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Quenching by oxygen of the lowest singlet (S1) and triplet (T1) states of pyrene at pressures up to 400 MPa
in liquid solution was investigated. The rate constant of the S1 state,kq

S, decreased significantly with increasing
pressure, while that of the T1 state,kq

T, was nearly independent of pressure at the lower pressure region
(<100 MPa) and decreased monotonically with further increase in pressure. The activation volume forkq

S,
∆Vq

Sq, at 0.1 MPa fell in the range of 12-16 cm3/mol, depending on the solvents examined, whereas that for
kq

T, ∆Vq
Tq, was nearly zero. It was found that both the activation volumes,∆Vq

Sq and∆Vq
Tq, are significantly

smaller than those determined from the pressure dependence of the solvent viscosity,η, ∆Vη
q (22-25 cm3/

mol). For the quenching of the S1 state, the large difference between∆Vq
Sq and∆Vη

q was interpreted in terms
of the competition of the quenching with diffusion, andkq

S was separated into the contributions of the rate
constants for diffusion,kdiff, and for the bimolecular quenching in the solvent cage,kS,bim. For the quenching
of the T1 state, it was found thatkq

T/kdiff increases over 1/9 and approaches 4/9 with increasing pressure. The
oxygen concentration dependence on the quantum yield for the formation of singlet oxygen,Φ∆, in
methylcylohexane (MCH) was measured at pressures up to 400 MPa in order to separateΦ∆ into the
contributions of the S1 and T1 states. From the results, together with those of the pressure dependence of the
quantum yield of T1 state, the branching ratio for the formation of singlet oxygen in the T1 state,f∆

T, was
found to decrease with increasing pressure. The oxygen quenching of the T1 state from these results was
discussed by using the mechanism that involves the encounter complex pairs with singlet, triplet, and quintet
spin multiplicities.

Introduction

The quenching by oxygen of the lowest electronically excited
singlet state (S1) of aromatic molecules in solution has been
extensively investigated,1-3 and it is often believed to be
diffusion-controlled. In fact, the quenching rate constant of the
S1 state,kq

S, in nonviscous solvents is on the order of 1010 M-1

s-1, which is close to the rate constant for diffusion calculated
by the Debye equation in a continuum medium with viscosity,
η.

whereR is 2000 and 3000 for the slip and stick boundary limits,
respectively.1-5 However, the expression of eq 1 has often failed
in experiments in whichη was changed by changing temperature
and solvent at atmospheric pressure.4-5 This is attributed to lack
of the 1/η dependence of the diffusion coefficients of fluoro-
phore and/or quencher,6,7 which may be caused by the neglect
of the difference in size of the solute and solvent molecules,
and also by the deviation from the continuum model that arises
as a result of short-range interactions between the solute and
solvent molecules such as translational and rotational coupling.

An empirical equation developed by Spernol and Wirtzs,8,9

for which R in eq 1 is replaced byRSW, that depends on the

properties of the solvent and solute molecules has been applied
successfully to diffusion-controlled radical self-termination
reactions,10 exothermic triplet excitation transfer,2,11,12 and
various types of reactions in supercritical carbon dioxide as well
as in liquid solution by changing temperature and pressure.13-17

High-pressure studies have also clearly revealed that the
fluorescence quenching by oxygen of the S1 state of a number
of meso-substituted anthracene derivatives is diffusion-controlled
in nature from the pressure-induced solvent viscosity dependence
at a constant temperature.18,19Very recently, we have examined
the fluorescence quenching of some aromatic molecules by
heavy atoms and oxygen in liquid solution at high pressure,
and found that the fluorescence quenching by oxygen and carbon
tetrabromide is not fully but nearly diffusion-controlled.14-16

From the analysis of the pressure-induced solvent viscosity
dependence of the observed quenching rate constant, the
contribution of diffusion to the quenching was separated into
the bimolecular rate constant for diffusion,kdiff , and that for
the quenching in the solvent cage. The separation was success-
fully applied to the fluorescence quenching of pyrene by
polybromoethanes and carbon tetrabromide,14 and benzo[a]-
pyrene15 and 9,10-dimethylanthracene16 by oxygen and carbon
tetrabromide. The value ofkdiff estimated by the analysis was
found to be in good agreement with those determined by eq 1
usingRSW andη.

