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Abstract: The reaction of 1,3-diphenylisobenzofuran (DPBF) solubilized in aqueous solutions of sodium dodecyl sulfate with 
singlet molecular oxygen (1Ag) generated either continuously or by laser flash photolysis has been studied as a function of oxy
gen concentration. The results show that the rate constant for reaction of singlet molecular oxygen with micellar DPBF is 1.1 
X 109 M - 1 S-1. The lifetimes for singlet oxygen in D2O and H2O are found to be 42 ± 5 and 3 ± 1 jus, respectively. The parti
tion coefficient for molecular oxygen between the external aqueous phase and sodium dodecyl sulfate micelles is measured to 
be 2.8 ± 0.1. At low oxygen concentrations the transfer rate of singlet molecular oxygen from the aqueous phase to the micelle 
isdiffusional in nature with a rate constant of 1.0 X 108 s_1, with a corresponding out migration rate constant of 3.7 X 107 s -1. 
At high concentrations of dissolved oxygen, the rate of transfer for singlet molecular oxygen across the water-micelle interface 
increases owing to a ground-state oxygen-mediated collisional electronic energy transfer process. The rate constants for this 
energy-transfer process are 9 X 109 M - 1 s~' for the inward process and 3 X 109 M - 1 s~' for the outward process. 

Introduction 

The term micelle2 is used to describe a highly associated 
particle composed of an aggregate of surfactant monomers in 
aqueous solution. Micelles make a simple model for biological 
membranes in that both consist of hydrocarbon or lipid 
assemblies in an aqueous medium. Thus solution to micelle 
transfer rates for chemical species measured for micelles may 
also be applicable to biological membranes. 

The transfer of oxygen molecules from the aqueous phase 
to membrane lipids is of particular interest because of its rel
evance to respiration and photodynamic inactivation3-4 by 
singlet molecular oxygen. 

Studies of oxygen quenching of fluorescent molecules5'6 

made soluble in solutions of aqueous micelles suggest that the 
micellar interior is accessible to ground-state oxygen. 

A technique for making the singlet molecular oxygen ac
ceptor DPBF water soluble by means of SDS micelles has been 
described by Gorman7 et al. Reaction of micellar DPBF with 
singlet oxygen generated by steady-state photosensitization 
in the aqueous phase was observed. This technique has since 
been used by other investigators,8-10 and has been extended 
to time-resolved systems where the singlet oxygen was gener
ated by photosensitization11'12 or as a result of pulse radiol-
ysis.13 

We wish to report a further extension where the singlet 
molecular oxygen is generated photophysically by Nd-YAG 
laser irradiation of the 3 2 g ~ —»•' Ag + Iy electronic transition 
of oxygen dissolved under high pressure in aqueous solution. 
The data is analyzed to yield singlet molecular oxygen water 
to micelle transfer rates occurring via both molecular diffusion 
and energy-transfer mechanisms. 

Experimental Section 
A schematic diagram of the apparatus used in these experiments 

is shown in Figure 1. Two high-pressure optical cells constructed from 
stainless steel having path lengths of 18 and 5 mm and a common 
aperture of 9.5 mm were used as reaction vessels in these studies. The 
continuous laser was a Holobeam Type 256 Nd-YAG run multimode 
at an average output of 1.0 W. A beam expander was used to increase 
the output beam diameter from 4 to 32 mm in order to completely 
cover the aperture of the optical cells. Laser power in the cell was 

determined using a Scientech Inc. Model 3600 laser power meter using 
a technique described previously.14 The dye laser was a Phase-R 
Model 2100 B, 15-mm beam diameter, operating with the dye Kiton 
Red 620 at 3 X 10-5 M in methanol. The output wavelength of this 
dye lies with the absorption band envelope of the sensitizer methylene 
blue. The energy output was between 0.1 and 0.4 J as measured with 
a Laser Precision Corp. Model 318 pyroelectric energy meter. 

Acceptor decay was measured photometrically with a collinear 
analyzing beam of 425 nm from a lamp and monochromator. A 
Corning filter CS 4-76 (Nd-YAG laser) or a specially constructed 
filter for maximum reflectance at 630 nm manufactured by Valpey 
Corp. (dye laser) were used to protect the photomultiplier in these 
experiments (F 2). The apparatus was protected from room light using 
a Kodak Wratten filter no. 88A for the Nd-YAG experiments and 
a Corning CS2-63 glass filter in the dye laser experiments (Fl). The 
output from the photomultiplier was amplified and displayed on a 
chart recorder (Nd-YAG) or amplified and displayed by a Tektronix 
466 storage oscilloscope (dye laser). The oscilloscope input loads were 
1 or 10 kfi depending upon the bandwidth desired. 

