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Contribution of Diffusion to the Quenching by Oxygen of the Lowest Electronically Excited
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The quenching by oxygen of the lowest electronically excited singl@ef®l triplet (T,) states of five aromatic
molecules in methylcyclohexane (MCH) at pressures up to 400 MPa was investigated. The apparent activation
volume for the $ state, AV, at 0.1 MPa fell in the range from 14 to 16 &mol, which is significantly

smaller thanAV* (25 cni/mol) determined from the pressure dependence of the solvent viscgsity,
whereas that for the 1Tstate,Avg*, at 0.1 MPa changed from6.1 (anthracene) te-15.2 cni/mol
(triphenylene) and correlated approximately linearly with the triplet eneEngowever,Avg* at 350 MPa

was positive and almost independen&sf(3—6 cn¥/mol). The pressure dependencekﬁaf/vas interpreted in

the framework reported previously by us, and thak/pivas attributed to the contribution of diffusion to the
quenching in which the encounter complex pair with singlet, triplet, and quintet spin multiplicities formed
between the oxygen and, Ftate molecules is involved.

Introduction

It has been often believed that the lowest electronically
excited singlet (§ and triplet () states of aromatic mole-
cules are quenched by oxygen with nearly or fully diffusion-
controlled raté:* The bimolecular quenching rate constant for
the S state,ki, in a solvent with viscosity;, therefore, has
been predicted approximately by the Debye equation for
diffusion as follows!=>

kS = 8RTay (1)
wherea. is 3000 and 2000 for the stick and slip boundary limits,
respectively. For the quenching of the State by oxygen, it
has been shown that the quenching rate conskénis nearly
equal to k§/9 because the encounter complex pairs with
singlet}(MOy)*, triplet, 3(MOy)*, and quintet,>(MO2)*, mul-
tiplicities formed between the oxygen ang State molecules,
3M*, are involved in the quenching as shown in Schemé®l,
where kgir is the rate constant for diffusion that is given
approximately by eq 1. The branching ratio leading to the
formation of singlet oxygen!f\y) in the T; state,f Z, that is,
the ratio of the rate constant for the formationafy (=kgit
kl{(k-air + k) to k] is unity for some anthracene derivatives
(f L = 1)/8 whereas it is less than unity for some ketdtiés
and close to unity for some aromatic compouAd¥ in
nonpolar solvents at 0.1 MPa. For the former cafske# 1),
the step okl in Scheme 1 is closed, arli;jr = Kgits/9 (=k§/9)
whenkl, > k_qir. For the latter casef { # 1), kj = 4kqi/9
when klt > K_git and kI: > K_giff.
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Porter et af have studied the dependence of triplet energy,
Er, on k; for various aromatic hydrocarbons, and found that
! is maximal and constant for the molecules with &.QL.0*
< Er < 1.5x 10* cm™t and decreases for those wih > 1.6
x 10* cmL. They also found that the reaction probabilities
(ch]/kdiff) increase in polar or viscous solvents by changing
solvent at 0.1 MPa.

In general, because the application of high pressure can
change significantly the solvent viscosity without changing
temperature and solvent, the studies at high pressure have given
us important information for the quenching with nearly or fully
diffusion-controlled rate. Previously, we showed that the
guenching rate constant by oxygen of thea®d T, states of
some anthracene derivatives is close to a diffusion-controlled
rate and found thalk;/kﬁ' increases with increasing pres-
surel”18 Furthermore, for apparently nonfluorescent 9-acety-
lanthracené? it was found that the branching ratio of the T
state in Scheme I,Z, is unity and independent of pressure up
to 400 MPa in nonpolar solvents. It was also found #jats,
wherek§ is the fluorescence quenching rate constant for 9,10-
dimethylanthracene that is assumed to be equaltoincreases
over 1/9, and approaches 4/9 with increasing pressure. It was
concluded that the intersystem crossing between the encounter
complex pairs is involved in the oxygen quenching of the T
state of 9-acetylanthracene at high pressure.
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TABLE 1: Values of AV 3*(cm3/mol), 0, 0, and kSPmO for the Oxygen Quenching of the $ State in MCH at 25 °Ca

k3P0 Mgt AV5* 0o /Pt KSPMY1QO0 M1 51
anthracene 2.87 142+ 0.9
pyrene 2.7% 15.64+ 0.4 530+ 30 —3604 90 3.6+ 0.7
(440+ 20y (2.4+ 0.4y
DBZA 2.20 14.6+ 0.6 510+ 30 —280+ 120 2.5+ 0.5
CHR 2.54 15.6+ 0.6 510+ 30 —370+ 130 3.1+ 0.7
TPH 2.42 14. 4 0.6 510+ 50 —210+ 170 2.9+ 0.9