The quenching by oxygen of the lowest triplet state, T1, is
not efficient as compared to that of the S1 state for most aromatic
compounds, and the quenching rate constant,kq

T, is on the order
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of 109 M-1 s-1 for typical aromatic hydrocarbons.2 The less
efficient quenching of the T1 state has been explained by the
mechanism shown in Scheme 1, in which encounter complex
pairs i(MO2)* ( i ) 1, 3, or 5) with three different spin
multiplicities are involved.20

In Scheme 1,i(MO2)* ( i ) 1, 3 or 5) is formed withi/9 of
the diffusion-controlled rate constant,kdiff , by the requirement
of spin statistics. Thus, the low quenching ability of the T1 state
has been explained by the participation ofi(MO2)*( i ) 1 and
3) that leads to the quenching. The yield of singlet oxygen
(O2(1∆g)), f∆T, by the quenching of the T1 state,3M*, is close
to unity for most anthracene derivatives,21,22 indicating thatkic

is closed in Scheme 1, whereas it is less than unity for some
ketones23,24and nearly unity for some aromatic hydrocarbons25-27

including pyrene.28-30 The intersystem crossing between the
encounter complex pairs has been proposed to be involved in
the quenching for systems with internal heavy atom effects31

and charge transfer interactions.32,33

According to Scheme 1, when the quenching of the T1 state
occurs with the fully diffusion-controlled rate,kq

T ) kdiff /9 for
f∆T ) 1 andkq

T ) 4kdiff /9 for f∆T ) 1/4. In a previous paper,34

we measured the quenching rate constant,kq
T, by oxygen of

the T1 state of 9-acetylanthracene that is approximately non-
fluorescent (triplet quantum yield for T1 state,ΦT, is nearly
unity)35 and that of S1 state of 9,10-dimethylanthracene,kq

S, in
liquid solution at high pressure. It was found that the ratiokq

T/
kq

S, wherekq
S is assumed to be nearly equal tokdiff , increases

with increasing pressure in the solvents examined. From the
results, together with findings that both the quantum yields of
the T1 state of 9-acetylanthracene and of the formation of singlet
oxygen sensitized by it are unity and independent of pressure,
it was concluded that the intersystem crossing between the
encounter complex pairs involved in Scheme 1 is enhanced by
pressure.

The quenching of the S1 state by oxygen may involve an
encounter complex pair,1(MO2)*, with singlet spin multiplicity,
which leads to the formation of1O2 with an efficiency
f∆S.2,21,22,28-30,36 It has been found that the contribution off∆S

to the total quantum yield of singlet oxygen by the oxygen
quenching of the S1 and T1 states at infinite oxygen concentra-
tion, Φ∆, is not significant for pyrene;f∆S ) 0.15 (Φ∆ ) 1.2)28

and 0.13 (0.78)29 in cyclohexane andf∆S ) 0.30 (ca. 1.1) in
acetonitrile.30 However, for 9,10-dicyanoanthracene at infinite
oxygen concentrationΦ∆ was reported to be ca. 221,28,37with
f∆S ) 1. The evidence indicates that the mechanism of the
oxygen quenching, which may involve not only the diffusion
processes in liquid but also depend on the nature of the electronic
state of the sensitizer examined, is still a problem to resolve.

In the present work, the quantum yield of singlet oxygen,
Φ∆, as well as the quenching rate constants by oxygen of the
T1 and S1 states of pyrene,kq

T and kq
S, respectively, were

measured as a function of pressure in nonpolar solvents at
pressures up to 400 MPa in order to obtain further insight into
the oxygen quenching of the S1 and T1 states. From the results,

the quenching mechanism is discussed by focusing on (i)
estimation ofkdiff from kq

S, (ii) the pressure dependence ofkq
T/

kdiff , and (iii) the pressure dependence off∆T and f∆S.

Experimental Section

Pyrene (PY) (Wako Pure Chemicals Ltd.) was chromato-
graphed twice on silica gel, developed and eluted withn-pentane,
and recrystallized twice from ethanol. Solvents ofn-pentane
(Merck), n-hexane (Merck), and methylcyclohexane (MCH,
Dojin Pure Chemicals Co.) of spectroscopic grade were used
as received.

Transient absorption measurements at high pressure were
performed by using an 8-ns pulse from a nitrogen laser (337.1
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
at high pressure were performed by using a 0.3-ns pulse from
a PRA LN103 nitrogen laser for excitation. The fluorescence
intensities were measured by a Hamamatsu R1635-02 photo-
multiplier through a Ritsu MC-25NP monochromator, and the
resulting signal was digitized by using a LeCroy 9362 digitizing
oscilloscope. All data were analyzed by using a NEC 9801
microcomputer, which was interfaced to the digitizers. The
details about the associated high-pressure techniques have been
described elsewhere.38,39

The concentration of PY for the triplet lifetime measurements
was adjusted to be ca. 0.8 in absorbance (1 cm cell) at 337.1
nm, and that for the fluorescence lifetime measurements was
less than 0.1 at maximum absorption wavelength to minimize
the reabsorption effects. In the measurements of T-T′ absorp-
tion spectra as a function of pressure, the higher concentration
of PY (ca. 1.6) was chosen in order to minimize the concentra-
tion dependence on the number of absorbed photons. In these
absorbance ranges, the concentration of PY corresponds to ca.
2 × 10-6 to 4× 10-5 M at 0.1 MPa where the formation of the
excimer is insignificant, especially at high pressure since the
formation of the excimer is significantly retarded by increasing
pressure.40 The deoxygenation of the sample solution was carried
out by bubbling nitrogen gas under nitrogen atmosphere at room
temperature forn-hexane and MCH and at 0°C for n-pentane.
The concentrations of dissolved oxygen in those air-saturated
solvents were determined from the solubility data of oxygen.41,42

The increase in the concentration of oxygen by applying high
pressure was corrected by using the compressibility of
solvent.43-47

The phosphorescence decay curves of singlet oxygen at 1270
nm were measured as a function of pressure by a method similar
to that described previously.34,48,49The element used in the near-
IR detection system was replaced by an InGaAs sensor (1 mm
φ, Hamamatsu G5832-01) which was biased reversely at 5 V
since the time response is much better (the total rise time was
about 0.4µs).

