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The deactivation of the upper excited singlet oxygen O2(1Σg
+) by 22 different quenchers has been studied in

the liquid phase by time-resolved emission experiments. Radiationless deactivation occurs by electronic to
vibrational (e-v) energy transfer to terminal bonds X-Y of the quenching molecule. A model is presented
which describes the broad variation of rate constants over 4 orders of magnitude. The quantitative comparison
with the e-v deactivation of O2(1∆g) demonstrates that for O2(1Σg

+) in addition to the excitation of stretching
modes the excitation of bending modes of X-Y becomes important for the overall deactivation process.

Introduction

There are two excited singlet states with excitation energies
of 7882 (a1∆g) and 13 121 cm-1 (b1Σg

+) closely lying above
the X3Σg

- triplet ground state of the O2 molecule.1 Transitions
between any of these three states are forbidden for the isolated
molecule by selection rules for electric dipole radiation.
However, perturbations caused by collisions with other mol-
ecules lead to an increase of the probability of the radiative
transitions and, more importantly, open access to radiationless
deactivation paths for O2(1Σg

+) and O2(1∆g). Physical radia-
tionless deactivation of O2(1∆g) occurs by three different
mechanisms. The fastest is spin-allowed electronic energy
transfer to an acceptor molecule with a triplet state of lower
energy.2 Distinctly slower is the deactivation by quenchers of
low oxidation potential via a charge-transfer mechanism.3 The
slowest is spin-forbidden electronic to vibrational (e-v) energy
transfer to the quenching molecule.4-6 This ubiquitous collision-
induced process drastically reduces the O2(1∆g) lifetime τ∆ in
the condensed phase and leads to an extraordinary solvent effect
on τ∆, spanning over 5 orders of magnitude from 3.3µs (H2O)7
to 0.3 s (perfluorodecaline).8 Hurst and Schuster discovered
that the rate constantk∆

D of collision-induced e-v deactivation
of O2(1∆g) is additively composed of rate constantsk∆

XY of
deactivation by single terminal bonds X-Y of the quencher.4

We found an exponential correlation ofk∆
XY with the funda-

mental energyEXY of the X-Y stretching vibration.6 Further-
more, the importance of overtone excitations of X-Y for the
overall deactivation process was documented by our comparative
experiments with16O2(1∆g) and18O2(1∆g).9 All these findings
are comprised in a model, which calculates the probabilities of
all possible coupled vibronic O2(1∆g,V ) 0 f 3Σg

-,V ) m) and
vibrational X-Y(V′ ) 0 f V′ ) n) transitions and which
quantitatively reproduces the broad variation ofk∆

XY values.9

The radiationless deactivation is by several orders of mag-
nitude faster for O2(1Σg

+) than for O2(1∆g), since for O2(1Σg
+)

a spin-allowed route for deactivation to O2(1∆g) exists.10

Actually, the efficiency of O2(1∆g) formation in the quenching
of O2(1Σg

+) was found to be unity,11,12indicating much smaller
rate constants for the direct spin-forbidden deactivation1Σg

+

f 3Σg
-. Most data on the quenching of O2(1Σg

+) have been
obtained in the gas phase by flow techniques.10 The scatter of
the resulting rate constantskΣ

D determined in different labora-

tories approaches a variation up to a factor of 4.5, which reveals
a considerable uncertainty of the gas-phase data.13 More
consistent data can be obtained in time-resolved measurements
of the1Σg

+ f 3Σg
- emission. Until now the only liquid-phase

rate constantskΣ
D have been reported by us.14 These few data

are mostly larger than the corresponding gas-phase rate con-
stants, which could be a consequence of the larger normalized
collision frequency of the colliding molecules in the liquid phase.
To get a broader set of data of comparable and rather low

experimental uncertainty, we determined in time-resolved
measurements of O2(1Σg

+) in solution values ofkΣ
D for a larger

number of quenchers. The quenchers were chosen to allow the
evaluation of rate constantskΣ

XY for a maximum possible
number of different terminal bonds X-Y. As will be shown
below, these data can in turn be used for the calculation of rate
constantskΣ

D for quenchers, which have not yet been investi-
gated experimentally.