@ The activation volume for solvent viscosit&,\/;, determined bydin #/0P)r = AV*/IRTwas 25+ 1 cni/mol at 0.1 MPaP Values at 0.1 MPa.
The errors were evaluated to be about 8% for DBZA, CHR, and THRéferences 17 and 18Reference 20.

Very recently, the quenching of thg State of pyren@?-22 2
9,10-dimethylanthracerf@; 24 and benzai]pyrene by oxygen
as well as heavy atom quenchers at high pressure was examined,
and it was shown tha\ﬁ can be separated into the bimolecular
rate constant for diffusiorkg, and that for the quenchings®m,
in the solvent cage from the analysis of the pressure-induced
solvent viscosity dependence kff. The similar analysis was 2
successfully applied for the triptetriplet annihilation of
2-acetonaphthoi@that is believed to be diffusion-controlled.

In this work, the rate constantk; and/orkg, for acridine, _ _
1,2,5,6-dibenzanthracene, chrysene, phenanthrene, and triphElgure 1. I_?’ressure dependenge lq?ffor three ar?matlc molecules,
enylene whos&r ranges from 1.58& 10¢ to 2.32x 10¢ et together with that for pyren®,in MCH and 25°C. The pressure

were measured in methvicvclohexane at pressures up to 40 ependence d{;?for anthracene and some anthracene derivatives was
yicy P P eported elsewherg:'® The solid lines were drawn by assuming that

: pyrene
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: TPH
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MPa and 25°C, andk,® was separated intiyr andkSPm By Nk = A + BP + CP.
using kgt thus evaluated from the quenching of the state,
the pressure dependence of the ratid{pfo Kqiff, ch]/kdiff was of absorption for each compound for the fluorescence lifetime

determined. From the results, together with the dependence oféasurements. The latter minimizes reabsorption effects. The
the triplet energy,Er, on k| by varying pressure, that is, sample solutions were deoxygenated by bubbling nitrogen gas

varying solvent viscosity, the quenching mechanism by oxygen unde_r nitrogen atmosphere, and_ the value of the concentration
of the T, state was discussed. of dissolved oxygen in the air-saturated solvent reported

previously}” was used (2.5 mM at 0.1 MPa). The increase in
the concentration of oxygen by applying high pressure was
corrected by using the compressibility of solvéht!

Temperature was controlled at 25 0.1 °C. Pressure was
measured by a calibrated manganin wire or a Minebea STD-
5000K strain gauge.

Experimental Section

Acridine and phenanthrene (PHEN) (zone refined; Tokyo
Kasei Co.) and 1,2,5,6-dibenzanthracene (DBZA; guaranteed
grade; Wako Pure Chemicals Co.) were used as received.
Chrysene (CHR; Aldrich Chemical Co.)_ and triphenylene (TP_H; Results and Discussion
guaranteed grade; Wako Pure Chemicals) were recrystallized .
from benzene and ethanol twice, respectively. Methylcyclohex- ~ Pressure Dependence of the Quenching Rate Constant for
ane solvent (MCH: spectroscopic grade; Dojin Pure Chemicals the Si State, k;. The decay curves of the;State in the
Co.) was used without further purification. presence and absence of oxygen were analyzed satisfactorily
ré)y a single-exponential function. The Iifetimesf,’, in the
1absence of oxygen were 46.9, 32.8, and 38.9 ns for CHR,
DBZA, and TPH in MCH at 0.1 MPa, respectively; they are in
a good agreement with those reported by other workkreas
found that r? is almost independent of pressure for the
compounds examined. The gquenching rate conskanﬂor the
S, state was determined by

