1,11-Benzoperylene —19.3 1.71 0.19 —130 0.87 0.17 1.83
Perylené! 17.8 0.30 0.00 —104 1.03 1.56 1.22
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Fig. 2. Dependence 81<T3fp/ k_q according to Eq(15)on the free energy
changeAG%T in acetonitrile for the current set of compoun@)( for the
rest of previously reported unsubstituted aromatic hydrocarb©o)g11],
for biphenyl derivatives 4) [16] and naphthalene derivativeSl) [20] in
acetonitrile.

Fig. 1. Dependence of the rate constant for quenching of triplet state by
oxygenkg (0), and the efficiency of singlet oxygen, Gt Eg), production,
/X (@), on the free energy change from the triplet stag$ .

T o _ and without energy transf§t6,17], further evidence for the
scatter. Dependence kﬁ.ande on the oxidation potential  5crrence of which has recently been obtained by Schmidt
oronthe energy of thg triplet sFate is best qbserved when onlyand co-worker$14,19] Steady state treatment of all the re-
one _parameter is variable while other varlablgs are kept ap-4ctive intermediates iScheme 3assuming all intersystem
prowanater constarfl4-17,19-26]HoweverFig. 1shows  .rossing steps between the encounter complexes and charge
thatkg dec[eases while the efficiency of singlet oxygen pro- onsfer complexes are negligible, gied]:
duction, Q" (*Ag) production, £}, increases as the free en- 11 1 11 1
ergy changeAGCT, increases. The dependencé&)ﬁndfl kTA ES kd( kT fP + kA)/g(k—d + kT fP + kA) (12)
on AGST is not dissimilar to those reported previously by us  kto = 3ka>k7° fp/9(k—q + 2k7° fp) (13)

f le Refil6,17,20,21). Val ] are <1/ :
(sede o ?ﬂh ) P % 4 Wheretfe=T/(tt +e) and o= kel (G + k), i,
an fa values are in the range 0'50_1,'0 or all compounads s and3fp are the fractions of the charge transfer complexes
with two exceptions: these are 2,6-d|meth0xynaphthaleneWhiCh dissociates to give O(1Ag) and G(E5), respec-
and acenaphthene where K¢S k] <4/%g and f1 values _ L _ 9 _ 9o
4 tively. Whenf, is zero, i.e., when there is no charge transfer

are 0.25 and 0.45, respectively. It can be setable 1) . ) NI
that f] values are approaching the range expected accord-2ssisted quenchingra = krx which is given by

ing to Scheme 2while k] values are still well below 4§ KAE — klkn/9(k_g + ka) (14)
(kg=4.3x 101%dm* mol~1s~1) for two of the compounds
and lower than 1/ for the rest of compounds.

In 1977 Garner and Wilkinsdi65] suggested the involve-  3;.3 £, 3kTo0
ment of charge transfer complexes and the possibility of inter- k_q = kq — 3kT0 (15)
system crossing between the various quenching channels in
the mechanism of quenching by molecular oxygen. Recently, Dependence ofkr3fy/k_g on the free energy change from
we have proposed competition between non-charge transfeithe excited triplet statexG?T (Fig. 2 gives a slope of
assisted energy transfer (i.e. also including the step labelled—0.019+ 0.001. This value is about 11% of the expected
1k, in Scheme Band charge transfer assisted quenching with slope of full electron transfer quenching of R Therefore,

Rearrangement of E¢13) gives

;;"A

119k, Yer Ik g

M + 0,65, 1OM..0,35.) J(M&OS’)il'i(M 10, 1A,) — M +10,7('A)
A ~0p7%, -0y 0y A — 2 (A

';\—_.[.
3/9k, 3er 3,
L‘M‘Jro(."\z- —'-—33M 32- —‘-EM5+ 8- P 3M3 32- ka M+3 32-
5 11} "'_k( ( ..02, g} ‘-_]L ( ..02 } —_— ( » 02, g) —_— 02( g)

- )

S 5% . .
M +0,05) == (M.0,’%)

-d

Scheme 3.
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partial charge transfer participation of about 11% is expected = Schmidt and co-workerd 4,15,29]have found that for a
to take place in the quenching of the triplet states by oxy- series of sensitizers with strongly varyifig < 220 kJ mot?,
gen in acetonitrile, which is not far from what we suggested the rate constant@}x, k%A andk13%/3 depend on the ex-
before for different series of compounds which are also in- cess energ\E for the formation of @*(*=§), 02" (*Ag)

cluded in the figure for comparisgh6,17,20,21] Inclusion and Q(3Eg—) from 13(3M..0,, 329—) encounter complexes

of values for bipheny]16] and naphthalene derivativiz0] in CCls. They have suggested that these rate constants for
together with un-substituted aromatic hydrocarbfiri] in the non-charge transfer assisted quenching can be described
acetonitrile shows scatter as shownFiig. 2 Such scatter by an empirical polynomial fit if the oxidation potentials
between different series of compounds point to the involve- >1 .8V versus SCE. Based on their results which included
ment of other parameters in the quenching of the excited the formation of Q*(lzar) they assumed a fast and fully
triplet state by oxygen like molecular parametgirswhich established ISC equilibrium for the encounter complexes,
needs further investigations. Inclusion of non-zero intersys- 1.3.53\..0,, 325), but only a comparatively slow ISC be-
tem crossing rates as high as'46! did not change the fit con charge transfer complex&$(M®..0,>-), and gave

very much as was observed by us previoysl. However,  ocaniiy a three dimensional presentation that correlates these
using higher values for the intersystem crossing rates so that ;o onstants witiAE and Eox. {full details of the kinetic