Experimental Details

C2Cl4 (99+%), C10F18 (perfluorodecaline, 95%), C2F3Cl3
(99+%), C6F6 (99%), C6H6 (99+%), C6H12 (99.5%), CHCl3
(99.8%), CH3CN (99.5%), (CH3)2CO (99+%), CH3OH (99.9%),
CS2 (99+%), CDCl3 (99.8%), CD2Cl2 (99.6%), CD3CN (99.5%),
CD3OD (99.5%), all from Aldrich, C6D6 (99.6%), (CD3)2CO
(99.8%), both from Deutero GmbH, C6F13I (Fluka, 98+%), and
CCl4 (Janssen, 99+%) were additionally purified by column
chromatography (Al2O3). H2O was purified by distillation,
C2H4(NH2)2 (ethylenediamine, Aldrich, 99+%) by crystalliza-
tion. D2O (Aldrich, 99.96%) was used as received. The singlet
oxygen sensitizer phenalenone (PHE, Aldrich, 97%) was
purified by column chromatography (CH2Cl2/silica gel).
The setup for the time-resolved measurement of the bf X

phosphorescence (765 nm) and the measurement of the bf a
fluorescence (1926 nm) of O2, which both can be observed
simultaneously, has been described.12,14,15 As the excitation
source we used either a short pulse (3 ns, 308 nm) excimer
laser MG02 (Radiant Dyes, Wermelskirchen), a N2-filled
excimer laser (7 ns, 337 nm, EMG 101E Lambda Physik), or a
dye laser FL 3002 (15 ns, 400 nm) which was pumped by an
EMG 200 E excimer laser (both from Lambda Physik). As
detectors served a photomultiplier R1464 (Hamamatsu) with
interference filter (IF 764 nm, half-bandwidth, hbw) 19 nm)
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for time-resolved measurement of O2(1Σg
+) and a liquid N2-

cooled InAs diode J12-D with preamplifier PA7 (EG&G Judson)
equipped with IF 1940 nm, hbw) 70 nm, for intensity
measurements of O2(1Σg

+). The very fast decaying fluorescence
of impurities of PHE and solvent was separated from the
extremely weak but slowly decaying phosphorescence of O2-
(1Σg

+) by means of a difference technique, comparing the
emissions of otherwise identical solutions of PHE with and
without complete quencher of O2(1Σg

+).12,14 All emission
experiments were averaged over 128 laser shots. Experiments
were done with air-saturated solutions at room temperature,
varying the laser pulse energy. Only energy-independent results
are reported. The radiative deactivation of O2(1Σg

+) by the b
f a and the bf X emissions occurs in CCl4 with rate constants
kb-a ) 3.4 × 103 s-1 and kb-X ) 0.4 s-1 and can thus be
neglected compared with the fast radiationless deactivation.15

Solutions were prepared and filled into sample cells in a
glovebox under dry atmosphere. Values ofkΣ

D were determined
for CCl4, C2Cl4, and C2F3Cl3 from the experimental O2(1Σg

+)
lifetimesτΣ in the pure solvents. For the rest of the quenchers
Q the dependence ofτΣ on the concentration [Q] was measured
in CCl4 solution andkΣ

D was obtained as slope from plots of
1/τΣ vs [Q]. For the stronger quenchers (kΣ

D > 3 × 107 M-1

s-1) kΣ
D was additionlly evaluated from Stern-Volmer plots

of the dependence of the O2(1Σg
+) fluorescence intensity on [Q],

which was measured at 1940 nm.

