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The mechanism for the quenching by oxygen of the lowest triplet state (T1) of 9-acetylanthracene(ACA) in
five saturated hydrocarbon solvents at pressures up to 400 MPa was investigated. The quenching rate constants
of the T1 state of ACA,kq

T, decrease monotonically with increasing pressure, and the apparent activation
volumes forkq

T vary in the range 0.8-5.3 cm3/mol. It was also found that the plots of lnkq
T against lnη,

where η is solvent viscosity, show significant downward curvatures in all the solvents examined. From
measurements by the time-resolved thermal lensing at 0.1 MPa, together with measurements of triplet-
triplet absorption spectra as a function of pressure, the yields of the T1 state of ACA were found to be
approximately unity in the experimental conditions examined. The quenching rate constants,kq

S, by oxygen
of the lowest excited singlet state (S1) of 9,10-dimethylanthracene (DMEA) whose van der Waals radius is
nearly equal to that of ACA decrease strongly with increasing pressure, and the apparent activation volumes
for kq

S fall in the range of 9.4-14.9 cm3/mol. It was also found that the plots of lnkq
S against-ln η are

linear, with a slope of 0.59-0.71 depending on solvent. These results ofkq
S are consistent with our previous

conclusion that the oxygen quenching of the S1 state of DMEA is diffusion controlled. The ratio,kq
T/kq

S, is
approximately 1/9 in methylcyclohexane but is less than 1/9 inn-butane,n-pentane,n-hexane, andn-heptane
at 0.1 MPa and 25°C, and the ratio was found to increase over 1/9 with increasing pressure in all the solvents
examined. By the bleaching method of DPBF, coupled with time-resolved luminescence measurements, the
yields of singlet oxygen (1∆g) formed by the quenching of the T1 state of ACA,Φ∆, were measured, and the
values ofΦ∆ were found to be approximately unity. These results were explained by a kinetic model in
which the intersystem crossings between encounter complexes with different spin multiplicities are taken
into account. From the analysis based on this model, the pressure dependence ofkq

T/kq
S is discussed.

Introduction

The quenching by oxygen of electronically excited singlet
and triplet states of aromatic molecules in solution has been
extensively investigated1,2 and often believed to be diffusion
controlled. In fact, the quenching rate constants,kq

S, for the
lowest excited singlet states (S1) of some aromatic molecules
in nonviscous solvents are ca. 3× 1010 M-1 s-1, which is close
to the rate constant for diffusion-controlled reactions evaluated
by using the diffusion coefficients of oxygen and aromatic
molecules.3 Recently, we reported the quenching by oxygen of
the electronically excited states of a number of mesosubstituted
anthracene derivatives as a function of pressure and found that
the pressure dependence ofkq

S as well as its magnitude vary
from compound to compound, being dependent on the electronic
nature of the substituents.4 For the anthracene derivatives with
one or two electron-donating substituents such as 9,10-di-
methylanthracene (DMEA), it was concluded that the quenching

of their S1 states is nearly diffusion controlled judging from
the fractional power dependence ofkq

S on solvent viscosity,η,
changed by the application of pressure (kq

S is proportional to
η-R), as well as from the magnitude ofkq

S.5

The quenching by oxygen of the lowest triplet states (T1) is
not so efficient as compared to that of the S1 states for most
aromatic compounds, and their quenching rate constants,kq

T,
are on the order of 109 M-1 s-1 for typical aromatic hydrocar-
bons.2 The low quenching ability of the T1 states has been
explained by the mechanism shown in Scheme 1 via the
encounter complexesi(MO2)* ( i ) 1, 3, or 5) that have three
different spin multiplicities.6

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. The yield of singlet oxygen (O2 (1∆g)), S∆, by
the quenching of3M* is close to unity for most anthracene
derivatives,7,8 whereas it is less than unity for some ketones9,10
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and some aromatic hydrocarbons.11-13 The quenching mecha-
nism shown in Scheme 1 was also supported by measurements
of S∆, although intersystem crossing between encounter com-
plexes is involved for the systems with internal heavy-atom
effects14 and CT interactions.15,16

We observed thatkq
T/kq

S is 0.13, close to 1/9 for both
anthracene and 9-methylanthracene at 0.1 MPa in methylcy-
clohexane, in whichkq