- 53
gqli'“b”um between the encounter com%|+e i M..Oz, schemes and differences are given previously see for example
4), and charge transfer complexés(M?*..0,"), is es- Refs.[10,14,15,20,29].

tablished did not result in good fits and subsequently the

extent of intersystem crossing between the intermediate

complexes is not established and still need further investi- 3.2. Quenching of the excited singlet states
gations.

Itis worth mentioning that an alternative kinetic schnemeto  The situation of quenching of the excited singlet state by
Scheme 3s given by Schmidt and co-worke#4,15,18,21] molecular oxygen is much more complex than in the case
According toScheme 3the ground state molecular oxygenis of excited triplet states quenching by molecular oxygen. The
formed through the triplet channel in the sequet(éM..O,, fraction of excited singlet states quenched by oxygen which
355) = 3(M**.02°7) — 3(M..302, 3% ) with rate constant  Yields singlet oxygenfs and the fraction of excited singlet
of 1/3ky, and/or through the singlet channel with intersystem states quenched by oxygen which results in triplet stzfq%s,
crossings between the encounter complexes or charge transfedefined inScheme Zare rarely reported. Potashnik et [&l]
complexes with quenching rate constarit/9%y. Whereas, showed thathS was unity in the case of eight aromatic hy-
02" (*Ag) is formed vial(3M..0z, 35 5) — }(M..02", 1A ) drocarbons in toluene as solvent, but in the range 0.36-1.0
and/or the charge transfer assisted energy transfer viawhen acetonitrile is used. More recently, valuesfé‘fless
13M..0z,3355) > H(M**..02°") — 1(M..02", 1Ag). Onthe than unity have been reported for several aromatic hydrocar-
other hand, Schmidt’s alternative kinetic model indicate bons in acetonitrile by Sato et §¥]. Wilkinson et al.[8,9]
that triplet ground state oxygen is formed via the inter- showed that for anthracene and several of its derivatiﬂr%s,
nal conversion of(3M..0z, 3%5) — 3(M..0z, ®zy) and/or  were found to be unity in cyclohexane and to vary from 0.6
mediated by the charge transfer complex, i¥3M..0,, to one in acetonitrile. Recently we have shown tf;%t/aIues
325) — 3(M%*..0%7) — 3(M..O,, 329—). The energy gap are approaching unity for 11 aromatic hydrocarbons in cy-
relation for the dissociation of the encounter complexes clohexang10] and varies from 0.50 to 1.0 in acetontrlel ]
13(3M..03, ®%y), leading finally to the formation of excited ~ for the same set of compounds. Values/gfless than unity
and ground states of molecular oxygen, has also been treate@re usually explained as arising from quenching due to charge
differently by Schmidt and co-workers. Recerjtl,20], we transfer interactions, which have often been shown not to give
have derived an energy gap relation (Etﬂ)) in an attempt rise to free ions even in polar SO'VerﬁYSg,ll]. Values Offg
to evaluate the rate constant in the absence of charge transfeare also rarely reported in literatUtg2]. McLean et al[12]
assisted quenchingE in cyclohexane. According to our ~ measured the efficiencies of singlet oxygen productign
treatment, at a particular excess energy there is a lower valudrom the excited singlet states of seven compounds in ben-
for kt Which is likely to have an energy gap dependence less Zene solution and reported values of zero in all cases except
steep than that given by Siebrand and Williaj®6—68] for for pyrene and perylene for which values of 0.13 and 0.56,
T1— S radiationless transitions in aromatic hydrocarbons, respectively, were reported. However these authors assumed
a curve has been drawn to fit through the points for com- /7 values of unity, as did Usui et gl13] who reported/s
pounds with high oxidation potential which give the lowest Vvalues for seven aromatic hydrocarbons in cyclohexane. The
values forkra which can be interpreted as defining values assumption of? values of unity may be justified in these two
equa| to or at least close to the valueskef which pertain cases since the solvents used were non-polar. Wilkinson et al.
when charge transfer assisted energy transfer is neglected(8,9] have reported the efficiencies of singlet oxygen produc-
Such a treatment is of course limited by the available data tion fromthe singletand triplet states of a series of anthracene

and might change slightly if lower valueslofs are reported  derivatives in cyclohexan@®] and acetonitril¢9], where the
at a particulaAE value. values of /3 measured in acetonitrile as a solvent are lower
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Fig. 3. Schematic electronic energy level diagram for encounter complexesyjMox@ed between aromatic hydrocarbons (M) and molecular oxygen in
acetonitrile. Labels are CP, cyanophenanthrene; An, anthracene; BPer, benzoperylene; and Per, perylene.