Results

The lifetime of O2(1Σg
+) reaches a maximum value of 180

ns in C2Cl4, exceeding the hitherto known maximum of 130 ns
in CCl4.14,16 Table 1 lists the experimental values ofkΣ

D

determined in the liquid phase. Maximum rate constants can
be found for molecules containing O-H and N-H bonds, which
have the highest vibrational energies. Much lower rate constants
are found for perhalogenated quenchers.kΣ

D increases in the
series CHCl3, CH3CN, (CH3)2CO, C6H12 proportional to the
number of C-H bonds. These findings are strong evidence
that these quenchers deactivate O2(1Σg

+) by e-v energy
transfer.4,9,14,17 Thus, it is meaningful to calculate rate constants
of deactivation of O2(1Σg

+) by single terminal bonds X-Y via
eq 1, whereNXY is the number of bonds X-Y of the quenching

molecule.
Rate constantskΣ

CCl ) 1.8× 105 and 1.4× 105 M-1 s-1 are
obtained fromkΣ

D of CCl4 and C2Cl4, respectively. The average
valuekΣ

CCl ) 1.6× 105 M-1 s-1 is given in Table 2.kΣ
D of

C6F6 leads to the valuekΣ
CFar ) 1.5 × 106 M-1 s-1 for

aromatically bound C-F. kΣ
D of C10F18 yields a first value of

kΣ
CF ) 5.2× 105 M-1 s-1 for aliphatically bound C-F. kΣ

CF

) 4.9× 106 M-1 s-1 is obtained fromkΣ
D of C6F13I, if it is

considered that the deactivation by C-I cannot compete with
the deactivation by C-F because of the much smaller stretching
vibrational energyEXY of the C-I bond. Finally, fromkΣ

D of
C2F3Cl3 we calculatekΣ

CF ) (2.5× 106 - 3× 1.6× 105)/3 )
6.8× 105 M-1 s-1. The mean valuekΣ

CF ) 5.6× 105 M-1 s-1

is given in Table 2.kΣ
CF is much larger thankΣ

CCl because of
the distinctly larger energy of the stretching vibration of C-F
compared with that of C-Cl, allowing a better e-v energy
transfer. For the radiationless deactivation of O2(1∆g) the
sequence is just opposite:k∆

CCl ) 0.18,k∆
CF) 0.049 M-1 s-1.9

The reason for this deviation lies in the spin-forbiddeness of
the 1∆g f 3Σg

- deactivation, which becomes weaker in
collisions with heavier atoms (Cl instead of F) and surmounts
the effect of the vibrational energy dependence of the e-v
deactivation of O2(1∆g).9,18 All rate constantskΣ

XY of Table 2
are calculated in the way described above. The inspection of
the data reveals a distinct H/D isotope effect onkΣ

XY only for
O-H/O-D (factor of 6). For C-H/C-D the isotope effect is
small (factor of 2 to 3). A very different behavior was found
for the deactivation of O2(1∆g) where for O-H/O-D as well
as for C-H/C-D the isotope effect is about a factor of 20.9,19-22

The average values ofkΣ
XY of Table 2 can in turn be used to

recalculate the rate constantkΣ
D of e-v deactivation of O2(1Σg

+)
by eq 1. The good agreement of the calculated values ofkΣ

D

given in Table 1 with the experimental data demonstrates the
accuracy of the additivity concept. Thus, eq 1 and the
experimental data ofkΣ

XY can well be used to predict rate
constants of e-v deactivation of O2(1Σg

+) by quenchers, which
have not yet been investigated. At this point it should be
mentioned that, in contrast to O2(1∆g), deactivation of O2(1Σg

+)

TABLE 1: Experimental Rate Constants kΣ
D of Deactivation of O2(1Σg

+) by Different Quenchers Q, Experimental Uncertainty
(15%

Q kΣ
D/M-1 s-1 kΣ

D/M-1 s-1 a Q kΣ
D/M-1 s-1 kΣ

D/M-1 s-1 a

CCl4 7.3× 105 6.4× 105 H2O 2.2× 109 3.0× 109

C2Cl4 5.5× 105 6.4× 105 CH3OH 2.2× 109 1.8× 109

C6F6 9.2× 106 C2H4(NH2) 2.3× 109

C10F18 9.3× 106 1.0× 107 CS2 3.2× 106

C6F13I 6.4× 106 7.3× 106 C6D6 3.2× 108

C2F3Cl3 2.5× 106 2.2× 106 CD2Cl2 5.5× 107 6.7× 107

C6H6 6.6× 108 b CDCl3 3.6× 107 3.4× 107

C6H12 1.3× 109 b 1.2× 109 CD3CN 8.5× 107 9.9× 107

CHCl3 6.8× 107 b 1.0× 108 (CD3)2CO 2.5× 108 2.0× 108

CH3CN 3.9× 108 b 3.0× 108 D2O 4.3× 108 5.5× 108

(CH3)2CO 6.0× 108 b 6.1× 108 CD3OD 4.3× 108 3.7× 108

a From the average experimental rate constantskΣ
XY of Table 2 recalculated values.b Already published data.