A description of the quartz iodine lamp continuous photolysis ap
paratus used in the photosensitized experiments can be found in ref 
15. 

Bio-Rad electrophoresis purity reagent grade sodium dodecyl sul
fate was used in these experiments. The D2O (99.8%) was purchased 
from Columbia Organic Chemical Co., Inc. The 1,3-diphenyliso
benzofuran and bilirubin were supplied by Aldrich Chemical Co., Inc., 
and Sigma Chemical Co., respectively. Eastman white label rose 
bengal and Baker Analyzed reagent grade methylene blue were used 
in the dye-sensitized experiments. Medical grade oxygen was used for 
all experiments. All chemicals were used as supplied. Oxygen con
centrations in solution were derived using solubility data which has 
been described previously.16 

Results 

The rate of reaction of micellar DPBF with singlet molecular 
oxygen generated photophysically is a function of both the 
concentrations of ground-state oxygen and surfactant. In 
Figure 2 the variation of rate of reaction as k = — d In A/dt for 
DPBF in SDS micelles with singlet molecular oxygen produced 
photophysically by direct laser irradiation of oxygen dissolved 
in D2O is shown as a function of concentration of dissolved 
ground-state oxygen. The results are plotted as Nk/E [O2] 
against O2 where TV is Avogadro's number and E is the laser 
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Figure 1. Schematic of apparatus. 
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Figure 2. Reaction rate of micellar DPBF in 0.05 M SDS with photo-
physically generated singlet molecular oxygen as a function of dissolved 
oxygen concentration, 20 0C. 

power (hv s - 1)- SDS (0.05 M) was used for all experiments 
(upper line neutral D2O solution; lower line neutral H2O so
lution). 

Figure 3 shows the rate of reaction of DPBF in SDS micelles 
in D2O with photophysically generated singlet oxygen as a 
function of SDS concentration at a constant concentration of 
ground-state oxygen, plotted as Nk/E against CSDS _ cmc. 

If singlet molecular oxygen is generated at a constant rate 
by whatever method, then relative acceptor reactivities may 
be measured as relative rate ratios. In Table I the relative rates 
of reaction of micellar DPBF to bilirubin both in D2O are 
compared where the singlet molecular oxygen is generated by 
photosensitization at low oxygen concentration and photo
physically at high oxygen concentration. 

The rates of reaction of micellar DPBF and bilirubin with 
singlet molecular oxygen generated by photosensitization are 
both oxygen sensitive. In Figure 4 the relative reaction rates 
R of both micellar DPBF and bilirubin with singlet molecular 
oxygen generated by continuous photosensitization are shown 
as a function of oxygen concentration. A constant rose bengal 
sensitizer concentration was used and lamp fluctuations were 
minimized by measuring the acceptor logarithmic decay at the 
O2 concentration corresponding to atmospheric equilibration 
(O2 = 0.0003 M), then pressurizing the cell to achieve a dis
solved oxygen concentration of O2 = [O2] and again measuring 
the reaction rate. Then R is defined as: 

R _ rate at O2 = [O2] 

rate at O2 = 0.0003 M' 

R1 values corresponded to the oxygen enhancement of DPBF 
in SDS micelles singlet oxygen reaction rate in neutral D2O, 
and i?2 to enhancement of the reaction of bilirubin in pD 8.4 
D2O solution. 
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Figure 3. Reaction of micellar DPBF with photophysically generated 
singlet molecular oxygen at constant O2 = 0.146 M, 20 0C, as a function 
of SDS concentration. 
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Figure 4. Relative rates of reaction of DPBF in 0.1 M SDS in D2O and 
bilirubin in pD 8.4 D2O with singlet molecular oxygen generated by rose 
bengal photosensitization as a function of dissolved oxygen concentration, 
2O0C. 

Table I. Rate Ratio Comparisons for Micellar DPBF, 0.1 M SDS, 
pD Neutral, and Bilirubin in pD 8.4 D2O at 20 0 C 

^DPBFMM 

photosensitized 
O2 = 0.0003 M 

2.3 ±0.5 

photophysical 
O2 = 0.195 M 

7.5 ±0.7 

" Photosensitization constant light intensity 550 nm selected with 
Wratten 54 filter and constant concentration of rose bengal, photo-
physical constant Nd laser power, and 0.195 M O2. 

Since the rate of reaction of micellar DPBF with singlet 
molecular oxygen generated by continuous photosensitization 
is a function of oxygen concentration, it was decided to study 
the reaction of micellar DPBF with a concentration pulse of 
singlet molecular oxygen generated by laser flash photo
sensitization. The method in effect measures the decay of the 
singlet molecular oxygen concentration pulse, and has the 
advantage that absolute chemical reaction rate constants and 
singlet molecular oxygen lifetimes may be obtained without 
knowledge of absolute singlet molecular oxygen concentra
tions. 

