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Abstract

We have measured 1O2 lifetimes (t) and radiative rate constants (kr) for 1O2 phosphorescence in a number of binary solvent mixtures with
components of water, deuterium oxide, acetonitrile (AN), 1,4-dioxane (D), propylene carbonate (PC), or ethylene carbonate (EC). We
have correlated kr and t with the mixtures’ composition, polarizability, polarity and proticity. Our data show that 1O2 properties are independent
of both solvent polarity and solvent proticity, and confirm that the radiative rate constant kr for 1O2 phosphorescence best correlates with
solvent polarizability. The prevailing trend is that kr values increase with the increasing polarizability of solvent medium; in 1,4-dioxane
mixtures, this increase is almost linear. However, for other solvents the correlation with polarizability is more solvent specific. For example,
polarizability remains virtually unchanged over a wide composition range in AN–H2O mixtures, but the kr value increases by almost a factor
of 5. In H2O–D2O mixtures, polarizability decreases with increasing D2O concentration while the value of kr increases twofold. This divergence
suggests that, besides collision complexes, the interaction of 1O2 with these solvents may involve a more specific interaction such as exciplex
formation. Such specific interactions are probably responsible for considerable scattering that is usually observed in plots that relate kr values
measured in chemically different solvents to macroscopic polarizability. The best way to obtain accurate kr and kd(t) values for 1O2 in mixed
solvents is still to measure them experimentally. We present here measured values of kr and t in a variety of mixed solvents; these values can
be helpful in calculating 1O2 yields from measurements of steady state phosphorescence. q 1997 Elsevier Science S.A.
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1. Introduction

Singlet molecular oxygen, , is much more reactive1O ( D )2 g

than O2 in the ground triplet state, and readily oxidizes many
compounds. In solution, the chemical reactions of 2 com-1O
pete with energy transfer to the solvent, which is even faster
and generally determines 2 lifetime in pure solvents.1O
Another physical decay process is the radiative deactivation
of 2 via phosphorescence. While phosphorescence is rela-1O
tively inefficient and does not greatly affect 2 lifetime and1O
reactivity, it is often exploited as the best diagnostic for the
presence of 2.

1O
The phosphorescence that is used for 2 identification1O

originates from a forbidden transition ( , 0™0 oxy-1 3D ™ Sg

gen vibration level), which is observed as a weak emission
spectrum around 1270 nm. The spectral shape and position
are little influenced by solvents [1–4]. However, solvents
strongly affect the kinetics of both radiative and nonradiative
deactivation processes, which together determine the phos-

U Corresponding author.

phorescence intensity of 2. A knowledge of both routes is1O
essential for the proper interpretation of 2 production in1O
various media.

The influence of solvent on the nonradiative deactivation
of 2 has been known for a long time [5–9]. The nonradia-1O
tive rate constant, kd, depends on the solvent because deac-
tivation occurs via a coupling of the 2 electronic energy to1O
the vibrational modes of solvent molecules [5–9]. Conse-
quently, different functional groups in the solvent molecules
contribute to this deactivation [6,7,9]. Overall, this process
is often additive with regard to the group type and quantity,
as has been shown for a series of alkane and alcohol homologs
[7].

In contrast, an unexpectedly strong solvent dependence for
the radiative rate constant, kr, of 2 was established in the1O
last half decade [10–14]. A fair correlation of kr with solvent
polarizability (as expressed by refractive index) has been
observed for a series of solvents [10,11]. The kr value may
increase about twenty fold in polarizable solvents as com-
pared to non-polarizable solvents. Such a strong enhancement
is much higher than that found for other molecular radiative
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transitions that are affected by the macroscopic polarizability
of solvents. The enhancement is now believed to be mainly
due to 2 collisions with solvent molecules, and is called a1O
collision-induced radiative transition [14b].