S is concluded to be nearly diffusion
controlled, but it increases monotonically with increasing
pressure and was found to be 0.33 and 0.32 at 400 MPa for
anthracene and 9-methylanthracene, respectively.4,5 According
to Scheme 1, when the quenching is fully diffusion controlled,
we have a relation thatkq

T ) kdiff /9 if S∆ ) 1, or kq
T ) 4kdiff /9

if S∆ ) 0.25. This implies that the increased participation ofkic

will lower S∆ by pressure, but unfortunately, the pressure
dependence ofS∆ is not measured. Furthermore, the fact that a
plot of ln kq

T against ln η shows significant downward
curvatures4,5 suggests the existence of processes competitive
with diffusion as well as the contribution of a spin statistical
factor. Thus, the quenching mechanism by oxygen of the T1

states is not yet fully understood.
The present study is focused on the quenching mechanism

by oxygen of the T1 state of 9-acetylanthracene (ACA) from
measurements ofkq

T and the yield of the T1 state, together with
measurements of the yield of singlet oxygen formed by the
quenching as a function of pressure up to 400 MPa. ACA was
used since this molecule does not fluoresce in solution at room
temperature and the pressures up to 400 MPa, although it
fluoresces significantly at very high pressure, above about 4
GPa.17 The rate constant for diffusion between ACA and
oxygen,kdiff , which is needed to discuss the quenching mech-
anism of the triplet-state, is expected to be reduced significantly
by the application of high pressure. For comparison, we also
measured the quenching constant by oxygen of the fluorescence
of 9,10-dimethylanthracene (DMEA) whose van der Waals
radius (0.365 nm) is close to that of ACA (0.356 nm)18 and
assumed that the diffusion coefficients are the same. Further-
more, to investigate the relationship betweenkq

S andkq
T, these

measurements of the S1 and T1 states were carried out as a
function of pressure in five saturated hydrocarbons including
methylcyclohexane, for which the pressure dependence ofkq

T

andkq
S was reported previously.4,5

Experimental Section

9-Acetylanthracene (ACA) (Aldrich Chemical Co.) was
chromatographed twice on silica gel and developed and eluted
with n-pentane, followed by recrystalization from ethanol twice.
9,10-Dimethylanthracene (DMEA) (Aldrich Chemical Co.) was
recrystallized from methanol and then purified by thin-layer
chromatography. Diphenylisobenzofuran (DPBF) (Aldrich Chemi-
cal Co.) was used without further purification.n-Butane (Tokyo
Kasei Kogyo Co., Ltd.), of guaranteed grade, andn-pentane
(Merck), n-hexane (Merck),n-heptane (Dojin Pure Chemicals
Co.), 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.19,20

The concentration of ACA for the triplet lifetime measure-
ments was adjusted to be ca. 0.8 in absorbance (1 cm cell) at
337.1 nm, and that of DMEA for the fluorescence lifetime
measurements was less than 0.1 at maximum absorption
wavelength in order to minimize the reabsorption effects. In
the measurements of T-T′ absorption spectra as a function of
pressure, the higher concentration of ACA (ca. 1.6) was chosen
in order to minimize the concentration dependence on the
number of absorbed photons. The sample solutions ofn-hexane,
n-heptane, and MCH were deoxygenated by bubbling nitrogen
gas under nitrogen atmosphere, and the concentrations of
dissolved oxygen in those solvents were determined from the
solubility data of oxygen.4,21,22The increase in the concentration
of oxygen by applying high pressure was corrected by using
the compressibility of the solvent.23-32

Sincen-butane andn-pentane are a gas and a very volatile
liquid under the normal condition, respectively, the quenching
experiments in such solvents were carried out with a different
procedure. An appropriate volume of a hexane stock solution
of ACA or DMEA was placed into a high-pressure cell with
four optical sapphire windows. The solvent was evaporated, and
then the high-pressure cell was evacuated and filled with
deoxygenated solvent from a high-pressure syringe pump (500
MPa). The oxygen concentration was determined by introducing
a known pressure of synthesized air (oxygen/nitrogen/argon)
21/78/1 vol %, Taiyo Oxygen Co.) into the high-pressure cell.
Complete dissolution of oxygen into the solvent at 25°C was
checked by measuring the triplet lifetime of ACA or the
fluorescence lifetime of DMEA as a function of time.