In Figure 5 redrawings of experimental oscilloscope traces 
are shown for experiments where DPBF in SDS micelles was 
reacted with a concentration pulse of singlet molecular oxygen 
produced by dye laser flash photolysis of the sensitizer meth
ylene blue. The upper curve shows the reaction in the presence 
of 0.122 M oxygen, and the lower in the presence of 0.003 M 
oxygen. 
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Figure 5. Experimental oscilloscope traces for the reaction of micelles 
DPBF in 0.1 M SDS with singlet molecular oxygen produced by laser flash 
photosensitization for two different dissolved oxygen concentrations, 20 
0C. Note transmission increases in downward direction. 
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Figure 6. Variation of total decay rate of singlet molecular oxygen pro
duced by laser flash photosensitization with concentration of micellar 
DPBF for two different oxygen concentrations, 20 0C. 

The singlet molecular oxygen concentration pulse decays 
shown in Figure 5 may be analyzed in terms of a total decay 
rate, kj, which is a function of DPBF concentration. (A de
tailed kinetic analysis will be given in the Discussion section.) 
Figure 6 shows the variation of the total decay rate of singlet 
molecular oxygen, kj, with the concentration of micellar 
DPBF in D2O solution (upper line for 0.122 M oxygen, lower 
for 0.0003 M oxygen); both lines contain the data of Figure 
5 and additional experiments. 

&R values, representing the total chemical and physical re
action rate constant of DPBF with singlet molecular oxygen, 
may be obtained from the slopes of the lines shown in Figure 
6. These /CR values and others for different oxygen concen
trations are shown in Figure 7 as a function of oxygen con
centration. The curve used to fit the data is derived in the 
Discussion section. 

Figure 8, lower curve, shows the measured decay rate of 
micellar DPBF in D2O upon reaction with a concentration 
pulse of singlet molecular oxygen of unusually high concen-
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Figure 7. Variation of micellar DPBF singlet molecular oxygen chemical 
reaction rate constants as determined by laser flash photolysis with con
centration of dissolved oxygen, 20 "C. 
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Figure 8. Reaction of micellar DPBF in 0.1 M SDS with singlet molecular 
oxygen at high singlet molecular oxygen concentration. Lower curve decay 
of DPBF (measured), upper curve decay of singlet molecular oxygen 
(estimated) ([O2] = 0.195 M, methylene blue 30.8 M, and 0.4 J laser 
energy). 

tration. The upper curve shows the estimated concentration 
of singlet molecular oxygen and its decay with time. The der
ivation of this curve is described in detail in the Discussion 
section. 

Discussion 

There are two aspects of the results of this work that require 
explanation. The first is the effect of surfactant concentration 
at constant oxygen concentration and Nd laser power on the 
experimental reaction rates. The second effect is the en
hancement of rates with oxygen concentration seen in various 
experiments. 

Effect of Surfactant Concentration. The effect of surfactant 
concentration may be analyzed as follows. The absorption at 
1.06 ^m O2 ( 3 2 g - ) + O2 (3Sg-) + hv — O2 (1A8) + O2 

( 3 2 g
_ ) leading to singlet molecular oxygen is collisional in 

nature and thus proportional to the square of oxygen concen
tration. This has been shown by analysis of bilirubin photo
chemical experiments in D2O15 where the rate is almost en
tirely due to the square of oxygen concentration with a small 
linear component. This is confirmed by the results of Figure 
2 of this work and the absorption will be approximately pro
portional to [O2]2 at high oxygen concentrations. 

Let us consider a solution consisting of an aqueous phase and 
a micellar phase only, so that, if the oxygen concentration is 
[O2] in water, it is A^[O2] in the micellar phase where K is the 
distribution coefficient giving the concentration of oxygen in 
the micellar phase relative to the aqueous phase. Thus since 
the photophysical production of singlet molecular oxygen is 
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proportional to [O2]2 and given a micelle volume fraction/the 
rate of production of A will be given by 

d(A)/d/ = aE/N[K*[02W+ (1 -J)[O2]
2] 

= (<r£/7V)[02]2[(tf2-l ')/+l] 

where a is the oxygen absorption cross section at 1.06/urn and 
E/N is the laser power in mol hv s_ l . 