The absorption spectra as a function of pressure were recorded
on a Shimazu UV 260 equipped with the high-pressure optical
cell. The spectra of the sample solution and the solvent were
taken separately, and the corrected spectra were obtained by
subtracting the latter from the former spectra.

Temperature was controlled at 25( 0.2 °C for the measure-
ments of the lifetimes of the S1 and T1 states, and for those of
the quantum yields of singlet oxygen and the T1 state. Pressure

SCHEME 1
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was measured by a calibrated manganin wire or a Minebea STD-
5000K strain gauge.

Results

Rate Constants, kq
S, for the Fluorescence Quenching.

Fluorescence decay curves were analyzed satisfactorily by a
single-exponential function under all the conditions examined.
The fluorescence lifetimes in the absence of oxygen,τf

0, are
listed in Tables 1-3 for MCH, n-pentane andn-hexane,
respectively, together with the data of solvent viscosity,η.43-47

The values ofτf
0 are in good agreement with those in MCH

andn-hexane reported previously.40 The quenching rate constant
for the S1 state of PY,kq

S, was determined by eq 2 since the
concentration of dissolved oxygen is obtained from the solubility
data.41,42

whereτf represents the fluorescence lifetime in the presence of
oxygen. In MCH, the lifetime was measured for the sample
containing three different concentrations of oxygen; the sample

except for the air-saturated solution was prepared by bubbling
the O2/N2 gas mixture with 1.903% and 4.76% oxygen. Figure
1 shows the plot of 1/τf against [O2]. The value ofkq

S was
determined from the least-squares slope. The value ofkq

S thus
determined was in very good agreement with those obtained
by using the lifetimes in the aerated and deaerated solutions. In
n-pentane andn-hexane,kq

S was determined from the lifetimes
in the aerated and deaerated solutions according to eq 2. The
results obtained are listed in Tables 1-3.

As seen in Tables 1-3, kq
S decreases significantly with

increasing pressure in solvents studied in this work. The pressure
dependence ofkq

S is shown in Figure 2, together with that of
the solvent viscosity. The apparent activation volumes forkq

S,
∆Vq

Sq, at 0.1 MPa, evaluated by eq 3 (i ) S) are listed in Table
4, together with those for solvent viscosity,∆Vη

q, determined
from Figure 2a.

As seen in Table 4, the values of∆Vq
Sq are of the magnitude

of 12-16 cm3/mol, which lies in the range of positive activation

TABLE 1: Oxygen-Quenching Rate Constants for the S1,
kq

S, and T1, kq
T, States of Pyrene in MCH at 25°Ca

P/MPa η/cP τf
0/ns kq

S b/1010 M-1 s-1 τT/ns kq
T/1010 M-1 s-1

0.1 0.674 404 2.72( 0.01 161 0.249
50 1.143 393 2.01( 0.02 155 0.247

100 1.739 390 1.47( 0.01 164 0.227
150 2.542 388 1.12( 0.01 170 0.213
200 3.752 384 0.86( 0.01 181 0.197
250 5.146 380 0.68( 0.01 189 0.185
300 7.211 376 0.53( 0.01 209 0.165
350 10.02 374 0.42( 0.01 227 0.150
400 12.81 364 0.33( 0.01 267 0.126

a Errors of lifetimes and the quenching rate constant,kq
T, were

estimated to be about( 3%. b Error was estimated from the standard
deviation of the plot of 1/τf against the oxygen concentration (see the
text).

TABLE 2: Oxygen-Quenching Rate Constants for the S1,
kq

S, and T1, kq
T, States of Pyrene inn-Pentane at 25°Ca

P/MPa η/cP τf
0/ns kq

S/1010 M-1 s-1 τT/ns kq
T/1010 M-1 s-1

0.1 0.229 363 3.46 244 0.177
50 0.350 359 2.67 213 0.188

100 0.484 359 2.16 203 0.189
150 0.629 359 1.80 200 0.185
200 0.786 357 1.51 202 0.178
250 1.002 351 1.29 205 0.172
300 1.202 354 1.13 208 0.166
350 1.443 353 1.00 217 0.157
400 1.726 348 0.88 224 0.150

a Errors of lifetimes and the quenching rate constants were estimated
to be about(3%.