The phosphorescence decay curves of singlet oxygen at 1270
nm were measured as a function of pressure by a similar method
described previously.33 In the present work, the element used
in the near-IR detection system was replaced by an InGaAs
sensor (1 mmφ, 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 bleaching of DPBF by
singlet oxygen was determined as described previouly.34,35The
concentrations of ACA were adjusted to give ca. 0.5 and 1.6 in
absorbance at 337.1 nm (1 cm cell) for the phosphorescence
and bleaching measurements, respectively.

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.

SCHEME 1
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Temperature was controlled at 25( 0.2 °C. Pressure was
measured by a calibrated manganin wire or a Minebea STD-
5000K strain gauge.

Results

The quenching by oxygen of the T1 state of ACA involves,
undoubtedly, the diffusion processes. Therefore, first, we
describe the fluorescence quenching by oxygen of DMEA,
which gives the diffusion-controlled rate constant, and then the
results of the T1 state of ACA are presented.

Fluorescence Quenching of DMEA.Fluorescence decay
curves were analyzed satisfactorily by a single-exponential
function in all the conditions examined. The quenching rate
constant for the S1 state of DMEA,kq

S, was determined by eq
1 if the concentration of dissolved oxygen is known

whereτ andτf
0 represent the fluorescence lifetimes in the aerated

and deaerated solutions, respectively. Typical examples of the
plots of 1/τf against the concentration of oxygen inn-butane
are shown in Figure 1. The values ofkq

S were determined from
the slopes of the least-squares plots. The results obtained are
listed in Tables 1-5 together with the data on solvent viscosity,
η.23-32

As seen in Tables 1-5, kq
S decreases significantly with

increasing pressure in solvents studied in this work. The pressure

dependence ofkq
S is shown in Figure 2a. The apparent activation

volumes forkq
S, ∆Vq

Sq, evaluated by eq 2 (i) S) are listed in
Table 6 together with those of the solvent viscosity. As seen in

Table 6, the values of∆Vq
Sq are of the magnitude of 10-14

cm3/mol, which lies in the range of positive activation volumes
found for the nearly diffusion-controlled fluorescence quenching
by oxygen of anthracene derivatives that have one or two
electron-donating substituents.4 The apparent activation volume
for solvent viscosity,∆Vη

q, was calculated to be in the range
22-24 cm3/mol using data of solvent viscosity,η.23-32 The large
difference between∆Vq

Sq and∆Vη
q may be interpreted by the

fact that the fluorescence quenching with a nearly diffusion-
controlled rate shows the fractional power dependence ofη on

Figure 1. Plots of 1/τf for DMEA against the concentration of oxygen,
[O2], in n-butane at 10 different pressures.

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

S, and the T1 State of ACA, kq
T, in

n-Butane

P (MPa) η (cP)
DMEA, kq

S

(1010 M-1 s-1)
ACAa, kq

T

(109 M-1 s-1)

3 0.160 4.35( 0.16 3.31
20 0.198 3.92( 0.17 3.40
39 0.230 3.70( 0.10 3.39
59 0.272 3.38( 0.09 3.29
78 0.309 3.00( 0.22 3.24
98 0.348 2.87( 0.16 3.16

123 0.397 2.69( 0.06 2.97
147 0.446 2.45( 0.10 2.88
172 0.498 2.26( 0.12 2.82
187 0.530 2.16( 0.08 2.74

a Within (5%.

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

S, and the T1 State of ACA, kq
T, and the

Values of Φ∆(P)/Φ∆(0) in n-Pentane

P (MPa) η (cP)
DMEA, kq

S

(1010 M-1 s-1)
ACAa, kq

T

(109 M-1 s-1) Φ∆(P)/Φ∆(0)

0.1 0.229 4.08( 0.20 3.19 1.0( 0.1
50 0.350 3.36( 0.12 2.99 1.0( 0.1

100 0.484 2.78( 0.12 2.86 1.0( 0.1
150 0.629 2.36( 0.10 2.68 1.1( 0.1
200 0.786 2.01( 0.10 2.52 1.0( 0.1
250 1.002 1.77( 0.14 2.39 1.1( 0.1
300 1.202 1.49( 0.03 2.24 1.0( 0.1
350 1.443 1.29( 0.05 2.13 1.1( 0.1
400 1.726 1.14( 0.05 2.02 1.1( 0.1

a Within (3%.