At low DPBF concentrations the dominant loss process for 
A is solvent deactivation at a pseudo-first-order decay rate 
given by 1/T, and the steady-state oxygen concentration will 
be given by 

[A] = ( ^ / 7 V ) [ O 2 ] M ( K 2 - D / + 1 ] 

The rate of disappearance of A is given by 

-d(ln/4)/d/- = Jfc, = /tA[A] 
= <Tr(E/N)[02nA[(K2 - \)f+ 1] 

At constant oxygen concentration C and laser power E we may 
write 

Jt 1 =const[(K2- 1)/+ 1] 

The volume fraction of micelles/is given b y / = U(CSDS
 — 

cmc) where U is the partial molar volume of SDS = 0.2462 L17 

and then 

Jt 1 = const[(/iT2 - I M C S D S
 - c m c ) + 1I 

The data of Figure 3 have been fitted to such an equation and 
yield slope/intercept = 1.69 ±0.13 which, substituting for U, 
yields Â  = 2.8 ± 0.1. This is in good agreement with the value 
of 2.9 for the partition coefficient of oxygen between micelles 
and water previously obtained in this laboratory by a more 
direct method.16 The agreement also suggests that the as
sumption that the oxygen optical absorption in D2O approxi
mates to (O2)2 is adequate at reasonably high oxygen con
centrations. 

The fact that at constant E and O2 the data can be analyzed 
without knowledge of the absolute value of either makes this 
photochemical technique attractive for estimation for other 
surfactant solvent systems. 

Effect of High Oxygen Concentrations on Experimental 
Rates. The data of Table I where the relative reaction rates of 
DPBF in SDS micelles to those for bilirubin under conditions 
of photosensitization and low oxygen concentration are com
pared to those obtained using photophysical oxygen generation 
show an enhancement in the ratio on going to high oxygen 
concentrations. If it may be assumed that the rate constant for 
chemical reaction of bilirubin with A oxygen is not affected 
by oxygen concentration, then the rate of reaction of micellar 
DPBF with A must increase with increasing oxygen concen
trations. The ratio of rate ratios (&DPBF/&t>ii)high O2: 
(£DPBF/£bii)low O2 suggests that &DPBF(high 02)/&DPBF(1OW 
O2) = 3.3 ± 1.0. This value is rather similar to the 2.8AT value 
found above in the variation of rate with SDS concentration 
experiments described above. The question becomes: how does 
this rate enhancement arise? 

Electronic energy transfer of 1A8 excitation in the gas phase 
has been demonstrated by the experiments of Jones and 
Bayes,18 who combined a photoionization detection technique 
and isotopic substitution to detect excitation transfer from one 
isotopic oxygen molecule to another. The energy transfer oc
curred at least once in ten collisions and proceeded via an 
electron-exchange mechanism. The phenomenon has since 
been invoked to explain some features of' Ag oxygen and triplet 
organic chromophore annihilation fluorescence19 and the 
deactivation of laser-generated 1Ag oxygen by ground-state 
oxygen in the gas phase.20 A similar energy transfer for ' 2 g

+ 

oxygen in isolated dimers has been observed by Goodman and 
Brus.21 
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Figure 9. Schematic of a water-micelle interface showing proposed rate 
processes. 

It is possible to envisage such an energy-transfer process 
taking place in solution where the oxygen concentration is high 
enough so that collisions of A with ground-state oxygen have 
a reasonable probability. 

The rate constants observed experimentally depend upon 
to what extent the energy transfer across the water-micelle 
interface competes with normal molecular diffusion across the 
interface. A schematic diagram of a micelle-water interface 
is shown in Figure 9. It is assumed that the A oxygen is gen
erated entirely in the aqueous medium and the sole decay route 
other than reaction with A is quenching by the solvent. It is 
further assumed that there is negligible quenching due to the 
micellar material. Then, if A is generated at a rate R and has 
a solvent-mediated lifetime of T, the A steady state in the sol
vent is given by [A]s = RT. The steady state in the micelle will 
be given by the rate at which the A enters the micelle, /Cj+[A]5, 
divided by the rate at which it leaves the micelle, the sum of 
out-migration and reaction with A. 

[A]M = 
A:T + [A ] S 

^T +^A[Ah 

[A]M is the concentration of [A] in the micelle seen by [A]M-
Since [A] is typically of the order of 10~5 M and C micelle 
1O-3M, only a small fraction of the micelles will be occupied 
and those occupied will be overwhelmingly singly occupied. 
Then the concentration of A in the micelle, [A] M, will be given 
by the reciprocal of the micelle molar volume, VM = ^SDS n, 
where n is the mean aggregation number for SDS micelles. 
Literatures values for £SDS17 and «22 yield [A]M = 0.065 
M. 

