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ABSTRACT

In vapor-phase oxygen quenching rate constants of excited singlet (k%)
andtriplet (k) stateswereinvestigated for polycyclic aromatic hydrocar-
bons having significantly distinguishing oxidation potentialsE_. The sig-
nificant spread in the rate constants was found (4-10 ® s* torr'< k % <
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1.2.10" s'torr?; 5:10°< k%2 < 4-10° s* torr™). The values of both k.°? and
k.2 change linearly in the logarithmic scale with free energy change for
complete electron transfer AG_,, which points that the charge transfer in-
teractions are involved in the oxygen quenching of the S and T, statesin

vapor-phase. © 2008 Trade Sciencelnc. - INDIA

1.INTRODUCTION

The polycyclic aromatic hydrocarbons (PANS) are
compoundsthat areof interest from theenvironmenta
gandpoint. They arefrequently rd easedinto atmosphere
fromtheindustria wastesand the petroleum spillsand
play important rolein aimaspheric photochemigtry. Their
natural photochemica oxidationandsinglet oxygenme-
diated processesin the atmosphere have attracted at-
tention as possi bl e decontamination way!™. Themost
significant successwasachieved in theunderstanding
of theinteractionsof organic moleculeswith O, insolu-
tions. To date, there are only severa worksdevoted to
thestudy of such interactionsof polyatomic molecules
invapor phasd?. However, experimenta dataobtained
for the gasphase serve asthe basi sfor verification of
modern theoretica modelsand provide necessary in-
formation for modeling gas-phase photochemical pro-
cesses. Moreover, inthe gas phase, wherethe effects

caused by solvent and molecular diffusion are absent,
the dependences of the oxygen quenching rate con-
gantsonindividua propertiesof interacting molecules
can bedetermined uniquely.

At the present work, the oxygen quenching rate
condantsof excitedsinglet S (k%) andtriplet T, (k%)
states were estimated in vapor-phase for PANS: an-
thracene (A), 9-methylanthracene (9-MA), 9-
nitroanthracene (9-NA), 9,10- dibromoanthracene (9,
10-DBA), 2-aminoanthracene (2-AA), and 9,10-
dicyanoanthracene (9,10-DCA), chrysene (Chr),
phenanthrene (Phen), fluoranthene (F1) and carbazole
(Car) having significantly distinguishing oxidation po-
tentialsE . (0.44V<E_<1.89V vsSCE).

2.EXPERIMENTAL

Nitrogen lasersgenerating pulseswith ahdf-width
of 1.5 ns or 100 ps, energy of 2 mJ or 50 pJ, and
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Figure1: Thetime-resolved emission of 2-AA at vapor
pressure0.46 Torr, T=423 K, A, =417 nm: fast compo-
nent (1), slow components (2) and (3) at P_,=0 and 1.32

Torr, respectively
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FigureZ2: Plot of the2-AA decay ratesk vsP_, at different
temperatureof vapors. -473K, ¢-453K

repetition rate of 10 Hz wereused for excitation. The
measurementsat different wave engthswerecarried out
with theinterferencefilterswith transmission band of
half-width 1.5-2 nm. The spectrawererecorded on a
scanning monochromator. Time-resolved luminescence
was measured using asystem cong sting of photomulti-
pliers: Hamamatsu R1828-01 or FEU-79 and
Tektronicsdigital oscilloscope(TDS3032B 300 MHz)
connected to an IPM PC. A dua channedl signal acqui-
sition was used. In each measurement, asmuch as 500
signalswere detected and analyzed by |east-squared
fitting method with apersonal computer. Sampleswere
prepared in avacuum quartz cell heated to arequired
temperature (423-623 K). The cell was connected to
avacuum systemviadry vave and evacuated to 10
torr. Oxygenwasadded to thecdll viadry vavefroma
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glassreservoir.