kΣ
D ) ∑

XY

NXYk
Σ
XY (1)

TABLE 2: Experimental Rate Constants kΣ
XY of

Deactivation of O2(1Σg
+) by Terminal Bonds X-Y, Energies

EXY and Anharmonicty Constants x of the Highest Energy
Stretching Vibration of the Deactivating Bonds X-Y, and
Calculated Rate ConstantskΣ,c

XY

X-Y kΣ
XY/M-1 s-1 a kΣ

XY/M-1 s-1 b EXY x kΣ,c
XY/M-1 s-1

O-H 1.5× 109 1.5× 109 3755 0.024 7.7× 108

N-H 4.7× 108 2.8× 108 3335 0.024 2.0× 108

O-D 2.7× 108 1.9× 108 2790 0.017 1.3× 108

C-Har 1.1× 108 6.5× 107 3060 0.022 8.6× 107

C-H 1.0× 108 3.7× 107 2960 0.022 7.2× 107

C-Dar 5.3× 107 2270 0.016 7.0× 107

C-D 3.3× 107 1.3× 107 2250 0.017 6.5× 107

C-S 1.6× 106 8.5× 105 1520 0.010 3.9× 106

C-Far 1.5× 106 1520 0.008 3.2× 106

C-Fal 5.6× 105 3.6× 105 1250 0.007 1.0× 106

C-Cl 1.6× 105 6.8× 104 800 0.007 2.4× 105

a Liquid phase.bGas phase.13
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seems to occur neither by chemical reactions nor by charge-
transfer interactions.23,24

Table 2 compares the values ofkΣ
XY determined in the liquid

phase with corresponding data, which have been evaluated in a
previous analysis of values ofkΣ

D measured in the gas phase.13

With exception of O-H, distinctly larger rate constants are
obtained from the liquid-phase data. On average, they are larger
than the gas-phase values by a factor of 2. This finding is in
qualitative agreement with the results of earlier studies on the
e-v deactivation of O2(1∆g) by O2, where the rate constant in
the condensed phase exceeds the gas-phase rate constant by
factors of 3 (perhalogenated solvents)8 and 1.34 (liquid O2, 150
K),25 respectively. The reason for this graduation is the increase
of the normalized collision frequency in going from the gas to
the liquid phase.25,26 In addition, Table 2 lists the energiesEXY
of the highest energy stretching vibration of the deactivating
bonds X-Y and the corresponding anharmonicity constantsx.9

Discussion

Model of e-v Energy Transfer. The rate constants of
deactivation of O2(1∆g) by e-v energy transfer to terminal bonds
X-Y could quantitatively be reproduced by us by calculating
the probabilities for all possible combinations of coupled
vibronic O2(1∆g,V ) 0 f 3Σg

-,V ) m) and vibrational X-Y(V′
) 0 f V′ ) n) transitions. Hereby we found already a very
satisfying agreement with the experimental results, if we assume
that only the highest frequency stretching vibrational mode of
X-Y contributes to deactivation.9 The reason for the validity
of this very simplifying concept lies in the strong exponential
increase ofk∆

XY with the fundamental energyEXY of the X-Y
stretching vibration.6 Since the liquid-phase values ofkΣ

XY also
correlate roughly exponentially withEXY, the same concept can
be used for the quantitative interpretation of the e-v deactivation
of O2(1Σg

+), as was already shown by us in the analysis of the
gas-phase rate constantskΣ

XY.13

In the following discussion the model for calculation of rate
constants of e-v energy transfer is briefly presented. Radia-
tionless deactivation of O2(1Σg

+) leads to the next lower singlet
state 1∆g.12 We assume that deactivation proceeds only by
excitation of the highest energy vibrational mode of X-Y,
whereby overtone excitations of X-Y explicitly are considered.
Equation 2 describes the possible coupled transitions, wherem
andn are the vibrational quantum numbers of O2 and X-Y in
the respective product states andEmn is the corresponding off-
resonance energy.