TABLE 3: Oxygen-Quenching Rate Constants for the S1,
kq

S, and T1, kq
T, States of Pyrene inn-Hexane at 25°Ca

P/MPa η/cP τf
0/ns kq

S/1010 M-1 s-1 τT/ns kq
T/1010 M-1 s-1

0.1 0.294 396 3.89 158 0.197
50 0.472 378 2.99 143 0.205

100 0.650 380 2.37 142 0.202
150 0.849 382 1.92 141 0.196
200 1.063 381 1.58 144 0.188
250 1.310 378 1.32 149 0.176
300 1.610 379 1.13 153 0.168
350 1.948 376 0.95 162 0.156
400 2.368 374 0.83 170 0.147

a Errors of lifetimes and the quenching rate constants were estimated
to be about(3%.

1/τf -1/τf
0 )kq

S[O2] (2)

Figure 1. Plots of 1/τf against concentration of oxygen, [O2], in MCH.

Figure 2. Pressure dependence of solvent viscosity,η (a),kq
S (b), and

kq
T (c) in three solvents. The solid lines were drawn by assuming that

ln η ) A + BP + CP2 and lnkq
i (i ) S or T) ) A′ + B′P + C′P2.

RT(∂ ln kq
i/∂P)T ) -∆Vq

iq (3)
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volumes found for the nearly diffusion-controlled fluorescence
quenching by oxygen of anthracene derivatives that have one
or two electron-donating substituents.19 The large difference
between∆Vq

Sq and ∆Vη
q (see Table 4) may indicate that the

fluorescence quenching of PY is not fully but nearly diffusion-
controlled, as concluded previously for other quenching sys-
tems.15,16Another test for the nearly diffusion-controlled reaction
is the fractional power dependence ofη on kq

i (i ) S), which
is given by

whereA is independent of pressure and 0< âi e 1.19 In fact,
the plots of lnkq

S against lnη are almost linear in the solvents
examined, and the values ofâi (i ) S) determined by the least-
squares plots are listed in Table 4. Theâi value (i ) S) is less
than unity in the solvents examined, also indicating that the
fluorescence quenching by oxygen is not fully but nearly
diffusion-controlled.15,16

Quenching Rate Constants,kq
T, for the T1 State. The decay

curves of the T-T′ absorption were described satisfactorily by
a single-exponential function under all the conditions examined.
The quenching rate constant for the T1 state,kq

T, was determined
by

where τT and τT
0 are the triplet-state lifetimes of PY in the

aerated and deaerated solutions, respectively. In the determi-
nation of kq

T, the term 1/τT
0 was neglected sinceτT

0 is
significantly longer thanτT. The values of ofkq

T in MCH,
n-pentane, andn-hexane are listed in Tables 1, 2, and 3,
respectively, together with those ofτT.

As seen in Tables 1-3, the pressure dependence ofkq
T is

significantly smaller compared to that ofkq
S in the solvents

examined. It is also found thatkq
T/kq

S at 0.1 MPa is 0.092, 0.052,
and 0.051 in MCH,n-pentane, andn-hexane, respectively; they
are smaller than 1/9, indicating that the step ofkq

T is not fully
diffusion-controlled. The pressure dependence ofkq

T is shown
in Figure 2c, and the apparent activation volumes forkq

T, ∆Vq
Tq,

evaluated by eq 3 (i ) T) at 0.1 MPa are listed in Table 4, in
which the magnitude of∆Vq

Tq is nearly equal to that for
anthracene derivatives with electron-donating substituents.19 The
plots of ln kq

T against lnη, which were nearly linear for the
fluorescence quenching as mentioned in the previous section,
showed significant downward curvatures in the solvents exam-
ined. For example, the value ofâi (i ) T) (see eq 4) increased
monotonically from-0.12 at 0.1 MPa to 0.25 at 400 MPa in
n-pentane. These observations are common to the quenching
by oxygen of the T1 states of the anthracene derivatives,18,19

suggesting that the encounter pairs with three spin multiplicities
are involved in the quenching processes (see Scheme 1).

Pressure Dependence of Triplet Quantum Yield in MCH.
The pressure dependence of the T-T′ absorption spectra of PY

in MCH is shown in Figure 3. As seen in Figure 3, the spectra
show a gradual red shift, but the maximum intensity does not
change significantly with increasing pressure in the absence of
oxygen. Similar observations were found in the presence of
oxygen (Figure 3b), although the maximum intensity is about
2.5 times larger compared to that in the absence of oxygen.
This suggests that the quantum yield for the formation of the
T1 state is approximately independent of pressure irrespective
of the presence and absence of oxygen provided that the pressure
dependence of the molar extinction coefficient,ε, is not
significant. Unfortunately, there are no available data on the
pressure dependence ofε for the T1 state to our knowledge.
Figure 4 shows the absorption spectra of PY in MCH at
pressures up to 400 MPa. In Figure 4, we can see the red shift
and slight increase in bandwidth with increasing pressure; they
are the normally observed pressure dependence for the absorp-
tion spectra. However, the values ofε at the maximum
wavelengths of 319.10 and 334.85 nm (0.1 MPa) are nearly
independent of pressure when the concentration is corrected by
the solvent density: the ratio ofε at P MPa to that at 0.1 MPa,
ε(P)/ε(0.1), is 1.02, 1.03, 1.03, and 1.03 at 100, 200, 300, and
400 MPa, respectively, for the band at 334.85 nm (0.1 MPa).
The evidence may support thatε of the T1 state is reasonably
assumed to be independent of pressure.