The rate of disappearance of A as measured experimentally 
will be given by 

- 1 din A 
= k = 

kAkT
+ 

[A]8 dt kT- + kA[A]M 

where A represents the bulk concentration of A. While the 
terms kA and [A]M are constant, the proposed mechanism 
requires that kj+ and kj~ increase with increasing oxygen 
concentration. Where kr+, kj~ » &A[A]M, it may be shown 
that 

k = kAkT
+/kT- = kAK 

This equation assumes that the same partition coefficient is 
established by both molecular diffusion and energy transfer. 
At low oxygen concentrations, provided that kj+ and kj~ are 
low enough, k goes to the limit k = /C-T+/[A]M- It is interesting 
that, if this model is correct and since the experimental rate 
enhancement due to oxygen m K, kA ^ kj+/ [A] M- This co
incidence of numerical values was initially misleading since 
it appeared that at low oxygen concentrations kA was being 
measured. 

The equation may be rearranged to give 

k - * * A 

1 + ( * A / * T - ) [ A ] M 

The proposed mechanism requires that the transfer rate in-
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creases with oxygen, and the simplest expression describing 
this is 

^transfer"" = kT~ + Ar E - [ O 2 ] 

where ku~ is the out-migration rate due to energy transfer and 
[O2] is the oxygen concentration in the solvent. Thus the 
equation describing the experimental rate k becomes 

j ! ArA[A]M 

Ic7- + ArE-[O2] 

The question may now be raised as to whether the A oxygen 
has a sufficiently long lifetime for the concentration parti
tioning in the micelles to occur. The required time is in fact 
rather short since given an oxygen (excited assumed equal to 
ground) molecular diffusion coefficient D = 2 X 1O-5 cm2 

s _ l 23 only 25 ns is required to traverse the intermicellar sep
aration of 100 A (for 0.1 M SDS). Since the A lifetime is of 
the order of 40 ^s each A will have the opportunity to collide 
with many micelles within its lifetime and micelle concentra
tion partitioning can occur. This will be true for all the ex
perimental studies of this work where the observation time is 
always greater than or equal to the time required for oxygen 
partitioning. 

The experimental evidence discussed so far has been a 
comparison of reaction rates for photophysically generated 
singlet oxygen (high ground-state oxygen) with singlet oxygen 
generated by photosensitization at low oxygen concentrations. 
The data to be discussed now concerns photosensitization under 
conditions of high oxygen concentration. 

Effect of Oxygen Concentration for Continuous Photo
sensitization Rates. The variation of experimental reaction rate 
ratio R (rate at oxygen concentration of [O2] to that for [O2] 
= 0.0003 M, the concentration achieved at equilibrium with 
air) as a function of oxygen concentration is shown in Figure 
4. In the case of DPBF in 0.1 M SDS, R\, there is an appre
ciable increase in R] with oxygen. Only part of this enhance
ment is due to a micellar effect since a similar but smaller en
hancement is seen for the rose bengal photosensitized reaction 
of the singlet oxygen acceptor bilirubin, R2. The increase in 
R2 is due to oxygen-induced intersystem crossing in the pho
tosensitizes and a kinetic analysis is given below. 

The following processes govern the triplet yield of the pho
tosensitizes 

hv 
So-+-1S absorption rate oE [S] 

1S -»• So + hv fluorescence, rate constant Ac2 

1S —• So internal conversion, rate constant ki, 
1S —- 3S intersystem crossing rate constant ki 
1S + 3 O 2 —• 3S + 3O2 oxygen-induced intersystem 

crossing rate constant Acx 

In the absence of O2 

(j)j — 
Ar2 + ki + £4 

In the presence of O2 at concentration [O2] 

kj + Acx[O2] 
^ Ar2 + Ar3 + Ar4 + Arx[O2] 

If 4>VI</>T = R, it may be shown that 

1 +(kJk3)[O2) _ 1 +S[O2 ] 
K = and <j)j = b a 

x , MO2] 1+MO2] 
Ar2 + ki + ki 

The above equations show how the sensitizer triplet yield 
is enhanced by oxygen. Given the triplet yield and a constant 
rate of illumination E the singlet oxygen generation rate will 
be <r£[S]0T0o2> where 0o2 is the quantum yield of singlet 
oxygen production from the triplet, and will closely approach 
unity for all appreciable oxygen concentrations. Thus for an 
acceptor reactivity index /3 = 1/TACA, it may be shown that the 
rate of reaction is given by 

d In A _ GE[S}4>T4>Q2 

At /V/3 

Under conditions of constant illumination intensity and sen
sitizer concentration this simplifies to 