Thelaser-induced luminescence of PANshasafast
and slow component (Figure1). Thefast nanosecond
component correspondsto fluorescencefrom thefirst
singlet state S, with decay timeschanging from 8 nsto
28 ns. In addition, PANsemit adelayed fluorescence
(DF) dueto the bimolecular annihilation of two triplet
molecules. A rapidintersystem crossing S —T, was
exploited to preparesendgtizer moleculesinatriplet Sate.
Theinitia part of the DF curves, which does not ex-
ceed several microseconds after the excitation, isde-
scribed by hyperbolic function (I-¥?= at + b), but DF
decay curveswithintherangefrom 100usafter theex-
citationto 2t wheret_ isthedecay timeof thetriplet
state, arewe | approximated by an exponential curve.
Thislong component was used for estimation of the
oxygen quenching rate constants of thetriplet states.
Both thefast and Slow component decay ratesaswell
astherelativeintensities of fluorescenceand DF are
measured inthetemperaturerange 423-623K for mix-
turesof PANsvaporswith oxygen.

PANswere purchased fromAldrich. In addition,
substanceswerepurified by sublimation.

3.RESULTS

(1) Thedecay ratesk, of thefluorescenceat 0<P_,<
2-20torr and decay ratesk  of DFat0<P_,<5-
20torr increaselinearly with increasing oxygen
pressure: K=k, + K P andk =k ,+ K *P_,
wherek , k, arethe decay rates of the fluores-
cence and DF, respectively, inthe absence of the
oxygen, k. and k, > arethe quenching rate con-
stantsof thestates S and T, . At higher pressure,
the behavior of the dependencesk, (P,,) and k.
(P,,) becomenonlinear (Figure 2). Thek > and
k%> were estimated by the linear portion of the
dependences ksm (P,,), and the quenching effi-
ciencieswere calculated as B = kg, %k, (K, is
therate congtant of gas-kinetic collisons, thevaue
of whichwas calculated with radii of PANstaken
fromi® andr_,=2 A.

(11 A decreasein thetime-integrated fluorescence in-
tensity |, and DFintensity I, with P_, increasewas

detected. The dependences(1./ 1) (P,,) and 1/
lo, (P, (I 1,and [, 1, arethetime integrated
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Figure3: Plot of theDF relativeintensities|/I jof 9-MA vs.
P, at different temper atureof vapors

intengtiesinthe absenceand presence of oxygen,
respectively) arelevel off with P_, increasing. By
thevaluesof (1,,/1,) and (I / 1,), corresponding
to the saturation of the dependences(l,/1,) (P.,)
and(l/1,) (P.,), weestimated thefraction of the
oxygen-quenched singlet (9,>*=1-1./1 ) and trip-
let (0, %= 1-1./1,) states.

(111) Inthetemperaturerange 423-623 K the oxygen
quenching rate constantseither do not changewith
temperature growth or show weak negativetem-
perature dependencein the PAN vapors (Figure
3).

(V) Inthegas phase, new luminescence bandsdid not
appear under conditionsof experiment.

4. DISCUSSION

In solutionsthe oxygen quenching of excited states
of aromatic hydrocarbons, including PANS, hasbeena
subject of several investigationg?®. Inthe case of the
quenching of thestate S, oxygen can beformed either
inoneof thesinglet statesor intheground triplet Sate.
If theenergy gap AE_, betweentheS and T, exceeds
theenergy E, of thelevel *A of O, direct energy transfer
from S, to O, can occur with formation of singlet oxy-
gen'O,. The oxygen-enhanced intersystem crossing
(1SC) S,—T, with theformation of O, intheground
triplet stateisfrequently considered asthemost impor-
tant processfor deactivation of the S, insolutions. How-
ever, thiscaseisfar from being general. Other obser-
vations have a so been reported for aromatic hydro-
carbonsin solutiong*8!

The oxygen quenching of thetriplet states T, sug-
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gests: (i) e ectronic energy transfer fromthe sengitizer
to oxygen, followedin themgjority of solutionswitha
high (up to 100%) efficiency of *O, formation, and (i)
the oxygen-enhanced ISC T,— S, considering asthe
most probabl e processin solutions.