Pressure Dependence of the Yield of Singlet Oxygen in
Air-Saturated Solutions. The values of the lifetime of singlet
oxygen,τ∆, determined by the phosphorescence decay measure-
ments in the solvents examined decreased significantly with
increasing pressure; for example,τ∆ decreased from 24.8 to 11.3

TABLE 4: Values of the Apparent Activation Volume
(cm3/mol) for the Solvent Viscosity,∆Vη

q, and kq
i (i ) S or

T), ∆Vq
iq, at 0.1 MPa and 25°C, and Those ofâi (i ) S) at

25 °C in Three Solvents

∆Vη
qa ∆Vq

Sq ∆Vq
Tq âi (i ) S)

n-pentane 22 11.9( 0.3 -1.1( 0.4 0.69( 0.01
n-hexane 24 12.6( 0.2 -0.3( 0.4 0.77( 0.02
MCH 25 15.6( 0.4 1.4( 0.5 0.71( 0.01

a ∆Vη
q was determined from the pressure dependence of the solvent

viscosity,η, according to (∂ ln η/∂P)T ) ∆Vη
q/RT.

kq
i ) Aη-âi (4)

1/τT - 1/τT
0 )kq

T[O2] (5)

Figure 3. Transient absorption spectra of pyrene extrapolated at time
0 after the laser pulse excitation in deoxygenated (a) and air-saturated
(b) MCH.

Figure 4. Pressure dependence of absorption spectra of pyrene in
MCH.
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µs in MCH on going from 0.1 to 400 MPa. Such a pressure
dependence of the decrease in the lifetime, which occurs via
the collision with the solvent molecules, may be explained in
the framework of the works reported by us48-50 and others,51

and hence, no further discussion is made here.
The phosphorescence intensity extrapolated to time 0 was

examined for the air-saturated samples with absorbances (0.1
MPa; 1 cm path length) of 0.20, 0.30, and 0.43 at 337.1 nm
and was found to increase approximately linearly with increasing
absorbance at each pressure. The absorbance of PY at 337.1
nm obtained by measurements of the absorption spectra
increased by 1.8 times with a maximum (2.3 times) at 200 MPa
when pressure increased from 0.1 to 400 MPa in MCH. In
previous work,34 the quantum yield of singlet oxygen sensitized
by 9-acetylanthracene (ACA) inn-pentane,n-hexane, and MCH
was measured and was found to be unity at pressures up to 400
MPa. The quantum yield for PY,Φ∆, in three air-saturated
solvents was evaluated at pressures up to 400 MPa by comparing
the intensity extrapolated to time 0 for PY with that for ACA
as a standard in the same solvent at each pressure, together with
the values of absorbances at 337.1 nm of PY and ACA. The
pressure dependence ofΦ∆ of PY in those air-saturated solvents
is shown in Figure 5. As seen in Figure 5,Φ∆, which involves
contributions from both the S1 and T1 states, decreases
monotonically with increasing pressure.

Singlet Oxygen Yield for the Oxygen Quenching of the
S1 and T1 States in MCH. In general, singlet oxygen formation
by the oxygen quenching of both the S1and T1 states may be
expressed in Scheme 2,

wherekq
S ) kq

S,Σ + kq
S,∆ andkq

T ) kq
T,Σ + kq

T,∆. The quantum
yield of singlet oxygen via the S1 state,Φ∆

S, is expressed by
eq 6 as follows:

In eq 6, the branching ratio in the S1 state,f∆S, is given by

Similarly, the quantum yield of singlet oxygen via the T1

state,Φ∆
T, is given by eq 8 as follows:

whereΦT
ox andΦT are the quantum yields of T1 state in the

presence and absence of oxygen, respectively. The branching
ratio in the T1 state,f∆T, is given by

Therefore, the overall quantum yield of singlet oxygen,Φ∆,
is expressed by

To determinef∆S andf∆T, Φ∆ was measured as a function of
the concentration of oxygen at pressures up to 400 MPa, where
the sample was prepared by bubbling the oxygen-nitrogen gas
mixture containing 1.903% and 4.76% oxygen other than the
aerated MCH solution. The concentration dependence of oxygen
on Φ∆ is described by eq 11 from eqs 6 and 8.