- d In AI At = const^j 

Thus for bilirubin R2 will be the function of [O2] given 
above. If the R2 curve is analyzed by a least-squares method, 
a2 = 20 ± 6 and b2 = 11.5 ± 5, leading to fa = 0.6 ± 0.4. This 
fa value is in agreement with the 0.76 value of Gollnick and 
Schenck.24 It is likely that this oxygen induction technique for 
determining triplet yields will be of greater precision and utility 
for the determination of triplet yields nearer to zero than unity, 
where the oxygen enhancement will be correspondingly more 
marked. It is also possible to estimate kx from the present data. 
Gollnick and Schenck give Ac3 = 1.73 X 109 M - 1 s_1 , which 
when combined with a2 = 20 ± 6 yields Acx = 3.5 ± 1 X 1010 

M - 1 s - 1 . This value for the rate constant of oxygen-induced 
intersystem crossing is approximately the diffusion-controlled 
limit and suggests that induced intersystem crossing is very 
efficient, occurring on every oxygen excited singlet dye collision 
within margin of error. 

The data for DPBF in SDS micelles R \ was also fitted to an 
empirical curve of the form 

= 1 +Ai[O2] 
1 1+M[O2] 

This yields the coefficients a, = 49 ± 19, b\ = 15 ± 9. The R\ 
values represent two effects: oxygen-induced intersystem 
crossing and oxygen enhancement of the rate of reaction of 
micellar DPBF with A oxygen. The curve for micellar DPBF 
rises much more rapidly with increasing oxygen concentration 
than that for bilirubin, the enhancement (relative to bilirubin) 
reaching a value of 1.8 at the maximal oxygen concentration 
of the experiments. While this is a large increase, it is not quite 
as high as the 3.3 value obtained from Table I, and the support 
is only partial. 

Effect of Oxygen Concentration on Flash Photosensitization 
Rates. The flash photolysis experiments of Figures 5 and 6 are 
also supportive of an excitation energy transfer mechanism 
leading to rate enhancement. 

This method has an advantage over steady-state photo
sensitization in that the decay of a A concentration pulse is 
observed, and that knowledge of absolute concentrations is not 
required so that changes in sensitizer triplet yield are of no 
consequence. The concentration pulse of A oxygen is produced 
by energy transfer from the sensitizer in less than 1 jus after the 
200-ns dye laser pulse. The rates of decay of A and the acceptor 
A are given by the equations 

-dA/dt = kR[A][A] (i) 

-dA/df = (l/T + (AcR + AcQ)[A]) (ii) 

The usual assumption is [A] > [A]25'27 so that [A] does not 
change appreciably. The decay of A is given by (ii), solved 
as 

In [A- A„] = [1 /T + (ACR + Ac0)[A]]J + const (iii) 

This expression has been shown by Young et al.26 to be ap
proximately true under conditions where [A] ^ [A] and the 
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change in [A] is appreciable, provided that [A] is used for [A] 
in (iii). 

The [A] dependent term in (iii) has terms for chemical re
action kR and physical quenching &Q. It is assumed in the 
following analysis that /CR > &Q and ICQ is neglected. 

The redrawings of experimental oscilloscope traces shown 
in Figure 5 show a strikingly greater photobleaching of DPBF 
in the case where 0.122 M oxygen is present. It has been shown 
by Merkel and Kearns25 that the maximum photobleaching 
occurs for minimum values of the reactivity index /3 = 1 / T & R 
and thus one would expect that k& is much greater in the ex
periment where 0.122 M oxygen is present. This is indeed the 
case, and is shown in Figure 6, where solutions of (iii) or total 
rate kj = 1/T + & R [ A ] are plotted for 0.122 oxygen and 
0.0003 M oxygen (concentration achieved in D2O solution at 
equilibrium with air). Least-squares analysis gives from the 
intercepts: 

[O2] = 0.0003 M T = 43 ± 5 MS 

[O2] =0.122 M T = 41 ± 5 MS 

These lifetime values in D2O are not significantly different 
from the 35-MS value derived from bilirubin studies15 and the 
32-1' and 30-MS12 values derived from earlier DPBF in aqueous 
SDS studies. The range of values probably represents the large 
imprecision inherent in such laser flash photolysis lifetime 
experiments. 

The slopes of Figure 5 yield 

[O2] = 0.0003 M kR = (1.3 ± 0.2) X 109 M" 1 s~' 

[O2] = 0.122 M kR = (3.9 ± 0.6) X 109 M~' s"1 

The 1.3 ± 0.2 X 109 M - 1 s - 1 value for kT~/[A]M at low 
oxygen concentration is similar numerically to earlier DPBF 
reaction rate values in aqueous SDS studies11 and DPBF 
chemical reaction rates in other solvents25"28 all of which are 
in the vicinity of 109 M - ' s"'. The value obtained in this study 
at 0.122 M oxygen of 3.9 ± 0 . 6 X 1 0 9 M - 1 S - 1 is about three 
times higher than the low oxygen value, and is interpreted as 
an apparently higher reaction rate constant being observed at 
high oxygen concentrations, i.e. 