Emn is the difference between the vibronic transition energyEO2,m
of O2 and the vibrational transition energyEXY,n of oscillator
X-Y.

The rate constant for the single coupled transition described by
eq 2 is given by eq 4.

HereCΣ is a constant,Fm and Fn′ are the Franck-Condon (FC)
factors of the corresponding coupled transitions andRmn is the
off-resonance factor, describing the dependence of the prob-
ability of the coupled transition onEmn. The off-resonance

energyEmnhas to be accepted or provided simultaneously with
the coupled transition by low-energy modes of the entire
quenching molecule. Theoretical calculations for simple model
systems lead to an approximately exponential relation.27,28 Thus,
we obtain for exothermic energy transfer (Emn> 0) eq 5, where
R is a measure for the ability of the quencher to acceptEmn. It
was shown thatR can be taken constant in a first approxima-
tion.6,9 We assume that in the case of endothermic coupled
transitions the effectivity of the quencher for the reverse energy
flow is the same. If furthermore the availability of energy is
considered by the Boltzmann factor, eq 6 results for endothermic
energy transfer with gas constantR and temperatureT.

Since the energy gap between the lowest excited singlet states
of O2 is small, deactivation of O2(1Σg

+) can only lead to the
vibrational levelsV ) 0, 1, 2, and 3 of the1∆g state with
corresponding transition energiesEO2,m of 5239, 3755, 2297,
and 865 cm-1. The overall rate constantkΣ,c

XY is calculated
by eq 7, wherenmax is the vibrational quantum number of the
highest overtone of X-Y that can be excited.

For the calculation ofkΣ,c
XY, values ofFm, Fn′ andEXY,n are

required. The FC factors of the1∆g, V ) 0 f 3Σg
-, V ) m

transitions could be calculated by an empirical relation, which
was adjusted to the experimental value ofF1.9 Unfortunately,
no experimental values of FC factors of the1Σg

+, V ) 0f 1∆g,
V ) m transitions are known. However, because of the similar
graduations in internuclear distance (1.23/1.22 vs 1.22/1.21),
fundamental vibrational energy (1404/1484 vs 1484/1556), and
anharmonicity constant (0.010/0.0085 vs 0.0085/0.0076), it can
well be assumed that the valuesF0 ) 1, F1 ) 3.0× 10-2, F2
) 4.5× 10-4, and F3) 4.5× 10-6 determined for the vibronic
transitions of O2(1∆g) may also be used for the vibronic
transitions of O2(1Σg

+). The derivation of eqs 8 and 9, necessary
to obtain realistic overtone energiesEXY,n and FC factorsFn′
of the vibrational transitions X-Y (V′ ) 0f V′ ) n) is already
described.9

Comparison of Calculated and Experimental Results.
Using the data ofEO2,m, EXY,n, Fm, andFn′ and eqs 3-7 it is
possible to calculate rate constantskΣ,c

XY which can be fitted
to the experimental datakΣ

XY by means of the parametersCΣ
(eq 4) andR (eqs 5 and 6).R is a measure of the ability of the
entire quenching molecule to accept or to supply the off-
resonance energy simultaneously with the coupled transition via
low-energy vibrational and rotational modes. In the previous
quantitative analysis of the liquid-phase rate constantsk∆

XY of
e-v deactivation of O2(1∆g) by X-Y it was found that the
constantR ) 0.0032 (cm-1)-1 can be taken as a general value
for polyatomic quenchers. Since the quencher’s ability to accept
or to supply the off-resonance energy will certainly not depend

Emn> 0: Rmn) exp(-REmn) (5)

Emn< 0: Rmn) exp(Emn(R + 1/(RT))) (6)

kΣ,c
XY ) ∑

m)0

3

∑
n)1

nmax

kmnXY (7)

EXY,n )
EXY(n(1- x(n+ 1))

1- 2x
(8)

Fn′ )
EXY n(x

-1 - 2) (x-1 - 2n- 1)n! (x-1 - 2- n)!