Figure 6a shows the plot of (1+ τf
0kq

S[O2])Φ∆ against
τf

0kq
S[O2] in MCH. From the least-squares slope and intercept

of the plot shown in Figure 6a, the values off∆S + f∆T and
f∆TΦT, respectively, were determined, and the pressure depen-
dence off∆S + f∆T andf∆TΦT is shown in Figure 6b. It can be

Figure 5. Pressure dependence of yield for formation of singlet oxygen
(1∆g) in three air-saturated solvents.

f∆
S )

kq
S,∆

kq
S,Σ + kq

S,∆
(7)

Φ∆
T ) f∆

TΦT
ox ) f∆

T(ΦT + τf
0kq

S[O2]

1 + τf
0kq

S[O2]
) (8)

f∆
T )

kq
T,∆

kq
T,Σ + kq

T,∆
(9)

Φ∆ ) Φ∆
S + Φ∆

T ) Φ∆
S + f∆

TΦT
ox (10)

(1 + τf
0kq

S[O2])Φ∆ ) (f∆
S + f∆

T)τf
0kq

S[O2] + f∆
TΦT (11)

Figure 6. Plots of (1+ τf
0kq

S[O2])Φ∆ againstτf
0kq

S[O2] at five pressures
(a) and pressure dependence off∆

T + f∆
S and f∆

TΦT (b) in MCH.

SCHEME 2

Φ∆
S ) f∆

S( τf
0kq

S[O2]

1 + τf
0kq

S[O2]
) (6)
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seen in Figure 6b that bothf∆S + f∆T andf∆TΦT decrease with
increasing pressure although the latter has large errors. The
pressure dependence off∆TΦT suggests thatf∆T tends to decrease
with increasing pressure sinceΦT is approximately independent
of pressure as mentioned above; by assuming 0.5 in cyclohex-
ane28 asΦT, f∆T decreases monotonically from 0.9( 0.4 to 0.3
( 0.3 when pressure increases from 0.1 to 400 MPa. Unfortu-
nately, the values off∆S cannot be determined because of large
error.

Discussion

In the present section, we first evaluate the rate constants for
diffusion,kdiff, and for the bimolecular quenching of the S1 state
in the solvent cage,kS,bim, from the pressure-induced solvent
viscosity dependence ofkq

S. Then, from the results of the
pressure dependence ofkdiff andkq

T, together with those of the
yield of singlet oxygen, the mechanism of the quenching of the
T1 state by oxygen in liquid solution is discussed.

Separation of kq
S into kdiff and kS,bim. In previous

publications,14-17 we have shown that the observed fluorescence
quenching rate constant,kq

S, with a nearly diffusion-controlled
rate in liquid solution can be separated into the bimolecular rate
constant for diffusion,kdiff , and that for the quenching in the
solvent cage,kS,bim. In general, the fluorescence quenching by
oxygen in liquid solution may occur via an encounter complex
with singlet spin multiplicity,1(MO2)*, Scheme 3.52

On the basis of this scheme,kq
S is expressed by

wherekS ) kic
S + ket

S. In eq 12,kq
S ) kdiff if kS . k-diff andkq

S

) kdiffkS/k-diff if k-diff . kS; the quenching occurs upon every
encounter for the former case, whereas the quenching efficiency
is less than unity for the latter case. Whenkdiff is assumed to be
expressed by eq 1 (R in eq 1 is replaced byRex), we have13,14

In eq 13, the pressure dependence ofkdiff /k-diff is given by
that of the radial distribution function,g(rM*Q), at the closest
approach distance (the encounter distance),rM*Q ()rM* + rQ;
the sum of the radius of1M*, rM* , and the quencher, Q,rQ),
with hard spheres. Thus, the following equation may be derived:

whereγ is the ratio ofg(rM*Q) at P MPa to that at 0.1 MPa,
g(rM*Q)/g(rM*Q)0, and (k-diff /kdiff)0 is k-diff /kdiff at 0.1 MPa.
According to eq 14, the plot ofγ/kq

S againstγη should be linear
whenkS is independent of pressure.

The plot ofγ/kq
S againstγη is shown in Figure 7.53 All the

plots shown in Figure 7 are approximately linear with positive

intercepts, indicating that the quenching competes with diffusion,
and also indicating thatkS is independent of pressure. These
observations are consistent with those found for the quenching
systems with a nearly diffusion-controlled rate in liquid
solution.13-17 The values ofRex and the bimolecular rate
constant,kS,bim,0 at 0.1 MPa, defined by

were determined from the least-squares slope and intercept,
respectively, and are summarized in Table 5.

It has been shown that the value ofRex is close to that,RSW-
(trunc), evaluated by the semiempirical equation of Spernol and
Wirts.13-17 The values ofRSW(trunc) evaluated are shown in
Table 5.56 The value ofRex is approximately equal toRSW(trunc)
in n-pentane andn-hexane, being consistent with those reported
previously.16 However, Rex in MCH is significantly smaller
compared toRSW(trunc). By using our data reported previously,34

the values ofRex andRSW(trunc) for the fluorescence quenching
of 9,10-dimethylanthracene by oxygen in MCH were calculated
to be 440( 20 and 1162, respectively; they are very close to
the values of the present system. This indicates thatRex is not
predicted byRSW(trunc) in MCH. The large difference between
them implies thatRex is related more significantly to the solvent
properties including the molecular shape compared ton-pentane
andn-hexane.