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

S, and the T1 State of ACA, kq
T, and the

Values of Φ∆(P)/Φ∆(0) in n-Hexane

ACAa

P (MPa) η (cP)
DMEA, kq

S

(1010M-1 s-1)
τT

b

(ns)
kq

T (109

M-1 s-1) Φ∆(P)/Φ∆(0)

0.1 0.294 3.52( 0.13 99.5 3.25 1.0( 0.1
50 0.472 2.78( 0.11 100.6 3.03 1.0( 0.1

100 0.650 2.26( 0.10 101.6 2.89 1.0( 0.1
150 0.849 1.87( 0.09 107.8 2.65 1.0( 0.1
200 1.063 1.56( 0.09 109.6 2.54 1.1( 0.1
250 1.310 1.33( 0.08 116.1 2.36 1.0( 0.1
300 1.610 1.13( 0.08 126.3 2.13 1.0( 0.1
350 1.948 0.98( 0.07 128.2 2.07 1.1( 0.1
400 2.368 0.84( 0.07 141.9 1.84 1.0( 0.1

a Within (3%. b Lifetimes of the T1 state of ACA in air-saturated
n-hexane (3.09 mM at 0.1 MPa).

TABLE 4: Oxygen Quenching Rate Constants for the S1
State of DMEA, kq

S, and the T1 State of ACA, kq
T, and the

Values of Φ∆(P)/Φ∆(0) in n-heptane.

ACAa

P (MPa) η (cP)
DMEA, kq

S

(1010M-1 s-1)
τT

b

(ns)
kq

T (109

M-1 s-1) Φ∆(P)/Φ∆(0)

0.1 0.382 3.21( 0.06 110.8 2.93 1.0( 0.1
50 0.587 2.40( 0.07 113.0 2.71 1.0( 0.1

100 0.857 1.91( 0.11 119.7 2.47 1.1( 0.1
150 1.209 1.61( 0.10 125.5 2.28 1.1( 0.1
200 1.652 1.25( 0.04 134.3 2.09 1.1( 0.1
250 2.192 1.05( 0.06 141.3 1.95 1.1( 0.1
300 2.835 0.93( 0.03 152.5 1.78 1.1( 0.1
350 3.582 0.77( 0.06 164.1 1.63 1.1( 0.1
400 4.437 0.66( 0.08 177.1 1.49 1.0( 0.1

a Within (3%. b Lifetimes of the T1 state of ACA in air-saturated
n-heptane (3.08 mM at 0.1 MPa).

RT(∂ ln kq
i/∂P)T ) - ∆Vq

iq (2)
1/τf - 1/τf

0 ) kq
S[O2] (1)
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kq
S (kq

S is proportional toη-R) as reported previously.4,5 In fact,
the plots of lnkq

S against-ln η are almost linear in the solvents
examined, and the values ofR determined by the least-squares
plots are 0.59( 0.02, 0.64( 0.02, 0.71( 0.02, 0.64( 0.01,
and 0.64( 0.015 in n-butane,n-pentane,n-hexane,n-heptane,
and MCH, respectively; they are comparable with those for the
anthracene derivatives where fluorescence is quenched nearly
collisionally. In variable temperature measurements for the
fluorescence quenching by oxygen of chrysene at 0.1 MPa,37 a
linear relation between ln(kq

S/T) and -ln η was found (â )
0.70 in toluene) and the quenching was concluded to be diffusion
controlled. Thus, it may be concluded that the fluorescence
quenching under consideration is fully or nearly diffusion
controlled.

In the discussion of the quenching mechanism by oxygen of
the T1 state of ACA described below, we assume that the rate
constant for diffusion,kdiff , for ACA is equal tokq

S for DMEA.
Quenching Rate Constants for the T1 State of ACA. The

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

T,
was determined by

whereτT andτT
0 are the triplet-state lifetimes of ACA 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 ofτT in n-hexane,
n-heptane, and MCH are also listed in Tables 3, 4, and 5,
respectively, and those ofkq

T in five solvents are listed in Tables
1-5.