It is known that 2 deactivation is little affected by the1O
macroscopic polarity of solvents [10–14]. However, the
potential influence of solvent proticity has not been separately
investigated, to our knowledge. Furthermore, such a possi-
bility cannot be ruled out without experimental evidence;
carbonyl or ethereal oxygen atoms in many compounds func-
tion as proton or hydrogen acceptors to form hydrogen bonds.
If dissolved oxygen molecules are similarly engaged, then
solvent proticity might well affect the deactivation processes
of singlet oxygen in solution.

Solvent mixtures are very often used in chemical practice
because they possess desirable polarity or proticity, and they
improve the solubility of many substrates. Solvent mixtures
may be used to investigate processes where 2 is involved.1O
While 2 lifetimes have been reported for numerous indi-1O
vidual solvents [15], for solvent mixtures less information
is available. Even fewer measurements are available for the
radiative rate constants [10–14], which, to our knowledge,
have not been systematically investigated in solventmixtures.
In addition, solvent mixtures offer an opportunity to correlate
kr with smoothly changing polarizability, so any subtle trends
that would be otherwise difficult to notice may be revealed.
Another property that may also be examined in solvent
mixtures is the potential influence of solvent proticity on 2

1O
properties.

The main purpose of this paper was to correlate the prop-
erties of 2 with those of solvent mixtures experimentally.1O
We have studied radiative and nonradiative 2 deactivation1O
in binary solvent mixtures composed of water, deuterium
oxide (D2O), acetonitrile (AN), 1,4-dioxane (D), ethylene
carbonate (EC) and propylene carbonate (PC). Some of
these mixtures are frequently used as solvent media because
their polarity and proticity may be varied over a wide range.
We present here the measured 2 lifetimes and radiative rate1O
constants and their correlation with the mixtures’ composi-
tion and properties.

2. Experimental section

Acetonitrile, 1,4-dioxane, (both spectrophotometric
grade), propylene carbonate (1,2-propanediol cyclic carbon-
ate), ethylene carbonate (1,3-dioxolan-2-one), deuterium
oxide and perinaphthenone (phenalenone) were purchased
from Aldrich Chemical Co. (Milwaukee, WI). We also used
deuterium oxide from Cambridge Isotope Laboratories
(Andover, MA). Aqueous solutions were prepared in deion-
ized water. All experiments were performed in air saturated
solutions that were freshly prepared and measured at room
temperature, unless indicated otherwise.

Refractive indices were measured using a Bausch and
Lomb refractometer at 25 8C, except for a few mixtures with

a high concentration of ethylene carbonate that were solid at
room temperature and required warming before measure-
ments. In order to obtain a more accurate refraction reading
and avoid blurring by the aberration inherent in polychro-
matic light, we used diffused light from a laser diode (Hitachi
MI 1633) emitting at 633 nm to illuminate the sample in the
refractometer. All refractive index values were measured at
this wavelength.

Singlet oxygen phosphorescence was recorded on a steady-
state 2 spectrophotometer [16] whose optical system was1O
optimized for higher sensitivity as in our pulse 2 spectro-1O
photometer [17]. The new optical configuration includes a
parabolic mirror to collect all 2 emission, which rendered1O
the correction for different refractive indices of solvents
unnecessary. In most cases samples containing a photosen-
sitizer were excited from a 200 W mercury lamp through a
366 nm interference filter. The 2 phosphorescence spectra1O
were recorded over the range of 1200–1350 nm and were
normalized to the same number of absorbed photons at the
excitation wavelength. The integral or amplitude values were
used to correlate phosphorescence intensity with the mole
fraction of solvents in the mixtures. For easy comparison, all
intensities for 2 phosphorescence in solvent mixtures were1O
obtained under strictly identical conditions.

Absorption spectra were measured using an HP Diode
Array Spectrophotometer model 8451 or 8452A (Hewlett
Packard Co., Palo Alto, CA). The relative number of
absorbed photons at the excitation wavelength was calculated
using the Beer–Lambert law.