Themost important featuresof thePANsbeingin-
vestigated areasfollows: (1) for all the PANSs, except
for chrysene, carbazoleand phenanthrene, theenergy
gap (AE,) exceedstheenergy of thefirst singlet level
of oxygen, equal to 7882cm* (AE_ >AE,=7882cm?).
Therefore, for most PANs makeit possibleto produce
singlet oxygen dueto energy transfer fromboth thesin-
glet andtriplet molecules, (I1) theclose-to-unity sum of
guantum yields of the fluorescence and of thetriplet
formation duetotheintersystemcrossing (ISC) S —T,.
Theeffect of rateof theinternd converson (IC) S-S,
onthekof PANsisnegligibly smal invaporsand neu-
tral media. Therefore, the state S, PANs can be
quenched by O, viatwo channels: theformation of sin-
glet oxygen and triplet moleculesof PANsdueto en-
ergy transfer (witharate constant k.); theformation of
triplet molecul es of both reagents dueto oxygen-en-
hanced ISC S —T, (witharate constant k). Inthis
gpproximation, theratecongtant of k. >>wasdetermined
in®
k0%= [keol (kg + KDk + kK, +Kg,) )
where k , and k , are the rate of gas—kinetic collisions and
collision complex dissociation.

Thetriplet T, levels of PANS, located above the
singletlevelsof O, canbequenched by O, viaboththe
electronic energy transfer (witharate constant k ) and
the oxygen-enhanced ISC T,—S, (with arate con-
stant k). So in the gas phase, the k, °> was deter-
minedin®as
k,92=1/9 k_k /(k  +k )+1/3k [k K o) @)

For theeasily oxidized sensitizer molecules, in so-
lutions and eveninthevapor-phase, thedecay rates of
k., and k areaffected by the charge-transfer (CT) in-
teractionsleading to the formation of excited complexes
of different multiplicity, 3(S O)*, +*3(T,0?)*, someof
which are stabilized by CT from PANsmoleculesto
the oxygen(28919,

Asfollowsfrom (1), for severa PANS(A, 9MA,
2AA) therather highinitid valuesof ISCrate (k =2-10°
s?) that were enhanced in addition dueto CT interac-
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Figure4: Plot showingthedependence of logk °>and log
k,%*for seriesof ANTson thefreeener gy changefor full
electrontransfer AG,. Theinsert showsthecorrelation

of E_vsl
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TABLE 1: Experimental valuesof thequenching rate con-
stantsof singlet (k,°%) and triplet (k) states, fractions of
theoxygen quenched singlet (q°%) and triplet (q°%) statesfor
PANsin vapor-phaseat T=423K

02 7

Compounds E, cm™? :’%tcfrqul q°% %ﬁe‘l
2-Aminoanthracene 24990 1,20 0,54 -15160
Anthracene 28100 1,20 0,72 -12536
9-Methylanthracene 25600 1,20 0,50 -11568
Carbazole 28950 0.70 0.65 -13463
Phenanthrene 28900 0.33 0.38 -10370
Chrysene 27640 0.30 0.75 -10463
9,10-Dibromoanthracene 24800 0,15 0,40 -7616
9,10-Dicyanoanthracene 23300 0,04 0,01 -786

02 4

Compounds E, cm™* l;?l?;?,i q?, ig?‘l’
2-Aminoanthracene 14600 40,00 0,98 -4800
Phenanthrene 21640 7.00 0.98 -10370
Chrysene 19980 2.77 0.80 -2801
9-Methylanthracene 14700 1,00 0,86 -429
Fluoranthene 18475 3.00 094 799
Anthracene 14880 0,93 0,93 764
9-Nitroanthracene 14630 0,40 0,74 1741
9,10-Dicyanoanthracene 13300 0,05 0,12 3630
9,10-Dibromoanthracene 14060 0,30 0,30 3940

tions, exceedthevaluesk  at P_, used. Insuchacase
the highest quenching rates approach thegaskinetic
ones. Therefore, the dependences of k> onthe elec-
tron-donor characteristics, in particular, on the gas-
phaseionization potentialsl| ,werenot detected. More-
over, under conditionk_ >k , itisassumed no produc-
tion of singlet oxygen. For others PANsthe decrease
of ratecongtant valuesfromthelargest k ** tothesmall-
est k,“% by four orders of magnitude correspondsto
increaseinE_ from0.44t0 1.89V vs SCE.