*R = Kk K 

This further suggests that A equilibrium to give a higher 
concentration in the micelles must occur much more rapidly 
than the microsecond time scale of the laser flash photolysis 
experiments. Only two decay rates for two oxygen concen
trations are shown in Figure 6 in the interest of clarity. Similar 
rates were measured for other oxygen concentrations and are 
shown as a k vs. O2 plot in Figure 7. The standard deviations 
for each k determination are indicated by the depth of the 
vertical bars and the curve fitted is 

* - ^ i . e . , *= * * * 

kT- + kE-[02] a + b[02] 

where 
a = * T " / * A [ A ] M and b = * E " " / * A [ A ] M 

The values used are Kk A = 3.9 X 109,a = 0.41, and b = 34.5, 
yielding for [A]M = 0.065 M, k = 2.8, kA=\AX 109 M" 1 

s-1, kT~ = 3.7 X 107 S - 1 , kT
+ = 1.0 X 108 s-1, A:E" = 3.2 X 

109 M - 1 s-1, and kE
+ = 9 X 109 M" 1 s"1. The kA value of 1.4 

X 109 M - 1 s _ 1 for the chemical reaction rate constant of 
DPBF with A, although on the high side, is compatible with 
values measured in other solvents.25-28 

The ^ T - o f 3.7 X 10 7s _ 1 for the diffusional out-migration 
of oxygen has not been previously measured. Out-migration 
rates have been measured for relatively large molecules by 

phosphorescence5 and EPR of spin-labeled compounds,2930 

and yield values of ^1O 5 s_ 1 . 
The most comparable measurements are those of Yiv and 

Zana31 for 1-pentanol leaving aqueous cetyltrimethylammo-
nium bromide micelles, who measured kj~ to be 1.8 X 107 s~'. 
The twofold increase in out-migration rate in going from 
pentanol to oxygen is in reasonable agreement with the vari
ation of known diffusion rates in water as a function of mo
lecular weight.23 

The measured energy transfer excitation transfer rates kE
+ 

and ^ E - are about an order of magnitude lower than the dif
fusion-controlled limit of 10 l 0 -10" for a small molecule in 
solution which suggests that a A molecule at the micelle solvent 
interface has a probability of 0.1 of encountering a ground-
state oxygen molecule and transferring its energy. The rough 
nature of the experimental results and the simplicity of the 
model do not permit a more detailed mechanistic discussion. 
All of the experiments shown in Figure 7 were carried out using 
0.1-0.2 J of laser energy at 620 nm and methylene blue con
centrations of 2.6 or 7.7 M. Under these conditions [A] < 
[DPBF] and solutions of (ii) will hold. 

It also has proved possible to carry out experiments where 
[A] » [DPBF] and where (i) applies. These results are shown 
in Figure 8, where 0.4 J laser power, 30.8 juM methylene blue, 
and 0.195 M oxygen were used. A precisely first-order decay 
rate of 2.3 X 105 s - 1 was observed for DPBF (lower curve); 
then, if —d (\nA)/dt = k\ = &R[A] is solved for A assuming 
&R = 3.9 X 109 M - 1 s_1 (the largest experimental value), [A] 
= 60 /nM. The upper curve shows that 60-/uM A concentration 
centered at 5 us with a lifetime of 40 s superimposed. It is clear 
that the concentration of A is insufficiently high to appreciably 
affect A. The result is remarkable in one other respect. The 
concentration of A generated by the laser pulse (>60 ^M) is 
twice the initial methylene blue concentration. This arises for 
two reasons. Firstly, the high ground-state oxygen concen
tration drives the unperturbed methylene blue triplet yield from 
0.5232 to unity by oxygen-induced intersystem crossing; sec
ondly, the high ground-state oxygen concentration causes rapid 
(5 ns) quenching of methylene blue triplets so that the meth
ylene blue may be recycled within the 180-ns measured time 
period of the laser pulse. This multiple sensitizer excitation 
phenomenon is unusual and arises because of the elevated 
oxygen concentrations unique to this study. 