Singlet oxygen lifetimes in solvent mixtures were meas-
ured using a laser pulse spectrometer described in detail else-
where [17]. Briefly, the apparatus utilized a MY-33 Nd:YAG
laser (Laser Photonics, Orlando, FL) and a germanium diode
(Model 403 HS, Applied Detector Corporation, Fresno, Cal-
ifornia) in conjunction with an efficient optical system. For
data acquisition we used an HP 54111D Digitizing Oscillo-
scope (Hewlett Packard Colorado Springs, CO) interfaced
to a PC computer. Singlet oxygen was produced by single
pulse excitation at 355 or 532 nm of a proper photosensitizer
(vide infra) dissolved in the solvent mixture to give an
absorbance ca. one at the excitation wavelength. The 2

1O
lifetime was calculated from a monoexponential decay of its
phosphorescence.

For steady-state 2 production in solvent mixtures, we1O
have used perinaphthenone (phenalenone) as a photosensi-
tizer [18]. This ketone has been shown to photosensitize

2 with a quantum yield close to unity in many different1O
solvents, including acetonitrile, ethers, and water–alcohol
mixtures, with the 2 production independent of solvent1O
polarity. The solvents we used in our investigation are chem-
ically similar to those that were previously characterized
[18], therefore we have assumed that the quantum yield of

2 photosensitization by perinaphthenone remains constant1O
in all the solvents mixtures we studied. We have positively
verified this assumption for a few mixtures by using Rose
Bengal as an alternative 2 photosensitizer (not shown).1O
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Fig. 1. Intensities of 2 phosphorescence in the binary solvent mixtures as a function of the mole fraction of H2O, D2O, acetonitrile (AN), 1,4-dioxane (D),1O
ethylene carbonate (EC), and propylene carbonate (PC). Xsmole fraction.

Because perinaphthenone’s rate for quenching singletoxygen
is extremely low [18], perinaphthenone was equally suitable
as a photosensitizer for time-resolved measurements to
determine 2 lifetime in mixed solvents.1O

3. Results

We have correlated the properties of 2 with the mole1O
fraction (X) of solvents in binary mixtures composed of
miscible solvents 1 such as water, deuterium oxide (D2O),
acetonitrile (AN), 1,4-dioxane (D), propylene carbonate
(PC), and ethylene carbonate (EC). We wished to differ-
entiate between solvent polarity and proticity, and some of
these mixtures offer such a possibility. The same scale is used
for all solvent combinations, and the positions of unmixed
solvents are marked in the Figures for easy mixture
identification.

In steady-state experiments, the intensity of 2 phospho-1O
rescence (Iso) is described by Eq. (1), which is derived using
a steady-state approximation:

I sAfk /(k qk ) (1)so r r d

Because kr<kd, and ts1/kd, Eq. (1) can be simplified to
Eq. (2):

I fAfk t (2)so r

where kr and kd are the radiative and the natural radiationless
deactivation rate constants, respectively; f is the quantum
yield of 2 production; t is the 2 lifetime; and A is an1 1O O

1 Propylene carbonate and water or D2O are not completely miscible.

apparatus constant. If a series of experiments is performed
under constant conditions, using a photosensitizer that pro-
duces 2 with the same f in all solvents, then kr will be1O
directly proportional to Iso/t, where t is measured directly
from 2 decay, and Iso is obtained from 2 steady-state1 1O O
phosphorescence spectra. The values of kr calculated in such
a way are relative, and we have rescaled them assuming that
krs0.3 in acetonitrile [14]. Such a scale is relative to krs1
in benzene, which has generally been used for comparison
[10,11,14]. We believe that the accuracy of our relative kr

data is better then 15%, and our kr values in pure acetonitrile,
dioxane and D2O are closely comparable to the relativevalues
reported elsewhere for these solvents [14].