EXY,n(x
-1 - 3) (x-1 - 2)!

(9)

1Σg
+, V ) 0+ X-Y(V′ ) 0)f

1∆g, V ) m+ X-Y(V′ ) n) + Emn (2)

Emn) EO2,m - EXY,n (3)

kmnXY ) CΣ FmFn′ Rmn (4)
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on the excited state of O2, the same value ofR ) 0.0032
(cm-1)-1 should be a general parameter in the e-v deactivation
of O2(1Σg

+) too. Thus, already aone-parameter fitshould be
sufficient to describe the experimental results for O2(1Σg

+).
The fit parameterCΣ can be interpreted as the product of the

normalized collision frequency of the colliding pair in the liquid-
phaseZl with the electronic factorfΣ of the1Σg

+ f 1∆g transition
of O2, and with a steric factors: CΣ ) ZlfΣs. Only fΣ is
independent of the molecular properties of the quencher.Zl is
assumed to be larger than the normalized collision frequency
Zg in the gas phase by the value of the pair distribution function
g(σ) at contact distanceσ.25,26 If the model of hard spheres is
applied to the liquid phase, then the value ofg(σ) depends on
the packing fraction of the solvent but also on the diameters of
the spherically assumed O2, solvent, and quencher molecules.29,30

Zg depends via the collision distance and the reduced mass of
the colliding pair on the size and mass of the quencher, ands,
which describes the accessibility of O2 to the deactivating bond
in collinear collisions, depends on the molecular structure of
quencher. The fact that we use one general value ofCΣ for the
calculation ofkΣ,c

XY represents therefore a strong simplification.
Since variations inZl ands will only fortuitously compensate
each other, a scatter ofkΣ

XY around the calculated datakΣ,c
XY

has to be expected as was already found in the treatment of the
k∆

XY data.
The last column of Table 2 collects the values ofkΣ,c

XY

calculated with the above-described model and withCΣ ) 2.0
× 1010 M-1 s-1. The comparison with the experimental rate
constants demonstrates that the large variation ofkΣ

XY over 4
orders of magnitude is in principle reproduced. Calculated and
experimental rate constants differ at maximum by a factor of
2.4. A similarly large maximum deviation has already been
stated in the analysis of the e-v deactivation of O2(1∆g) which
requires the fit parameterC∆ ) Zlf∆s ) 5.5× 105 M-1 s-1.9

To improve the agreement between the experimental data and
the calculation for the deactivation of O2(1Σg

+), we tried to
consider the quencher-dependent variation of the collision
frequency. We first normalized the experimental data to a
common collision frequency by calculatingkΣ

D/Zl before we
calculated incremental rate constants of deactivation by X-Y.
However, the agreement between these normalized incremental
rate constants and the rate constants obtained from the e-v
energy transfer model with a common value ofCΣ was not
better. Possibly, the failure of improvement was caused by the
neglect of variation of the steric factor s. Most probably,
however, a further improvement was prohibited by the rather
crude approximative equations for the valueg(σ) of the pair
distribution function at contact distance.25,26,29

Figure 1 demonstrates the quality of the model for the e-v
deactivation of both O2(1∆g) and O2(1Σg

+) by means of the
comparison of experimental and calculated rate constants in a
double logarithmic plot. The data ofk∆

XY andk∆,c
XY have been

taken from our earlier work.9,31

The straight line represents identity of experimental and
calculated rate constants. Actually, the linear least-squares fit
to all liquid-phase data yields the slope 1.00( 0.02 and the
intercept 0.00( 0.30. The reproduction of the experimental
data by the model is impressive, if one considers the broad
variation of rate constants spanning over more than 10 orders
of magnitude. The gas-phase datakΣ

XY show a slightly stronger
deviation from the fit, which could be caused by a larger
experimental uncertainty.
Figure 2 shows the correlations of log(kΣ

XY) and log(k∆
XY)

with EXY. log(k∆
XY) increases much stronger withEXY than

log(kΣ
XY) as a consequence of the larger energy gap for the

corresponding deactivation process (7882 vs 5239 cm-1).
Furthermore, Figure 2 reveals that the values of log(kΣ,c