As seen in Tables 1-5, kq
T decreases with increasing pressure

in the solvents studied, but its pressure dependence is much
smaller than that ofkq

S. The pressure dependence ofkq
T is shown

in Figure 2b. The apparent activation volumes forkq
T, ∆Vq

Tq,
evaluated by eq 2 (i) T) are listed in Table 6. It can be seen
from Table 6 that the magnitude of∆Vq

Tq is nearly equal to
that for other anthracene derivatives.4 The plots of lnkq

T against
ln η, which were linear for the nearly collisional fluorescence
quenching as mentioned in the previous section, showed
significant downward curvatures in the solvents examined. For
example, the slopes decreased monotonically from-0.12 at 0.1
MPa to -0.34 at 400 MPa inn-pentane. These observations
are common to the quenching by oxygen of the T1 states of the
anthracene derivatives.4, 5

Pressure Dependence of Triplet Quantum Yield.Figure 3
shows the pressure dependence of the T-T′ absorption spectra
of ACA in n-pentane. As seen in Figure 3, the spectra show a
gradual red shift, but the maximum absorbance does not change
with increasing pressure. This suggests that the quantum yield
for the formation of the triplet state of ACA,ΦT, is ap-
proximately independent of pressure provided that the pressure
dependence of the molar extinction coefficient is not significant.
Such a pressure dependence of the T-T′ absorption spectra of
ACA was observed inn-hexane,n-heptane, and MCH as well.

ACA does not fluoresce in solution at room temperature and
0.1 MPa, and this has been ascribed to a very fast intersystem
crossing process (ΦT ) 1).38, 39 We measured the triplet state
quantum yield at 0.1 MPa by time-resolved thermal lensing and
found that the values ofΦT are practically unity in nonpolar
solvents such asn-hexane (0.97), MCH (1.0), and benzene

TABLE 5: Oxygen-Quenching Rate Constants for the S1
State of DMEA, kq

S, and the T1 State of ACA, kq
T, and the

Values of Φ∆(P)/Φ∆(0) in MCH

ACAb

P (MPa) η (cP)
DMEAa, kq

S

(1010M-1 s-1)
τT

c

(ns)
kq

T (109

M-1 s-1) Φ∆(P)/Φ∆(0)

0.1 0.674 2.66( 0.09 127.6 3.13 1.0( 0.1
50 1.143 1.97( 0.08 138.1 2.77 1.1( 0.1

100 1.739 1.51( 0.07 147.0 2.52 1.0( 0.1
150 2.542 1.17( 0.06 159.8 2.27 1.0( 0.1
200 3.752 0.91( 0.06 175.2 2.03 1.0( 0.1
250 5.146 0.72( 0.06 192.6 1.81 1.1( 0.1
300 7.211 0.58( 0.05 212.9 1.62 1.0( 0.1
350 10.02 0.47( 0.05 230.4 1.48
400 12.81 0.38( 0.05 254.8 1.31 1.0( 0.1

a Reference 36.b Reference 4.c Lifetimes of the T1 state of ACA in
air-saturated MCH (2.5 mM at 0.1 MPa).

Figure 2. Plots of lnkq
S against pressure (a) and plots of lnkq

T against
pressure (b) in five solvents. Solid lines were drawn by assuming that
ln kq

i ) A + BP + CP2 (i ) S or T).

TABLE 6: Apparent Activation Volumes a (cm3/mol) for the
Quenching Rate Constants by Oxygen for the S1 State of
DMEA, ∆Vq

S, and T1 State of ACA, ∆Vq
T, and the Values of

kbim and γ

solvent ∆Vq
Sq ∆Vq

Tq
kbim

b (1010

M-1 s-1)
γb (1010

M-1 s-1)

n-butane 12.1( 0.7 0.8( 0.7
(3.0( 0.3)

4.8( 0.5 0.20( 0.03

n-pentane 9.4( 0.2 3.0( 0.2 4.9( 0.1 0.16( 0.01
n-hexane 11.1( 0.2 2.8( 0.3 5.5( 0.4 0.18( 0.01
n-heptane 12.7( 0.5 4.0( 0.2 5.5( 0.4 0.14( 0.01
MCH 14.0( 0.2 5.4( 0.1 7.1( 0.5 0.17( 0.01

a Apparent activation volumes were calculated according to the
equation,RT(∂ ln kq

i/∂P)T ) -∆Vq
iq(i ) S or T) by assuming that ln

kq
i ) A + BP + CP2 or ln kq

T ) A′ + B′P (value in parentheses).
b The mean values in the five solvents are (5.4( 0.3)× 1010 and (0.17
( 0.01)× 1010 M-1 s-1 for kbim andγ, respectively.