Fig. 1. shows that the steady-state intensities of 2 phos-1O
phorescence in the solvent mixtures differ greatly. An equally
broad range is observed for 2 lifetime (Fig. 2). There is1O
no discernible pattern of similarity between 2 lifetime and1O
phosphorescence intensity measured in the same mixture. If
the radiative lifetime of 2 phosphorescence was not so1O
strongly affected by solvents, a relationship would be
expected (vide infra).

In Fig. 3, the calculated kr values are plotted as a function
of the composition of the mixtures. For the mixtures of 1,4-
dioxane with the carbonates, kr is high and practically inde-
pendent of the mixture composition (Fig. 3). However, for
other mixed solvents, kr values usually increase with the
increasing concentration of the more polarizable component.
A noticeable exception is the water–D2O mixture, in which
the opposite trend is observed (Fig. 3). The kr values vary
smoothly by a factor of up to eight in the solvents we used,
but the variation differs in character in each case (Fig. 3).
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Fig. 2. Lifetimes of 2 in the binary solvent mixtures as a function of the mole fraction of H2O, D2O, acetonitrile (AN), 1,4-dioxane (D), ethylene carbonate1O
(EC), and propylene carbonate (PC). Xsmole fraction.

Fig. 3. Radiative rate constants for 2 phosphorescence in the binary solvent mixtures as a function of the mole fraction of H2O, D2O, acetonitrile (AN),1O
1,4-dioxane (D), ethylene carbonate (EC), and propylene carbonate (PC). Xsmole fraction.

The refractive indices of the mixed solvents are presented
in Fig. 4. In Fig. 5, the calculated kr values are plotted against
the solvent polarizability , calculated2 2as(n y1)/(n q2)
from the respective refractive indices for the solvents
mixtures we investigated.

4. Discussion

The correlation of kr for 2 phosphorescence with solvent1O
polarizability has been previously reported by Scurlock and
Ogilby [10] and by Schmidt and Afshari [11] for a number
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Fig. 4. Refractive indices of the binary solvent mixtures as a function of the mole fraction of H2O, D2O, acetonitrile (AN), 1,4-dioxane (D), ethylene carbonate
(EC), and propylene carbonate (PC). Xsmole fraction.

Fig. 5. (A) Radiative rate constant for 2 phosphorescence in the binary solvent mixtures as a function of solvent polarizability ;1 2 2O as(n y1)/(n q2)
n, refractive index. (B) an expanded plot for H2O–D2O mixture.k sf(a)r

of different solvents that covered a wide polarizability scale.
The former workers concluded that, within the experimental
error of their kr values, there is a general relationship
described by a line with a slight positive curvature. Schmidt
and Afshari related kr to the molar refraction, which resulted
in a plot of scattered data that showed less correlation. Later,
the kr–polarizability relationship was refined by Scurlock et
al. [14] using the averaged kr values to better fit a line inter-
preted as a universal correlation. However, such a correlation

may still be approximate because kr may also depend some-
what on the individual properties of solvents.

In solvent mixtures, polarizability can be changed gradu-
ally to eliminate some of the uncertainty associatedwithusing
chemically different solvents to cover a range of polarizabil-
ities. The prevailing trend is that kr does indeed increase with
increasing polarizability. However, the individual plots are
very different in character, and there is at least one marked
exception from this trend (vide infra). Thus, it is not sur-
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prising that kr values for different solvents are scattered; the
scatter must be due to a property of the emission process
yielding kr in solution, rather than to experimental error. If
our kr values in pure solvents were placed on a wider polar-
izability scale, they would fit a scattered patternapproximated
by such a universal correlation line.

The water–D2O mixture is an interesting exception from
the trend that radiative rate constants increase with the
increasing solvent polarizability. Based on the respective
refractive indices (Fig. 4), the polarizability of H2O is higher
than D2O (Fig. 5(B)). Nevertheless, in agreement with the
previously published values [11], kr for 2 phosphorescence1O
is twofold higher in D2O than in H2O. This increase in kr

contributes to the stronger 2 phosphorescence in D2O than1O
in H2O, which is very often attributed only to prolongation
in 2 lifetime. Thus, it is necessary to correct not only for t1O
but for different kr values as well when the quantum yield of

2 production is calculated from phosphorescence measure-1O
ments performed in water (or in water–D2O mixture) relative
to a standard dissolved in D2O, or vice versa.