than those reported in cyclohexane for the same compoundsl. For

and vary from 0 to 0.50. Recently we have repoifte@i 11]

the efficiencies of singlet oxygen production from the excited
singlet states for 11 aromatic hydrocarbons in acetonitrile and
cyclohexane. We have shown thai] in acetonitrileff is
zero for eight of the compounds and varies from 0.25 to 0.30
for the other four compounds in acetonitrile while in cyclo-

hexand10], perylene was the only compound shown to give 2.

/3 values of 0.28 and zero for the rest of compounds.
The efficiency of singlet oxygen production from the
excited singlet statefy, is about 0.3@:0.05 for 1,2;5,6-

dibenzanthracene, pyrene, fluoranthene, 1,11-benzoperylene

and perylene and about zero for the rest of compounds. The

energy levels of the encounter complexes between some of

these compounds and oxygen are showfign 3. The ar-
rangement of the energy levels of the encounter complexes
of other molecule belongs to the arrangement of any of those
shown inFig. 3. In other words the arrangements shown in
Fig. 3represent the different possibilities for the set of com-
pounds under investigation, for example the arrangement of
the energy levels of 2,6-dimethoxynaphthalene and phenan-

threne resembles that for cyanophenanthrene (set 1) while the

arrangement of the energy levels of naphthalene, acenapthene
and 1,2-benzanthracene resembles that for anthracene (set 2),
whereas 1,2;5,6-dibenzanthracene, pyrene and fluoranthene
resemblesthatof 1,11-benzoperylene (set 3) and case number

(4) for perylene only. For these four cases:

2,6-dimethoxynaphthalene, phenanthrene and
cyanophenanthrene, the condition theEsT > E(lAg);

94 kJ mott is not fulfilled. In other words, the energy of
the encounter comple¥(T1..2Ag) is higher than that of
3(81..329‘), therefore, singlet oxygen production is not

possible in this case. For these three compoqfﬁi& 0
(Table .

For naphthalene, acenapthene, 1,2-benzanthracene and
anthracene, the internal conversion from the encounter
complex3(S;..3%5) and the efficiency of formation of

the triplet encounter compleX(T2.3%y) which can
undergo internal conversion directly to givéTs.35;)
by-passing thé(T1..1Ag) state which can then dissociate

to give 3M*(T1) + 02(3°%y) without energy transfer

is the domination reaction pathway in this case. Thus
very low values of ff in this case can be attributed

to the occurrence of these same processes, since the
energies of the encounter complexes are in the or-

der (8.354) > (T2.355) > (T1. Ag) > (T1.3%y).
The ordering of the energy Ilevels of
(S1.3%4)>(T2.355)>(T1.3%y) for phenanthrene

and cycnophenanthrene (case 1) and for naphthalene,
acenapthene, 1,2-benzanthracene and anthracene (case
2) as (9.3%4)>(T2.3%5)>(T1.1Ag) > (T1.3%y)
explains the high values ofTS and kst in these two
cases (ables 1 and R with one exception for 2,6-
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Fig. 4. Dependence of the net quenching rate consitapi(s)) andkro (M),
calculated using Eq$8) and(10), respectively, on the free energy changes
AGST andAG$T, and those taken from RélL1] for kso (@) andkro (0).

dimethoxynaphthalene WherﬁTS values is 0.25. This
low value of 2 in this case can be attributed to the
competition with radical ion pair generation.

. For  1,2;5,6-dibenzanthracene, pyrene, fluoran-
thene and 1,11-benzoperylene, the ordering of
energy levels within the encounter complexes,
(S1.324) > (T1. Ag) > (T2.325) > (T1.3%y), also
explains why in these compounds singlet oxygen is
produced. In addition, the values kg, are high enough
(Table 2 to compete with the internal conversion to the
(Tg..SZa) complex state since this lies at a lower energy

than (Ti..1Ag) yielding f3 of about 0.3 for all of them.
. For perylene the fact that the energy of the. (3125) state

lies above that of (8.3%) easily explains why' is not

zero in this case. Other deactivation pathways that com-

pete with the dissociation of (fl'.lAg) encounter complex

and hence reduce the valuefy are indicated by dashed
arrows as shown ifig. 3.
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on AG?T can be fitted assuming thiato approach diffusion
limit (solid line Fig. 4), where it can be seen that the solid line
passes through the highest valueked approachindy at
high negative values afGS. Itis also important to note that
the dependence of the rate constdaison AGgT is slight
and so if the triplet data shown Fig. 4is removed it is quite
possible to draw a different curve through the experimental
points which could yield a higher plateau rate constant i.e.,
approachinggy at even more negative values@GgT.
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