XY)
increase more slowly withEXY than the experimental data: they
are systematically larger than log(kΣ

XY) for small energiesEXY,
but smaller for large energiesEXY; see also Table 2. For O2-
(1∆g), however, no systematic deviation of log(k∆,c

XY) from log-
(k∆

XY) is observed. This different behavior points to the
limitations of the model due to the simplifying assumption that
only excitation of the stretching vibration of the bond X-Y
contributes to e-v deactivation. Bending vibrations of X-Y
and perhaps combinational modes of the entire quenching
molecule could of course also couple to vibronic transitions of
O2 and thus induce deactivation of singlet oxygen. However,
since for O-H, N-H, C-H, and O-D the energy of the
bending mode is only about half ofEXY, the probability of
deactivation by excitation of bending vibrations is expected to
be much lower than that by stretching vibrations. This obviously
holds true for O2(1∆g), for which log(k∆

XY) increases strongly
with EXY because of the large energy gap of 7882 cm-1. For
O2(1Σg

+), however, the increase of log(kΣ
XY) with EXY is much

weaker due to the smaller energy gap of 5239 cm-1. Therefore,

Figure 1. Correlation of experimental and calculated rate constants
of e-v deactivation of O2(1Σg

+) and O2(1∆g) by terminal bonds X-Y.
Straight line represents linear fit and identity.

Figure 2. Logarithmic plot of experimental and calculated rate
constants of e-v deactivation of O2(1Σg

+) and O2(1∆g) by terminal bonds
X-Y versus the corresponding energyEXY.
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the rate constant of O2(1Σg
+) deactivation by coupling to a

bending mode of X-Y can no more be expected to be negligible
compared with the rate constant of deactivation by coupling to
the stretching mode of the same bond. However, since they
are not considered in the calculation, deviations ofkΣ,c

XY to
smaller values result for bonds X-Y with high energiesEXY.
The neglect of deactivation by excitation of bending modes

of bonds X-Y is certainly also one reason for the less satisfying
agreement of calculated and experimental rate constants found
in the analysis of the deactivation of the isoelectronic1Σ+ excited
molecules NF, PF, NCl, and PCl with the present model for
e-v energy transfer, since in these cases the1Σ+-1∆ energy
gap is likewise rather small.32-35

Most of the rate constantskΣ
XY andk∆

XY have been evaluated
from similar sets of liquid-phase datakΣ

D andk∆
D. Therefore,

the average values of productsZlscontained in the fit parameters
CΣ andC∆ can be assumed to be approximately the same, and
the ratioCΣ/C∆) 3.7× 104 can be identified as the ratiofΣ/f∆
of the electronic factors of spin-allowed and spin-forbidden e-v
deactivation of singlet oxygen. Thus, the relative forbiddeness
of the collision-induced intersystem crossing is much weaker
for O2 than for aromatic hydrocarbons, for which the ratio of
electronic factors of intersystem crossing and internal conversion
is aboutfTS/fSS ) 10-8.36

The ratio fΣ/f∆ is smaller than the ratiokΣ
XY/k∆

XY, which
increases from about 5× 105 (O-H) to 1 × 107 (C-F),
indicating that the smaller rate constants of e-v deactivation
of O2(1∆g) are to some degree also the consequence of the larger
corresponding energy gap. The rate constants of e-v energy
transfer decrease strongly with further increasing energy gap.
The excitation energy of O2(1Σg

+) amounts to 13 121 cm-1.
Even if we assume the same favorable electronic factor as for
the1Σg

+ f 1∆g deactivation, the model calculates for the1Σg
+

f 3Σg
- e-v deactivation of O2(1Σg

+) only very small rate
constants ranging from 2× 102 (O-H) to 7 × 10-5 (C-F)
M-1 s-1, which are by several orders of magnitude smaller than
the corresponding data forkΣ

XY; see Table 2. Of course, even
smaller rate constants result with a smaller corresponding
electronic factor. Thus, the effect of the energy gap on the
magnitude of the rate constants is already large enough to
explain, without referring to spin-forbiddenness, why O2(1∆g)
is the only product of the e-v deactivation of O2(1Σg