The dependences of k °>and k ?on the free en-
ergy change of complete electrontransfer AG,, esti-
mated by Rehm-Weller equation™':

AGet=F(E,E .)Eqry ©)
where F is the Faraday constant, are shown in
figure4. TheE_, obtainedinneutrd solutions(E_=1.89;
1.61; 1.53; 1.45;1.35; 1.21; 1.20; 1.14; 0.96; 0.44V
via SCE for 9,10-DCA1, FI4: Phen, 9,10-
DBA!3] , Chr24 © O- NA[13.14] , Carl3 : A[13’14], 9-
MAIS 2-A Al respectively), and the oxygen re-
duction potentia E_,=-0.78 V via SCE were used.
Theliner correlation between E_ vauesused and the
gas-phase Ip was found. In the region —11000 cm
'<AG_<4000 cm*, ageneral dependence, closetolin-
ear for thewholeset of log ksm02 wasobtained. This
dependence showstheincrease of the ksm02 withAG,
decrease. By thelinear dependencelogk, > on AG,,
we estimated the degree of e ectron transfer 6 which
was found to be small (6=18 %) with respect to the
complete electron transfer (the expected slope-(2.3
kT)41) asfor some other polycyclic aromatic com-
poundsin non-polar solvents'6*”. Good linear corre-
|ation between log(k, %) and AG,, suggests thein-
volvement of CT interaction intheoxygen quenching of
PANsexcited states. It istheindication that quenching
of thestates S and T, by O, can proceed by the mecha-
nism involving the formation of CT complexes
(PAN?®*O2%) with the same partial CT character. As
followsfromthedataof theTABLE 1thefraction (9>
and (q,%) of thequenched singlet and triplet states de-
pend on AG,,, confirming that inthe vapor phasethe
oxygen quenching can begoverned by CT interactions
and that the singlet and tripl et states of PANsvapors
arequenchedincompletely by O,.

In contrast to the widely used opinion that the
guenchinginthegasphaseiscontrolled by collisons,
thequenching efficienciesof thestate S, of PANswere
found to be either comparabl e with the gas-kinetic effi-
cienciesor lower them by two orders of magnitude.
The values k. %* (1.2-10" s'torr* (A) - 5-10° s'torr*
(9,10-DCA) or 3.0-10'* mol-1s?-1.2-10%° mol-1s?)
werelarger than thosein solutionsfor e ectron-donat-
ing substitutionswith low E_, wherevaluesk °*ap-
proached diffusion-controlled limit (2.6-3.1 10° M-1s
1. However, aclear deviation from thisbehavior was
observed inthe case of cyano- and chlorosubstituted
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ANTswithlargevaueof E_¥, for whichthek °* de-
creased to 9-11-10° mol-is?, i.e. with decreasein the
efficiency of CT interactions. Inthegas-phase, therate
constants areexpected to belarger for processes, lim-
ited by diffusionin solutions. Moreover, for gas phase
systems, the absence of the effect of solvent reorgani-
zation energy also promotesto increasetherate con-
stants of electron transfer.

The rate constants k,°> of PANsin vapor phase
differed markedly from those in solution. (1) PANs
showed the k °?values varying within awide range
(5-10°-4-10°s* Torrt or 1.2:10%-1.0 -10° mol-*st) and
smaller thanthosein neutral solutions (k,%°=3.1+0.4-10°
mol* st for A and its el ectron-donating substitutions
and 5.2:108 mol* s* for 9,10-DCA)“58)_ (1I) Thera-
tiok %7k, %% (30< k 27k ><8- 1) diiffered by several
ordersof magnitudefor different PANS, while, in solu-
tions, thisratio isfrequently determined by the statisti-
cal spinfactor (closeto9). (111) Thevalueof k > was
smaller by several orders of magnitude than the gas-
kinetic rate constants (4-10° <k , %/ k% <3.5-10Y),
however, in neutral solutions, thevaluek %= 1/9k
corresponded to the upper limit tothe quenching events.
(1V) No pronounced dependence k°*(AG,,) was ob-
served for aseriesof ANTS (A, 9-MA, 9,10-DBA)
studied in cyclohexane, while, inthe vapor-phase, the
vauesof log k,*>decreased linearly with AG,, increase.

Inthevapor-phase, thesignificant variationsinthe
experimental k.°* and k,“*can beinterpreted interms
of non-collisonlimited quenching (k > k. >>>k ).
In solutions, thediffusion-controlled process obscures
thevariation of theactual quenching rate constantsand
their dependences onthe molecular parameters. When
invapor phasethek 2 and k,** decreasewithincrease
inE_, itmay besuggested that the deactivation stage of
the collision complex |eadsto theformation of com-
plexes, stabilized by CT with different stability and life-
time. Thus, E_ isthemost important parameter deter-
miningthequenchingby O, andthecomplex stability of
PANswithO,.