Contribution of Diffusion to the Fluorescence Quenching.
Since the values of the bimolecular rate constant in the solvent
cage atP MPa, kS,bim, can be calculated bykS,bim ) γkS,bim,0,
and those ofkdiff reproduced by usingRex and the solvent
viscosity,η, according to eq 1, one can determinekq

S(calc) by
eq 16.13,15-17

SCHEME 3

kq
S )

kdiffk
S

k-diff + kS
(12)

1

kq
S

) 1

kS(k-diff

kdiff
) + Rex

8RT
η (13)

γ
kq

S
) 1

kS(k-diff

kdiff
)

0
+ Rex

8RT
ηγ (14)

Figure 7. Plots ofγ/kq
S againstγη in three solvents.

TABLE 5: Values of rex and rSW(trunc) and Rate
Parameters Associated with the Oxygen Quenching of
Pyrene in Three Solvents

Rex
RSW

(trunc)
kS,bim,0/1010

M-1 s-1
ket

T,bim,0/1010

M-1 s-1
kic

T,bim,0/1010

M-1 s-1

n-pentane 1230( 40 1224 4.3( 0.7 1.4( 0.1 0.11( 0.01
n-hexane 980( 20 1182 6.9( 1.2 1.7( 0.1 0.13( 0.01
MCH 440( 20a 1174 2.4( 0.4b 1.2( 0.3 0.30( 0.08

a Rex ) 626 ( 20. b kS,bim,0 ) (5.95 ( 0.64)× 1010 M-1 s-1 at the
pressure range from 0.1 to 150 MPa.

kS,bim,0) kS( kdiff

k-diff
)

0
) (kic

S + ket
S)( kdiff

k-diff
)

0
(15)
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The pressure dependence ofkdiff, kS,bim, kq
S(obs), andkq

S(calc)
thus determined is shown in Figure 8. It is noted in Figure 8
thatkS,bim increases, whereaskdiff decreases monotonically with
increasing pressure. Therefore, the difference betweenkS,bimand
kdiff increases with increasing pressure. Thus, the competition
of kdiff with kS,bim is significant at the lower pressure region,
but the quenching approacheskdiff at the higher pressure region.

Pressure Dependence of the Quenching of the T1 State
and the Singlet Oxygen Yield.To investigate the quenching
mechanism of the T1 state, we plottedkq

T/kdiff againstkdiff, which
is shown in Figure 9a. It is noted in Figure 9a thatkq

T/kdiff is
smaller than 1/9 at highkdiff , that is, in the low-pressure region,
and increases over 1/9 and approaches 4/9 as pressure increases
further. According to Scheme 1,kq

T/kdiff is expressed by

In eq 17, when the quenching is fully diffusion-controlled,
we have two limiting cases: (i) for the case ofket

T . k-diff and
kic

T ) 0, kq
T/kdiff ) 1/9 andf∆T ) 1; (ii) for the caseket

T, kic
T

. k-diff , kq
T/kdiff ) 4/9 andf∆T ) 1/4. When the quenching is

reaction-controlled (k-diff . ket
T, kic

T), kq
T/kdiff ) (ket

T + 3kic
T)/

9k-diff and f∆T ) ket
T/(ket

T + 3kic
T). From the results of the

pressure dependence ofkq
T/kdiff (Figure 9a), together with those

obtained in this work thatf∆T in MCH decreases monotonically
from 0.9 to 0.3 on going from 0.1 to 400 MPa, the quenching
of T1 state is not fully diffusion-controlled at the lower pressure
region and approaches fully diffusion-controlled processes as
pressure increases further. Furthermore, it is evident that the
participation of the step ofkic

T (Scheme 1) increases with
increasing pressure, being in sharp contrast with the oxygen

quenching of the T1 state of 9-acetylanthracene for which the
step ofkis

T is closed at high pressures up to 400 MPa.34

From eq 17, we may obtain eq 18 by introducing the
bimolecular quenching rate constant for the T1 state at 0.1 MPa,
ki

T,bim,0 (i ) et or ic) (see eq 15).

The plots ofkq
T/kdiff againstkdiff /γ are shown in Figure 9b. By

assuming thatket
T,bim,0 andkic

T,bim,0 are independent of pressure
by the analogy withkS,bim,0, we can evaluate these two
parameters by curve fitting to eq 18 according to the nonlinear
least-squares method. The best fit curves calculated are shown
by the solid lines in Figure 8b, and the values ofket

T,bim,0 and
kic

T,bim,0 recovered are listed in Table 5. It can be seen in Figure
8b that the fitting is good inn-pentane andn-hexane, whereas
it deviates slightly at the high-pressure region (>300 MPa) in
MCH. The latter evidence in MCH implies that the enhanced
viscosity induced by pressure causes participation of the
intersystem crossing between the encounter complex pairs, as
observed previously for the oxygen quenching of the T1 state
of 9-acetylanthracene34 and the triplet-triplet annihilation of
2-acetonaphthone.17