1/τT - 1/τT
0 ) kq

T[O2] (3)
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(0.96).40 Combining these results with the pressure-insensitive
intensity of the T-T′ absorption, it may be concluded thatΦT

is unity at pressures up to 400 MPa in the four solvents
examined in this work. This conclusion may be also valid for
the ACA/n-butane system, although we did not measure the
T-T′ absorption spectra in this solvent as a function of pressure.

Pressure Dependence of the Quantum Yield of Singlet
Oxygen. Singlet oxygen (1O2(1∆g)) generated by the oxygen
quenching of electronically excited states in the presence of
DPBF decays as follows:

According to this scheme, the absorbance of DPBF (410 nm)
at a timet, A(t), is given by

where

and A(0) andA(∞) are the absorbances att ) 0 and t ) ∞,
respectively.33,34The time course of the bleaching reaction was
analyzed satisfactorily by curve-fitting to eq 4 using the iterative
nonlinear least-squares method, and the values ofA(0) - A(∞)
and kobs were determined inn-pentane,n-hexane,n-heptane,
and MCH.

SinceΦT is unity for the experimental conditions examined
in this work, the ratio of the quantum yield for the formation
of singlet oxygen atP to that at 0.1 MPa,Φ∆(P)/Φ∆(0.1), is
given by

whereτobs ) 1/kobs and ε and τ∆()1/k∆) represent the molar
extinction coefficient of DPBF at 410 nm and the lifetime of
singlet oxygen in the absence of DPBF, respectively. The
correction forε0.1/εP was relatively small, 1.04 inn-pentane (410
nm), 1.02 inn-hexane (412 nm), 1.05 inn-heptane (412 nm),
and 1.03 in MCH (410 nm) on going from 0.1 to 400 MPa at
25 °C. The values ofτ∆ determined by the phosphorescence
decay measurements of singlet oxygen in the four solvents

except for n-butane decreased significantly with increasing
pressure; for example,τ∆ decreased from 34.3 to 13.4µs on
going from 0.1 to 400 MPa inn-pentane. Such a pressure
dependence of the lifetime may be explained in the framework
of the works reported by us33,34 and others,41 and hence, no
further discussion is made here. By using the values ofτ∆,
together with the values determined by the bleaching method,
we calculated the values ofΦ∆(P)/Φ∆(0.1) from eq 5. The
results are summarized in Tables 2-5. It can be seen in Tables
2-5 that the quantum yield for the formation of singlet oxygen
is independent of pressure in the solvents examined in this work.

TheΦ∆(0.1) values in the four solvents except forn-butane
were evaluated by comparing them with the results of the
bleaching experiments sensitized byp-methoxyacetophenone
containing naphthalene in cyclohexane whereΦ∆(0.1)) 1.0.42

Phosphorescence decay measurements in this reference sensitizer
system give 22.6( 0.1 µs for the lifetime of singlet oxygen,
τ∆. For the system ACA/cyclohexane we findτ∆ ) 22.9( 0.1
µs. The lifetimes obtained are in good agreement with the values
reported by other groups. The difference inε at 410 nm between
cyclohexane and the solvents examined was very small, and
hence the correction forε was neglected in eq 5. Using these
results, together with the values ofτ∆ at 0.1 MPa, the values of
Φ∆(0.1) for ACA as a sensitizer were found to be approximately
unity in n-pentane,n-hexane,n-heptane, and MCH. TheΦ∆(0.1)
values were also evaluated by comparing the value of the
phosphorescence intensity extrapolated to time) 0 for ACA/
solvent with that for the reference sensitizer/solvent and were
found to be approximately unity in the four solvents.