Transient absorption measurements at high pressure we
performed by using an 8-ns pulse from a nitrogen laser (337.
nm) for excitation and a xenon analyzing flash lamp positioned
at right angles to the direction of the excitation pulse. The
analyzing light intensities were monitored by a Hamamatsu
R928 photomultiplier through a Ritsu MC-25N monochromator
and the signal was digitized by using a Hewlett-Packard 54510A
digitizing oscilloscope. Fluorescence decay curve measurements a0 _
at high pressure were performed by using a 0.3-ns pulse from ey = L = k‘?[OZ] )

a PRA LN103 nitrogen laser for excitation. The fluorescence wherer is the lifetime in air-saturated MCH (p= 2.5 mM
intensities were measured by a Hamamatsu R1635-02 photo-,; 1 MP4"). The values qus at 0.1 MPa are listed in Table
multiplier through a Ritsu MC-25NP monochromator, and the 1. Figure 1 shows the pressure dependencd!ﬁdbr three
resulting signal was digitized by using a LeCroy 9362 digitizing - 5,0 matic molecules studied in this work, together with that for

oscilloscope. All data were analyzed by using a NEC 9801 , ane reported previousi.The apparent activation volume
microcomputer, which was interfaced to the digitizers. The for ki Avlq¢ (i = S), determined by

details about the associated high-pressure techniques have been

described elsewh(.el?éév.28 _ _ @In WE)P)T - _ AV'q*/RT (i=9) 3)
The concentrations of the samples were adjusted to give

absorbances of ca. 0.8 (1 cm cell) at 337.1 nm for the triplet is summarized in Table 1, together with that for solvent vis-

lifetime measurements and ca. 0.1 at the maximum wavelengthcosity, #, Av,t, determined from the pressure dependence of



1286 J. Phys. Chem. A, Vol. 107, No. 9, 2003

SCHEME 2

- o Kaw s
M +0,C2, )  'M'0,)——'M’M

Tk
72931 |t is noted in Table 1 thazlsvi¢ is almost independent
of the fluorophores and significantly smaller thAN’;. In our
earlier workst’-1823the large difference betweaqusjF and
AVf] for the nearly diffusion-controlled quenching was inter-
preted by the fractional power dependence nobn k§ as
follows:

G="An"

whereA is independent of pressure, anc( < 1. The values

of 8 determined from the plots of Il@f1 and Iny for pyrene?®
DBZA, CHR, and TP are 0.7% 0.01, 0.64+ 0.02, 0.68+
0.02, and 0.69- 0.02, respectively; they are in good agreement

(4)

with those for the oxygen quenching of the anthracene deriva-

tives reported previoush.1823Recently, the observations that
AV(?* < AVTI was also found for the quenching of the SSate

of pyrene, 9,10-dimethylanthracene, and beajmfrene by
oxygert®22-25 and of pyrene, 9,10-dimethylanthracene, and
benzof]pyrene by heavy atom quenchét€325and also for
the excimer and exciplex formatiéa,and interpreted by the
participation of diffusion to the quenching, that is, the observed
guenching rate constarkj, involves the contribution of the
bimolecular rate constant for diffusiokgi#, and that for the
quenching in the solvent cages”™ Using this approachgs

is first evaluated, and then the oxygen quenching of thetdte

is explored as described below.

Separation of kqS into kgir and kSPM The kinetic model of
the quenching of the;State by oxygen is expressed{22-25
Scheme 2, where the stepléfmay occur in the solvent cage.

On the basis of Scheme 2, the obserkéabls expressed by

kit K°
K + K°

kS = (5)

In eq 5,k§ = kdiﬁ if kS>> kfdiff andkfl = kdiff kS/kfdiff if kfdiﬁ >
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Figure 2. Plot of y/k§ againstyn for three aromatic molecules,
together with that for pyren®,in MCH at 25°C. The solid lines were
drawn by assuming thay/kqS = 1kSPm0 4+ (1/8RTH ao(yn) +
au(yn)? (see the text).

g(rvwo) at P MPa to that at 0.1 MP&(rm~0)/9(rm-o)o, €9 7
may be rewritten by

Sbim — yks(ﬂ)o — Vks,bim,o

where kSPm0 is defined bykS(kqir/K—qitr)o at 0.1 MPa. Thus,
from egs 6 and 8, we have

(8)

k—diff

,y 1 an
taRrT!

ki kS,bim,O

According to eq 9, the plot qf/lﬁ againstyn should be linear.
In fact, this approach has been successfully applied for some
guenching systen?§-22-2532