The high rate constant at high O2, Kk A has made it possible 
to carry out flash photolysis experiments in the H2O where r 
is much lower, since the maximum photobleaching is propor
tional to 1//3 = KkAT and, although A is lower, the rate con
stant is K times higher than that at low O2. The cells available 
were not short enough to permit use of [A] values high enough 
to obtain a significant estimate of KkA (KkA[A] < 1 /T) . 
However, it has been shown28 that 1 / T values may be obtained 
as [A] —• 0, i.e., kj = 1/T. The mean of many such experi
ments for 0.146 M O2, 7.7 ^M Meb, and 0.3 J laser energy 
yielded TH2O = 3 ± \ fis. Thus, given TD2O = 42 ± 5 ^s as the 
mean value from the D2O experiments above 

T D 2 O / T H 2 O = 14 ± 6 

This agrees within experimental error with the literature 
value27 of 10 obtained from water-alcohol mixed solvent 
studies. 

Analysis of Photophysically Generated Singlet Molecular 
Oxygen Reaction Rates. All the foregoing evidence shows that 
at high concentrations of ground-state oxygen the energy-
transfer mechanism of A excitation can occur and the effective 
A concentration is K times higher inside the micelle relative 
to the solvent. Given this information it is now possible to an
alyze the DPBF reaction rate as a function of oxygen con
centration with photophysically generated single oxygen de
picted in Figure 1. 
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regime I 

regime II 

regime III 

[3O2] 

low 10-4 

high 10-' 

high ItT1 

(1O2] 

low 10-11 

io-5 

io-11 

lowlO"11 

IO"5 

high ICT4 

type of expt 

sensitized continuous 
sensitized pulse 

sensitized continuous 

photophysical continuous 
sensitized pulse 
sensitized pulse 

derived constants 

^ T V [ A ] M or rel B 

1 / , * T + / [ A ] M 

Kk A or rel B 

KkA, K 
l/,KkA 

KkA[A] 

value 

TD2O = 42 ± 5 JUS 
/tT

+ = 1 X 1O8S"1 

kj~ = 3.7 X 107S-" 
K = 2.8 
/CA= 1.1 X 109M-1S-1 

kEr = 9X 1O9M-1S-1 

/cE- = 3.2X 109M-1S-1 

[A] = 10-4M 

This type of plot is very similar to that observed for the re
action of photophysically generated singlet oxygen with bili
rubin,15 i.e., for both D2O and H2O solvents the effect is largely 
square with a small but significant linear component and the 
experimental reaction rates are approximately an order of 
magnitude higher in D2O than in H2O. Although an increase 
in the experimental rate due to oxygen-induced energy transfer 
is to be expected in the low oxygen concentration region, no 
such change is visible in Figure 2. The experimental scatter is 
too large to permit curvature analysis at low oxygen concen
trations, and a straight line corresponding to the high oxygen 
concentration limit &R = Kk A has been fitted to the data. 

Given that [A] is generated at a rate given by 

JiS[O2] , (T2E[O2]
2 +d[A] 

dt 
it may be shown that 

Nk1ZE[O2] = (CX1Za)TKkA + (a-2 /a)TKkA[02] 

From the D2O data of this work 

intercept = aXTKkKja = (3.3 ± 1.1) X IO3 dm3 mol -2 

slope = a2rKkAla = (1.96 ±0.11) X IO5 dm6 mol-3 

The earlier bilirubin in D2O results15 gave a\r = (2.3 ± 0.8) 
X 1O-8 s dm2 mol"1 and G2T = (4.6 ± 1.2) X 1O-7 s dm5 

mol-2. The cell used has a diameter of 9.51 mm so that a = 
7.13 X IO-3 dm2. Considering the slope term only in D2O since 
it is much better determined, then 

KkA = a2TKkA {a/O2T) = (3 ± 1) X IO9 M-1 s-1 

This value is in good agreement with the asymptotic KkA value 
of 3.9 X IO9 M - 1 s_1 obtained from the dye-sensitized flash 
photolysis experiments and suggests that the hypothesis of 
preferentially partitioning in the micelles via excitation energy 
transfer is consistent with all of the experimental data. The rate 
constants observed are dependent on the oxygen concentrations 
(both ground and excited) and are summarized in Table II. 

In conclusion, the present study shows that singlet molecular 
oxygen water to micelle transfer rates via both molecular dif
fusion and bi molecular energy transfer process may be derived 
from photochemical measurements of singlet molecular oxygen 
reactions. The value of the molecular diffusion transfer rate, 
IO8 s-1, suggests that singlet molecular oxygen penetrates SDS 
micelles easily at a rate greatly exceeding its solvent-mediated 

decay rate, 3 X 105 s"' in water. Insofar as micelles are simple 
models of biological membranes it appears that the interior of 
membranes will also be easily accessible to singlet molecular 
oxygen which can then cause photodynamic damage to ma
terial in the membranes. 
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