Discussion

In the present work, we observed the quantum yields of the
T1 state of ACA are unity and also those for the singlet oxygen
formation are unity in the solvents examined at pressures up to
400 MPa at 25°C. These findings suggest that the rate constant
kic for the decay process from the encounter complex with the
spin multiplicity of triplet is negligibly small. Figure 4 shows
plots ofkq

T/kq
S againstkq

S. Sincekq
S is reasonably assumed to

be a diffusion-controlled rate constant, the ratio,kq
T/kq

S, is equal
to 1/9, as evaluated by spin statistics, if the quenching of the
T1 state is diffusion controlled. However, it can be seen in Figure
4 that the ratio,kq

T/kq
S, increases with decreasingkq

S; for
example, it increases from 0.075 (3 MPa) to 0.13 (187 MPa) in
butane and from 0.12 (0.1 MPa) to 0.34 (400 MPa) in MCH.
In previous works,4,5 we measured bothkq

T and kq
S for the

anthracene derivatives as a function of pressure, and found

Figure 3. Transient absorption spectra of ACA inn-pentane observed
at 100 ns after the laser pulse excitation at five different pressures.
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Figure 4. Plots ofkq
T/kq

S againstkq
S in five solvents at 25°C.
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similar pressure dependence ofkq
T/kq

S, although the values of
S∆ were not measured. In the present system, the step ofkic in
Scheme 1 can be neglected since the quantum yields for singlet
oxygen formation are unity. Therefore, the fact thatkq

T/kq
S

increases with increasing pressure indicates a participation of
the intersystem crossing between the encounter complexes that
is increased by pressure. Hence, the quenching mechanism
should be modified as shown in Scheme 2 in which the steps
of kisc(1), kisc(2), and kisc(3) are taken into account. Similar
quenching mechanisms involving the intersystem crossing
between the encounter complexes have been proposed for the
systems with CT interactions15,16 and the internal heavy-atom
effects,14 and also it is interesting to know that such intersystem
crossings are assumed in order to account for the high S∆ values
of the π,π* ketone triplet state at low temperatures.37

According to Scheme 2, the apparent quenching rate constant,
kq

T, is given by

When kisc(i) (i ) 1, 2, or 3) is negligibly small compared to
k-diff (k-diff . kisc(i)) in Scheme 2, 9kq

T/kdiff , i.e., 9kq
T/kq

S, is
replaced by the equation, 9kq

T/kq
S ) ket/(k-diff + ket) (e1) since

kdiff is reasonably assumed to bekq
S. The values of 9kq

T/kq
S

calculated using the data listed in Tables 1-5 were larger than
unity for pressures above 147 MPa inn-butane. The pressure
at which the ratio becomes larger than unity shifted to a lower
value in the order ofn-pentane,n-hexane, andn-heptane, and
at 0.1 MPa in MCH the ratio was 1.06, suggesting that the
contribution ofkisc(i) to kq

T cannot be neglected even at 0.1 MPa
and increases significantly as pressure increases.

We assume here thatkisc(1)) kisc(3)()kisc
en) in order to estimate

the rate constants for the energy transfer and the intersystem
crossing between the encounter complexes, obtaining eq 7.

The unimolecular rate constant,k-diff , in eq 7 is expected to be
strongly dependent on pressure. Exothermic triplet-triplet
energy transfer from the benzophenone triplet to naphthalene
occurs with a mechanism similar to Scheme 1 in which only
one encounter complex with triplet spin multiplicity is involved.
From the analysis of the dependence of the rate constant for
the energy transfer on the pressure-induced solvent viscosity,
it was found that the bimolecular rate constant forket defined
by eq 8,kbim, is approximately independent of pressure.43

When this is applied to the quenching by oxygen, eq 7 is
replaced by

whereγ()(kdiffkisc
en/k-diff), defined by analogy tokbim, is the

bimolecular rate constant forkisc
en. If kbim andγ are independent

of pressure, eq 9 predicts thatkq
T/kq

S can be expressed as a
function ofkq

S alone, being independent of solvent and pressure.
In fact, as seen in Figure 4, the plot ofkq

T/kq
S againstkq

S

indicates that it is described approximately by eq 9 in the
solvents examined in this work at pressures up to 400 MPa.
The values ofkbim andγ were evaluated by the curve-fitting to
eq 9 using the method of nonlinear least-squares. The results
are summarized in Table 6. It can be seen in Table 6 that the
values ofkbim and γ are almost independent of solvent. The
mean values ofkbim andγ evaluated by the curve-fitting to eq
8 using the data in five solvents (solid line in Figure 4) were
(5.4 ( 0.3) × 1010 and (0.17 ( 0.01) × 1010 M-1 s-1,
respectively; the contribution ofγ to kq