Thefraction of the singlet states g.° and triplet
states g, quenched in vapor phase by O,
(0.01<g,*<0.75; 0.12<q,“*<0.98) were dependent
onAG, (TABLE1). Theq, vaues, distinctly smaller
than unity were often found in solutions and were ex-
plained by the competition between dl oxygen quench-
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ing pathways and theintramol ecular deactivation pro-
cesses?. Despitethelonglifetimesof triplets, thefrac-
tion g, (0.98 (Phen, 2-AA)-0.12 (9,10-DCA)) ap-
proaching to benear unity only for PANswithlow AG,
while, in solutions, the g, °* values obtained for PANs
under consideration variedwithintherange (0.9-0.6)144.
Conclusion was made that in the vapor phase, the
changesin q.,%%and g, °>depend morestrongly on com-
plex stability, or, in other words, on the redox proper-
tiesof colliding partners. Inthe gas phase asthe most
non-polar medium, thereisno asolvent cagestabilizing
the complexes. Thereforethe conditionsfor the com-
plex formation and dissociation differ from the corre-
sponding conditionsin solutions.
Thetemperatureinfluence on the oxygen quench-
Ing rate constants have not been examined widely for
gas-phase systems?, athoughit isof great interest to
€l ucidate themechanism of the oxygen quenching reac-
tionsandto verify thetheoretica models. The dataob-
tained have shown that the temperature dependences
for both therate congtants of thesinglet and triplet states
aresimilar. For different PANsthe negativetempera
ture dependences aswell asthe absence of tempera-
ture dependencesfor the oxygen quenching rate con-
stantswere observed over the sametemperaturerange.
For exampl e, the activation energy estimated from the
temperature-dependent rate constants proved to be
negetivefor thefluorescencequenching of phenanthrene
(E=-125 cm?), anthracene (Ea= -550 cm'Y), carba-
zole (Ea=-570 cmr?). For triplet states quenching of
phenanthrene, anthracene, chrysene and fluoranthene
the activation energies are close to zero. These data
arein contrast with theoriginal Markustheory, which
predictsthe emergence of apositiveactivation barrier
inal casesand astrong temperature dependenceinthe
“inverted” region. Excited-state electron transfer reac-
tionsarecommonly considered as ones controlled by
activation energiesthat are necessary for apreliminary
reorgani zation of medium and reactants. The conven-
tiond interpretation of activation barrier ineectrontrans-
fer reactionswasreconsidered in*®, It was shown that
actually thereaction rateis controlled by the entha py
of thetransient complex formation and activation en-
ergy of itsdecay by dissociation into fina products of
electrontrandfer, intersystem crossing and interna con-
version. According to thistheory®, thetemperature
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dependencesfor oxygen quenching rate constants of
PAN excited states can be interpreted as aresult of
manifestation of the concerted mechanismfor theelec-
tron transfer, which correspondsto the simultaneous
€l ectron trand ocati on and reactant reorgani zation dur-
ing the quenching processin the heated vapors.

4. CONCLUSIONS

I. InthePANSsvapor, the oxygen-quenching ratecon-
stants k,*? (1.2-10" s* torr* (A)-4-10° s* torr*
(9,10-DCA)) and k,**(5-10% s* Torr*-4-10° s*
Torrt) were found to vary within awide range,
namely from theva ues closeto gaskinetic onesto
thevaluesthat are smdler by four orders of magni-
tude. Thek °?val ues obtai ned were substantially
larger but k “* valuesweresmaller than thosefor
neutral solutionswherequenching PANsexcited
gatesisfrequently diffuson-controlled.

Il. Based onthefact that log k02Sm increaseslinearly
withincreasing exothermisity of the processof the
full dectrontransfer, it was established theimpor-
tanceof theinteractionswith partial CT character
for the oxygen quenching of PANsexcited satesin
thevapor-phase.

I11. Inthe heated vapors of PANsthe oxygen quench-
ing rate constantseither changewith temperature
growth or show week negative temperature depen-
dencesthat are considered asaresult of formation
of CT complexes (PAN>*O,>) withthepartial CT
character and explained by the mechanism of the
simultaneous €l ectron transl ocation and reactant
reorgani zation during thequenching processinthe
heated vapors.
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