The individual influences of polarity and proticity are often
difficult to separate, especially in aqueous media which are
both polar and protic. However, we can see the isolatedeffects
in appropriate solvent mixtures. In the series of mixtures of
propylene carbonate or ethylene carbonate and water or D2O
(Fig. 3) we can see the effect of varying proticity where
polarity remains effectively constant. In these mixtures, prot-
icity increases with increasing concentration of the aqueous
phase. A wider range can be covered with EC, which is
miscible with water, unlike propylene carbonate. The
polarities of water and EC are high [19] (´waters78.30,
´ECs89.6), with a polarizability component in the mixtures
that decreases somewhat with decreasing water or D2O con-
centration (Fig. 4). In these very polar mixtures the kr val-
ues are an approximately linear function of polarizability
(Fig. 5). A very similar relationship has been observed in
aprotic solvents mixtures (Fig. 5) where polarizability is the
same but polarity is varied (vide infra). Based on such sim-
ilarity, we conclude that solvent proticity does not affect kr

for 2 phosphorescence. As would be predicted, the 2
1 1O O

lifetime is decreased by H2O and increased by D2O in the EC
mixtures (Fig. 2). Interestingly, the changes in kr and kd in
the EC–D2O mixtures effectively compensate for each other,
resulting in quite a uniform intensity of 2 phosphorescence1O
(Fig. 1), despite the wide variation in solvent proticity.

To observe the effects of varying polarity, we can look at
the mixture of 1,4-dioxane with propylene (or ethylene) car-
bonate. Propylene carbonate and 1,4-dioxane are chemically
similar aprotic solvents. Although polarizability is not greatly
affected by composition (Fig. 4), these two solvents differ
dramatically in polarity, as shown by their dielectricconstants
[19] (´Ds2.21, ´PCs64.92). We can see that kr for 2

1O
phosphorescence remains virtually constant over the range
of changing composition and polarity (Fig. 3), which unam-
biguously confirms that kr is indeed independent of solvent
polarity. Interestingly, the 2 lifetime also changes only1O

slightly (Fig. 2), thus the phosphorescence intensity is also
relatively constant compared to mixtures of other solvents
(Fig. 1). As a result, 1,4-dioxane and PC can be used to make
mixtures in which the 2 properties do not change much,1O
but the polarity of the solvent may be varied over a wide
range.

In water(D2O)–acetonitrile or water(D2O)–dioxane
mixtures, proticity and polarity change concomitantly, yet
these mixtures are often used in laboratory practice. Polar-
izability increases more with increasing concentration of 1,4-
dioxane than with acetonitrile in their respective mixtures
(Fig. 4). In fact, the polarizability of pure acetonitrile is even
slightly lower than that measured in some of the aqueous
mixtures. This results in an interesting dependence: while
polarizability scarcely changes over a wide composition
range in AN–H2O mixes, the kr value increases by almost a
factor of five 2 (Fig. 5). In contrast, for dioxane–H2O(D2O)
mixtures kr increases almost linearly with increasing solvent
polarizability (Fig. 5). Unlike kr, the 2 lifetime does not1O
seem to be sensitive to any of the solvent parameters, but
rather to the H2O concentration in the mixtures 3. A practical
observation is that residual moisture in solvents will affect

2 phosphorescence intensity via t more strongly in aceto-1O
nitrile than in 1,4-dioxane and both carbonates (Fig. 1).