Pressure Dependence off∆
T and f∆

S. From eqs 9 and 18,
one may derive eq 19.

The values off∆T at 0.1 MPa, calculated by using those of
ket

T,bim,0, kic
T,bim,0 (Table 5), andkdiff/γ, decrease moderately with

increasing pressure; for example, they decrease from 0.60(
0.23, 0.78( 0.06, and 0.78( 0.05 to 0.32( 0.04, 0.54(
0.04, and 0.53( 0.02 in MCH, n-pentane, andn-hexane,
respectively, when pressure increases from 0.1 to 400 MPa. The

kq
S(calc))

kS,bimkdiff

kS,bim + kdiff

(16)

Figure 8. Pressure dependence ofkdiff (O), kS,bim (b), kq
S(obs) (4),

andkq
S(calc) (3) for quenching by oxygen of the S1 state of pyrene in

three solvents.

kq
T

kdiff
) 1

9

ket
T

k-diff + ket
T

+ 3
9

kic
T

k-diff + kic
T

(17) Figure 9. Plots ofkq
T/kdiff against (a)kdiff and (b)kdiff/γ in three solvents.

The solid lines shown in (b) were drawn by the iterative nonlinear
least-squares curve-fitting according to eq 18. The values ofket

T,bim,0

andkic
T,bim,0 recovered are listed in Table 5 (see text).

kq
T

kdiff
) 1

9

ket
T,bim,0

(kdiff /γ) + ket
T,bim,0

+ 3
9

kic
T,bim,0

(kdiff /γ) + kic
T,bim,0

(18)

f∆
T ) ( ket

T,bim,0

(kdiff /γ) + ket
T,bim,0)/

( ket
T,bim,0

(kdiff /γ) + ket
T,bim,0

+
3kic

T,bim,0

(kdiff /γ) + kic
T,bim,0) (19)

3988 J. Phys. Chem. A, Vol. 106, No. 15, 2002 Okamoto and Tanaka



values off∆T in MCH thus calculated agree qualitatively with
those measured as a function of pressure in this work. The values
0.1 MPa are also in agreement with those in cylohexane (1.0)28

and benzene (0.65).29

Finally, in the light of the present approach,f∆S defined by
eq 7 may be expressed by eq 20 using the bimolecular rate
constants for the S1 state at 0.1 MPa (see eq 15),kic

S,bim,0 and
ket

S,bim,0.

Thus, f∆S should be independent of pressure. This is because
singlet encounter complex pair alone in the quenching of the
S1 state is involved in the quenching (see Scheme 3). The overall
quantum yield of singlet oxygen,Φ∆, in air-saturated solvent
and its pressure dependence, which can be calculated by using
f∆S, f∆T, and the parameters involved in eqs 6 and 8 according
to eq 10, together with the reasonable assumption thatket

S,bim,0

is approximately equal toket
T,bim,0, agrees qualitatively with the

results shown in Figure 5 although the errors are large (the
maximum error is ca. 40%).

Summary

It has been shown that the quenching by oxygen of the S1

state in nonpolar solvents examined in this work is not fully
but nearly diffusion-controlled. The contribution of diffusion
was analyzed from the pressure-induced viscosity dependence
of the quenching rate constant of the S1 state,kq

S, which was
separated into the rate constants for diffusion,kdiff , and for
bimolecular quenching in the solvent cage. It was found for
the quenching of the T1 state that the ratio of the quenching
rate constant of the T1 statekq

T to kdiff , kq
T/kdiff , decreases over

1/9 and approaches 4/9 with increasing pressure in the solvents
examined. The results of the oxygen concentration dependence
of the quantum yield for the formation of singlet oxygen,Φ∆,
in MCH, together with those of the quantum yield for T1 state
at pressures up to 400 MPa, revealed that the branching ratio
for the singlet oxygen formation in the T1 state,f∆T, decreases
with increasing pressure. On the basis of Scheme 1, which
involves the encounter complex pairs with singlet, triplet, and
quintet spin multiplicities, the pressure dependence ofkq

T/kdiff

and f∆T was satisfactorily interpreted by eqs 18 and 19,
respectively.
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wherefiSW (i ) M* or Q) represents a microfriction factor and is given by

In eq A-4,Ts
r andTi

r are the reduced temperatures of solvent and solute,
respectively, which can be calculated by the method described elsewhere.2,8,9

By comparing with eq 1,RSW is given by

The values ofRSW(full) and RSW(trunc) were evaluated by eq A-4 and by
neglecting the second parenthetical quantity in eq A-4, respectively. The
values ofRSW(trunc) are shown in Table 5 sinceRSW(full) gives a negative
value for the fluorophore/oxygen system.15,16
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2RTrM*Q

3000η ( 1
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SWrM*
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fQ
SWrQ
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fi
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r) (A-4)

RSW ) 1.2× 104

rM*Q ( 1

fM*
SWrM*

+ 1

fQ
SWrQ

)-1
(A-5)

3990 J. Phys. Chem. A, Vol. 106, No. 15, 2002 Okamoto and Tanaka