Recently, we showed that®™* depends slightly on pressure
and is expressed approximately by a polynomial in terms of
yn for MCH with large pressure induced solvent viscosity
dependence at a constant temperaiita.this work, o was
assumed by

9)

o™= ay + oy (yn) (10)
Substituting eq 10 into eq 9, we have
1 1
e CCOR G

The plots ofy/kﬁ‘ againstyn are shown in Figure 2 together

kS, the quenching occurs upon every encounter for the former that for pyrene reported previousi§/All of the plots show good
case, whereas the quenching efficiency is less than unity for fittings with positive intercepts, indicating that the quenching

the latter case. Whekyir is assumed to be expressed by eq 1
(o in eq 1 is replaced bg®), we havé®225

ex

11 a

E | Shim + srRT” (6)
wherekSPimis the bimolecular rate constant in the solvent cage
at a given pressure, and defined by

Shim — ks(ﬂ)

7
K_ gt )
In eq 7, the pressure dependencegf/k—qi IS given by that
of the radial distribution functiong(ruw-g), at the closest
approach distance (the encounter distangg) (=ru- + ro;
the sum of the radius dM*, ry-, and that of quencher, @g),
with hard sphere® and hence, by introducing, the ratio of

competes with diffusion. The value of* at a given pressure
was determined from eq 10 by using the least squares coef-
ficients, o, anday in eq 11, and that okStim0from the least
squares intercepts for the plots p/lk§ againstyn shown in
Figure 2. The values d*m0 andag anday are summarized
in Table 1.

We can compare the observeq, k3(obs), with ki(cal)
calculated by usingS*™ and kg according to eq 12 (see eqs
5 and 7) in which the values &fPm (=ykSbim9 andkqy at a
given pressure were evaluated from eqs 1 and 8, respectively,
and examine the magnitude of the contribution of diffusion to
the quenching

kS,bimkdiff

K+ kg 12

k§(cal) =

Figure 3 shows the pressure dependende;@fkSom, kﬁ’(obs),
and kﬁ(cal). It is noted in Figure 3 thady is close tokSPim at
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TABLE 2: Values of kg at 0.1 MPa, AV " (cm¥mol), for the P -
Oxygen Quenching of the T State in MCH and 25 °C, and = = 20 Q
the Triplet Energy, Et | L . 8w W
L] ES
. 2 AVy™ AV;” Er¢ "

(1°M~1s7Y) (0.1 MPa) (350 MPa) (10¢cm™?) 200 ; :w* . cr;k PH:N TEH J
anthracene 3.76 6.1+0. 6+1P 1.48 L4 16 18 2 22 24
acridine 2.75 3.6:0.3 61 1.58 Er (10" em™)

[

pD)gzr;e 1?;9 _égigf iii 122 Figure 5. Triplet energy,Er, dependence ok; in MCH at five
CHR 1.33 -36+03  4+1 2.00 pressures.
PHEN 2.09 —4.7+0.5 6+1 2.17 . .
TPH 0.60 —15.2+ 0.6 3+1 2.32 pressure dependence is also influenced by the compounds

examined; for the systems with high&f at 0.1 MPa,k;
decreases monotonically with increasing pressure, whereas for
those with Iowetk; at 0.1 MPa, the pressure dependenck‘gof

the lower pressure region, indicating that the quenching shows a maximum. The similar observations to the acridine/O
competes with diffusion. However, as pressure increases, thatand DBZA/Q; systems were found in the oxygen quenching of
is, the solvent viscosity becomes higher, the difference betweenthe T; state of anthracerté,'89-acetylanthracerié,and pyrené®

kSPim and kg increases, hence, the quenching approaches aHowever, the pressure dependencdxloﬁvith a maximum has
diffusion-controlled rate. Furthermore, the values fffor not been observed to our knowledge. The activation volumes
l<§(cal) in the fractional power dependence (eq 4) are &67  for k; AVE*, determined by eq 3 & T) are listed in Table 2.
0.04, 0.59+ 0.04, 0.63+ 0.04, and 0.64+ 0.04 for pyrene, In Table 2, we can find thaAvg* changes from positive to
DBZA, CHR, and TP, respectively; they are in good agreement negative, depending on the molecules examined. Such a trend
with those forki as mentioned above. As a result, it may be shows a sharp contrast with that M/quF (see Table 1). It is
concluded that the quenching of the Sate examined in this  also found tha\V! * decreases with decreasikf (0.1 MPa).
work is nearly diffusion-controlled at the lower pressure region, These results for theTtate suggest the significant difference
being consistent with the conclusions for some other quenching between the quenching of the 8nd T states.