T/kq
S increases monotoni-

cally with increasing pressure (see eq 9), for example, from
0.32 at 0.1 MPa to 0.71 at 400 MPa in MCH. The results
mentioned above that∆Vq

Tq is smaller than∆Vq
Sq, and also

that the plots of lnkq
T against lnη are nonlinear may be

understood in terms of the contributions ofkbim and γ to kq
T

relatively increased by a decrease inkdiff ()kq
S) with increasing

pressure (eq 9).
There is no available information aboutkbim andγ to compare

in the case of the quenching by oxygen. For energy transfers
from the triplet states of benzophenone (3nπ*) and triphenylene
(3ππ*) to naphthalene,kbim was reported to be about 1.3× 1010

M-1 s-1, whereas it is 3.9× 1010 M-1 s-1 for fluorescence
quenching of triphenylene by benzophenone inn-hexane.43 The
value ofkbim (5.4 × 1010 M-1 s-1) is close to that of the latter
case via the encounter that has the same spin multiplicity of
singlet as the present system.

Finally, the pressure independence ofkbim is also evident from
the present study, but the reason for this is still missing. The
observed rate constant in the preequilibrium limit,kq

T, is given
by kbim/9 (k-diff . 8kisc

en, ket in eq 7). It was proposed on the
basis of thermodynamic considerations that the equilibrium
constant,K ()kdiff /k-diff), is approximately equal to the inverse
of the molarity of the solvent, [S].44 Accordingly, since the
values of [S] vary in the range 6.8-10.0 M at 0.1 MPa and 25
°C, the values ofket andkisc

en are calculated to be in the range
of (3.7-5.5)× 1011 s-1 and (1.0-2.0)× 1010 s-1, respectively.
Furthermore, the volume change for the encounter complex
formation, ∆V, which is given by the equation,∆V )
-RT(∂ ln K/∂P)T - RTκ, whereκ is the isothermal compress-
ibility of the solvent, is calculated to be zero sinceκ ) -(1/
[S])(∂[S]/∂P)T. From eq 8, one can obtain the relation,∆Vbim

q

)∆V + ∆Vet
q in which ∆V ) 0 and∆Vbim

q ≈ 0. Thus,∆Vet
q

) 0. However, the hard-sphere theory, which has been applied
successfully to many systems such as complex formation
between donor and acceptor in liquid solution,45 leads to
different values for the volume change. According to this theory,
∆V is evaluated to be negative (ca.-9 to -15 cm3/mol
depending on solvent46), yielding that∆Vet

q ) 9-15 cm3/mol.
Unfortunately however, there is no evidence that would allow
further discussion about∆Vet

q at the present stage.

Conclusion

The mechanism for the quenching by oxygen of the T1 state
of ACA in n-butane,n-pentane,n-hexane,n-heptane, and MCH

SCHEME 2

kq
T ) 1

9

kdiffket

k-diff + ket
{1 + ( kisc(1)

k-diff + kisc(1)
)(3 +

5kisc(2)

k-diff + kisc(2) + kisc(3)
) +

5kisc(3)

k-diff + kisc(2) + kisc(3)
} (6)

kq
T ) 1

9

kdiffket

k-diff + ket(1 +
8kisc

en

k-diff + kisc
en) (7)

kbim ) (kdiffket)/k-diff (8)

kq
T ) 1

9

kdiffkbim

kdiff + kbim
(1 + 8γ

kdiff + γ) (9)
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at pressures up to 400 MPa has been investigated. It has been
shown that the yields of T1 state are approximately unity. The
results, together with the findings that the yields for singlet
oxygen formed by the quenching of the T1 state are unity, have
revealed that the quenching of the T1 state does not involve a
decay channel via the encounter complex with the spin
multiplicity of triplet in all the experimental conditions exam-
ined. The ratio,kq

T/kq
S, wherekq

S is the diffusion-controlled
quenching rate constant by oxygen of the S1 state of DMEA, is
about 1/9 in MCH but less than 1/9 in the other solvents at 0.1
MPa and 25°C, and the ratio has been found to increase to
over 1/9 with increasing pressure in all the solvents examined.
These results have been explained by Scheme 2, which takes
into account the intersystem crossing between the encounter
complexes with different spin multiplicities.
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