While the observations that we have made for several sol-
vent mixtures are of practical importance, they can also be
used to further refine our understanding of 2 interaction1O
with solvents. Recently, Schmidt and Bodesheim have shown
that the values of the radiative rate constants for 2 are1O
mostly determined by the collisions with solvent molecules
[14b]. This conclusion was based on measurements in the
gas phase and in CCl4 where a quadratic correlation with
solvent polarizability was found [14b]. These workers pro-
posed that the transition responsible for 2 phosphorescence1O
is enhanced by ‘‘borrowing’’ from the collision-induced tran-
sition involving solvent molecule via charge transfer mech-
anism [14b]. Thus, this process strongly depends on the
polarizability of collider (solvent), which is reflected in the

2 The enhancement of kr by CH3CN in aqueous mixtures must be due to
some factors other than solvent polarizablity. Complex formation between

2 and the p bonds of the –CN moiety may be involved. The possible1O
involvement of complexation processes in singlet oxygen formation and
deactivation has been proposed by Gorman et al. [20] and Moore et al.
[21], respectively. Our data from CH3CN–H2O mixtures suggest that the
interaction of 2 with p electrons in other solvents may also lead to a poor1O
correlation of kr with macroscopic solvent polarizability.

3 In the mixtures we have studied, the observed rate constant, kd, for
natural deactivation of singlet oxygen shows good additivity as indicated by
linear plots of kd against mixture compositions expressed in volumes [7]
(not shown) (All tabulated data can be made available via electronic mail.)
Such additivity is well known and has been observed for a number of solvent
mixtures [7], including H2O–D2O. A minor departure from perfect linearity
seems to occur in acetonitrile mixtures with either water or D2O for which
S-shaped relationships were observed. This is consistent with an anomalous
behavior of the radiative rate constant kr, and may further support the hypoth-
esis that there is specific interaction between 2 and the –CN group. How-1O
ever, the possible influence of changing solvent structure on the deactivation
processes cannot be totally excluded.
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observed dependence of kr on solvent macroscopic polariza-
bility [14]. Most of our kr values, particularly those measured
in aqueous 1,4-dioxane and carbonates mixtures, may fall on
the universal curve predicted by the collision theory.k sf(a)r

It is of interest to know whether more subtle trends or
interactions could be hidden under the universal kr–polariz-
ability relationship. A closer examination of the experimental
kr values in water–D2O and in H2O(D2O)–acetonitrile
mixtures (Fig. 5) reveals such trends suggesting that there
may be contributions from additional interactions besides
collisions such as exciplex formation. It is well known that
O2 forms ground-state complexes with many solvents, and a
similar complexation of some solvents with excited molec-
ular oxygen seems possible. Obviously, if 2 phosphores-1O
cence can ‘borrow’ intensity in collision complexes, the same
phenomenon may occur in other more specific complexes
between solvents and 2.

1O

5. Conclusions

Some of the solvent mixtures we have examined offer the
opportunity to independently regulate the proticity and polar-
ity of solvent media. We have used these mixtures to show
that the properties of singlet molecular oxygen are not cor-
related with either solvent polarity or proticity; thesemixtures
may also be useful for investigating the separate influence of
proticity and polarity on other processes. Our results confirm
that the radiative rate constant, kr, values for 2 phospho-1O
rescence are correlated with solvent polarizability. The rela-
tionship that is observed for all plots of kr as a function of
polarizability in different solvent mixtures confirms the exis-
tence of an approximate universal correlation due to 2

1O
collisions with solvent molecules. However, a consistent
departure from the theoretical line in mixtures such as ace-
tonitrile and D2O suggest additional interaction(s) that are
more solvent-specific than collision complexes. In one plau-
sible hypothesis, 2–solvent exciplexes may be formed in1O

some cases. Prediction of kr based solely on solvent polariz-
ability is a useful but rough approximation, and experiment
still remains the best way to obtain accurate kr values for 2.

1O
The values of kr and t that we report here can be helpful in
the determination of accurate 2 production from its phos-1O
phorescence measured in the mixed solvents that we have
investigated.
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