aValues at 0.1 MPa. The errors were evaluated to be about 3%.
b References 17 and 18Reference 20¢ References 1 and 6.

systems in liquid solution as mentioned above. Figure 5 shows the pressure dependence of the triplet energy,
Pressure Dependence of the Quenching Rate Constants Er, on k; where Er value is listed in Table 2. Thér
for the T, State, kg. The decay curves of the; Btate in air- dependence d{; at 0.1 MPa is in a good agreement with that

saturated MCH were analyzed satisfactorily by a single- yonorted by Porter et d.who showed thak is maximal and
exponential function for five aromatic molecules examined; the qnstant for the molecules with 10 10¢ < Er < 1.5 x 10*

lifetimes, 77, at 0.1 MPa and 23C were 145.2, 254.8, 301.7, 1 and decreases for those Wity > 1.6 x 10* cmL.
191.6, and 665.0 ns for acridine, DBZA, CHR, PHEN, and TPH,
respectively. The value of the quenching rate cons@mtof

the T; state was determined by

However, theEr dependence dt(T1 becomes smaller as pres-
sure increases, arld is found to be almost independentBf
at 400 MPa. The values of the activation voluma/; *, at 350
0 T MPa are listed in Table 2, together with those at 0.1 MPa. As
U = 17 = k(O] (13) seen in Table 2AV] " is positive and approximately indepen-
dent ofEr at 350 MPa for all the compounds examined although
where 73 is the lifetime of the T state in the absence of it is strongly dependent on the Btate molecules at 0.1 MPa.
oxygen. In the determination da@ 1/r$ in eq 13 is neglected  From these facts, it is inferred that the pressure dependence of
because@ is very long. The values d€' at 0.1 MPa are listed " is related to the solvent viscosity dependence of the rate
in Table 2; they are in good agreement with the results reported processes associated with the oxygen quenching of tk&fe.
previously® The plots of Ink; against pressure are shown in Quenching Mechanism of the T, State by OxygenBecause
Figure 4, together with those for pyréiand anthracertél8 the oxygen quenching of the, Btate may be nearly diffusion-
reported previously. It is noted in Figure 4 tH%tat 0.1 MPa controlled in nature, the ratio d{; to the rate constant for
changes significantly from compound to compound, and its diffusion,k;/kdiff may be important. Figure 6 shows the plot of
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Figure 6. Plot of k;/kdiff againstkgis for three aromatic molecules,
together with that for pyren®,in MCH.

k;]r/kdiff againstkgit, wherekgis was determined from the values

4
of 0 anday, for three aromatic molecules (Table 1), together kagly (101 M's™h
. . T . .
with that for pyrené® According to Scheme X /kdi is given Figure 7. Plot of K /kgrr againstkar/y for three aromatic molecules,
by together with that for pyren®,in MCH. The solid lines were drawn
by the iterative nonlinear least-squares curve-fitting according to eq
k; 1 K 3 ki 15. The values ok};"™° and k"™ recovered are listed in Table 3

4 = = (14) (see text).
Kt 9 K gir + k; 9 K g + kI:
T,bim,0 ,T,bim,0 T
TABLE 3: Values of ket ", kic"" ", and f A for the Oxygen
In eq 14, when the quenching is fully diffusion-controlled, we Quenching of the T, State in MCH at 25 °C, Determined by
o . T the Simulation at Pressures up to 200 MPa
have two limiting cases; (i) for the case Igf > kg andki,

< Keait, K/kair = 1/9 and (ii) for the case d€l, ki > K_air, i o fA

Tk — S . 1010M-1st 1000M-ts? (0.1 MPa)

ky/Kaitt = 4/9. When the quenching is reaction-controll&d(s

> k;, le’ k;]r/kdiff = (klt + 3k1-TC)/9k—diff- As seen in Figure 6, pyrene 1.4+0.3 0.35+ 0.04 0.53+0.21