+).12

Comparison of Collision-Induced Radiationless and Ra-
diative Deactivation. Parallel to the above-discussed radia-
tionless deactivation processes of singlet oxygen the radiative
transitions af X and bf a occur, which are also strongly
increased by perturbations caused in collisions. Whereas for
the isolated O2 moleculeka-X ) 2.6× 10-4 s-1 andkb-a ) 2.5
× 10-3 s-1 have been determined,37,38much larger rate constants
of ka-X ) 1.27× 10-2 s-1 andkb-a ) 41 s-1 have been found
in a solid Ar matrix.39 The rate constants are even larger in
liquid CCl4 at room temperature, where we measuredka-X )
1.1 s-1 and kb-a ) 3.4 × 103 s-1.15 Equation 10 allows the

calculation of the ratio of the electronic factorsfb-a/fa-X of spin-
allowed and spin-forbidden collision-induced radiative deactiva-
tion of singlet oxygen.
From both the Ar matrix and the liquid CCl4 data we obtain

as ratio of the electronic factors of the collision-induced radiative
transitions fb-a/fa-X ) 1.1 × 104. According to a theory
developed by Minaev the bf a radiative transition gains

intensity in collisions due to an asymmetric charge transfer from
the colliding molecule to the molecular orbitals of O2, which
induces electric dipole character into the transition. Because
of the rather large spin-orbit coupling between the b1Σg

+ and
X3Σg

- states the af X transition profits from the increase of
kb-a. Thus, the value offb-a/fa-X is already determined by the
value of the spin-orbit coupling constant of the oxygen atom.40

Actually, the theory of Minaev was quantitatively proved by
us.15 The ratiofb-a/fa-X ) 1.1× 104 is not very different from
the ratio fΣ/f∆ ) 3.7 × 104 of the electronic factors of the
collision-induced radiationless transitions. This result indicates
that spin-orbit coupling plays also an important role in the
relation between spin-forbidden and spin-allowed e-v deactiva-
tion of O2(1∆g) and O2(1Σg

+).

Conclusions

Rate constantskΣ
D have been determined for 22 different

quenchers. As we have shown it is possible to calculate, from
the set of experimentalkΣ

XY data, values ofkΣ
D for quenchers,

which have not yet been investigated. Liquid-phase rate
constantskΣ

D are by a factor of≈2 larger than the corresponding
gas-phase rate constants. The difference can qualitatively be
explained with the larger collision frequency in the liquid phase.
The radiationless deactivation of O2(1Σg

+) proceeds via e-v
energy transfer to a single terminal bond X-Y of the quenching
molecule. The same kind of energy transfer operates in the
ubiquitous collisional deactivation of O2(1∆g). The huge
variation of the corresponding rate constants over more than
10 orders of magnitude is impressively well reproduced by the
e-v transfer model of coupled vibronic and vibrational transi-
tions of O2 and X-Y, although only the excitation of the
stretching mode of X-Y is considered. If only the data of O2-
(1Σg

+) are analyzed, limititations due to this simplification
become obvious. A better quantitative reproduction of rate
constants would probably result from the additional inclusion
of the excitation of bending modes of X-Y into the e-v
deactivation model. However, the necessary general data about
vibrational energies, anharmonicity constants, and FC factors
of bending vibrations are missing. On the basis of the present
model of e-v energy transfer, we have demonstrated that the
large difference in energy gaps of 13 121 cm-1 vs 5239 cm-1

is the main reason for the ineffectiveness of the1Σg
+ f 3Σg

-

e-v deactivation compared with the1Σg
+ f 1∆g e-v deactiva-

tion of O2(1Σg
+).

The ratiofΣ/f∆ ) 3.7× 104 of the electronic factors of the
e-v deactivation processes1Σg

+ f 1∆g and1∆g f 3Σg
- was

found to be very similar to the ratiofb-a/fa-X of the correspond-
ing collision-induced radiative transitions. This result indicates
that spin-orbit coupling plays also an important role in the
relation between spin-forbidden and spin-allowed e-v deactiva-
tion of O2(1∆g) and O2(1Σg

+).
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