Ikgir is less than 1/9 at the lower pressure region, but (1.2+0.15 (0.30:+0.08f (0.60+0.23f
Ko/t pr gion, DBZA 11401 0.16+0.01 0.66+ 0.14

approaches 4/9 over 1/9 as pressure increases for all the cphr 0.40+ 0.3 0.27+ 0.06 0.32+ 0.30

compounds examined. According to Scheme 1, the dependence TPH 0.39+ 2.0 0.184+0.36 0.41+ 0.82

of Kgifr on kg/kdiff shown in Figure 6 indicates that the quench-
ing is reaction-controlled at the highki region and shifts to
be fully diffusion-controlled K[, kT > Kk_qir) askqir decreases.  both the $ and T, states. In this section, we examined the
The branching ratiot §, at 0.1 MPa is reported to be close to Simulation for the plot ofky/ksir againstkgr at the lower
unity for pyrene, CHR and DBZA in cyclohexank(~ 0 in pressure region up to 200 MPa, based in Scheme 1 in order to
Scheme 134 This evidence suggests that the maximum value obtain further insight into the quenching mechanism of the T
of kl/kait is 1/9 whenf } is independent of pressure. state. e _

We studied previously the pressure dependendg ¢+ 0.9 By the ane;logy "¥'thk oM (eq 8), the blmolecTuJig]rO rate
at 0.1 MPa in MCH) from the measurements of the yield of constants foke and ﬁcbirn:‘g‘y be geflned as followsky ™" =
singlet oxygen, together with those kff andk; for pyrene?° Kekaitt/K—ditt)o and k™" = K(kdir/k-ditr)o, and they are
From the analysis df; by a similar method mentioned above, assumed reasonably to be independent of pressure. By using
kait was evaluated at a given pressure. It was foundl«hb&iﬁ these relations, eq 14 may be rewritterfdy
increases over 1/9 and approaches 4/9, whe‘réa&ecreases T k'el',bim,O T bim0
with increasing pressure. Thus, we concluded that the oxygen ﬁ _1 t : 3 C : (15)
quenching of the Tstate of pyrene is expressed by Scheme 1 Kait 9 (kyly) + KG™™ 9 (kyly) + k™™°
(kic = 0) at pressures of about up to 250 MPa in M&H his
was confirmed by the simulation of the plot kff/kss against ~ wheref } is given by the ratio of the first term to the full terms
kair On the basis of Scheme K= 0).2° However, above 250  on the right-hand side. This approach by using the bimolecular
MPa (in the higher solvent viscosity region), the root-mean- rate constants such dét'b'm’o and {’b'm'o was successfully
squares-errors (RMS) for the simulation is significantly large. applied for some quenching systems including the oxygen
As aresult, it was inferred that the intersystem crossing betweenquenching of pyren&20.26Figure 7 shows the plots d;{g/kdiﬁ
the encounter complex pairs is involved in the oxygen quenching againstkg/y. The solid lines were drawn by the curve-fitting
of the T state of pyrené? althoughfz at 0.1 MPa is close to  to eq 15 by using the data at pressures up to 200 MPa according

a Reference 20.

unity. to the iterative nonlinear least-squares method with two
Simulation for the Plot of kg/kdiﬁ against kgir. As men- parameters. It is noted in Figure 7 that the fitting is well at the
tioned above, the branching ratio in the &tate f §, is known lower pressure region. The values &f;"™° and k.°™°

to be approximately unity for pyrene, CHR, and DBZA in recovered are listed in Table 3, together with thoségoa{ito.l
cyclohexane at 0.1 MP4although the error estimations were  MPa. As seen in Table 3, the valuesidf'™° andk:>™° for

not made, suggesting that the maximum Valuk;—dfdiﬁ is 1/9 pyrene are in good agreement with those reported previously,
if f is independent of pressure. Generally, it is very difficult in which kgt was determined by assuming thett is indepen-

to measuref | accurately at 0.1 MPa as well as at high dent ofyy (see egs 9 and 10), and also the valué pft 0.1
pressure, especially, for the compounds with fluorescence MPa is fairly close to that determined experimentaﬂ)z e
because singlet oxygen is formed by the oxygen quenching of 0.9 & 0.3) reported by ug’
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In Table 3,k};”™ increases with decreasirfy, being in ~ magnitude ofk;”™° andk;;"™° depends orr (Tables 2 and
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