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The concentration of molecular oxygen in a sample is
determined by exciting oxygen molecules of the sample
from the electronic ground state to the excited lli.g state
(excited singlet state), measuring a 1270-nm lumines
cence characteristic of the excited oxygen molecules
(singlet oxygen) and correlating the luminescence char
acteristic measured with the concentration ofmolecular
oxygen in the sample. Normally, the 1270-nm lumines
cence characteristic is the 1270-nm luminescence inten
sity. Preferably, the oxygen molecules are excited by
being subjected to diffusion contact with a sensitizer
such as a porphyrin or a porphyrin-related compound,
e.g. a transition metal complex of a porphyrin. The
sensitizer is brought into an oxygen-exciting electronic
state by absorption of electromagnetic radiation such as
light, the oxygen-exciting electronic state optionally
being adapted to the measuring system employed by
means of a quencher such as a substituted polyene. The
sensitizer may be present in an organic solvent or a
polymer such as polyvinylchloride. The oxygen-con
taining sample is preferably a sample of biological ori
gin such as a blood sample.
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METHOD AND APPARATUS FOR DETERMINING
THE CONCENTRATION OF OXYGEN

This is a continuation of U.S. application Ser. No. 5
07/125,407, ftled Nov. 25,1987, now abandoned, which
is incorporated by reference herein.

The present invention relates to a method of deter
mining the concentration of molecular oxygen in a sam
ple and to systems for determining said concentration. 10

BACKGROUND OF THE INVENTION

It has been possible for some years to determine the
concentration of molecular oxygen in a sample by using
optical methods based on luminescence quenching. In 15
general, these methods comprise measuring the lumi
nescence intensity andlor the luminescence lifetime ofa
suitable luminophore, the luminophore being in contact
with an oxygen-containing sample and being exposed to
illumination. 20

The basic feature of luminescence quenching is the
deactivation of the luminescing excited electronic state
of the luminophore taking place on collision with oxy
gen molecules. As the average number of luminophore
molecules in the· excited electronic state is reduced by 25
the interaction with the oxygen molecules, the lumines
cence intensity and the excited state lifetime of the lu
minophore are reduced. The magnitude of the reduc
tion is connected with the number of oxygen molecules
in contact with the luminophore through the Stem- 30
Volmer equation

5,242,835
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M"/M=I+KsJ021

2
employed in a variety of systems. For instance, fibre
optic probes containing a dye and being implantable in
human body tissue are disclosed by Peterson et a1. in
U.S. Pat. No. 4,476,870.

Further, the optical quenching method is disclosed
inter alia in:

Vauthan, W. M. and Weber, G., "Oxygen Quenching
and Pyrenebutyric Acid Fluorescence in Water. A
Dynamic Probe of the Microenvironment", Bio
chemistry, Volume 9, No.3, Feb. 3, 1970, pp.
464-473.

Buckles, R. G. in U.S. Pat. No. 4,399,099,
Murray, R. C., Jr. and Lefkowitz, S. M. in European

Patent Publication No. 0 190 829,
Hirschfeld in U.S. Pat. No. 4,542,987,
Lubbers et al in U.S. reissued patent No. Re. 31,879,

. Hesse, H. C. in DD patent application No. 106086
and

Murray, R. C., Jr. and Lefkowitz, S. M. in European
patent publication No. 0 190 830.

The present invention provides a new method of
optically determining the concentration of molecular
oxygen present in a sample.

When using the method of the invention, the concen
tration of molecular oxygen in a sample is determined
by exciting oxygen molecules of the sample from the
electronic ground state to the excited 1~g-state (excited
singlet state), measuring a 1270-nm luminescence char
acteristic of the excited oxygen molecules and correlat
ing the luminescence characteristic measured with the
concentration of molecular oxygen in the sample.

In contrast to the basic principle of the known optical
methods, Le. measuring light emitted from another sub-

see e.g. IUPAC Commission on Photochemistry, and stance than oxygen, the present invention is based on
"Glossary of Terms used in Photochemistry, part III", 35 the principles of determining the concentration of oxy-
EPA Newsletter, July 1986. MO and M of the above gen in a sample by measuring the light emission at 1270
equation designate the luminescence intensity or the nm from oxygen. The method of the present inyention
excited state lifetime of the luminophore in the absence has the same advantages as the known optical methods
and presence of oxygeJl' respectively. [02] designates (for example, the oxygen is not consumed in the method
the concentration of molecular oxygen corresponding 40
to the M-value measured. K

sv
is the socalled Stem- of the invention), but is superior to the known methods

Volmer constant explained in the above reference. By from a practical measuring point of view. More specifi-
using this equation and correlating it to samples of cally, the present method is specific to oxygen as the
known oxygen concentration, it is possible to determine signal obtained at 12170 nm is substantially attributable
the oxygen concentration of a sample. 45 to oxygen and generally less sensitive to interference

A great deal of research has been going on through- from substances other than oxygen. This is in contrast
out the years to develop and improve the luminescence to the known methods based on luminescence quench-
quenching method of determining oxygen concentra- ing, wherein the intensity or the lifetime reductions
tions. The aim of the research has among other things caused by other sU;bstan~ cannot be distinguishe?
been to fmd usefulluminophore substances, to improve 50 from the o~ygen-den,:,edSIgnal changes. ~so, the lUI~lI-
the contact between the luminophore and the oxygen ?escen7e SIgnal ob~ed at 1270 nm m~reases WIth
molecules and to develop improved devices suited for mcreasmg concentratIons of oxygen startmg at essen-
specific uses. tial~y zero in the absenc~ of oxyg~n.~ismakes amplifi-

Aromatic molecules have been found useful as lumin- catIon of the 1270-nm SIgnal obtamed m the presence of
ophore substances by several researchers (Stevens in 55 oxygen by the method of the invention possible. In
U.S. Pat. No. 3,612,866, Stanley et al in U.S. Pat. No. contrast, the oxygen-induced signal reduction of the
3,725,658). Specific examples of useful luminophores known luminescence quenching methods does not per-
are pyrene butyric acid (Langmuir, I. S. and Knopp J. mit any signal amplification. Moreover, calibration of
A., "Measurement of tissue oxygen with a fluorescent the measurement method according to the present in-
probe", Journal ofapplied physiology, 41,4, USA 1976), 60 vention is more simple than calibration of the known
porphyrins and derivatives thereof (Kahil in intema- luminescence quenching methods, as the establishment
tional publication No. WO 87/00023) and inorganic of a standard curve may be based on only one known
metal complexes (Bacon, J. R. and Demas, J. N. in UK oxygen concentration in addition to the reference value
patent application No. 2,132,348). The luminophore which is implicitly known (zero in the absence of oxy-
may be embedded in a matrix such as a glass matrix as 65 gen).
disclosed by Bergman, I., Nature 218, 1968, p. 376, or a Examples of publications which discuss the 1270-nm
polymer matrix as disclosed by Kahil, supra, or Bacon, emission from singlet oxygen are:
supra. The method ofluminescence quenching has been Parker et al in U.S. Pat. No. 4,592,361,



wherein
c/>x=the quantum yield of the formation of the sensi

tizing excited state, D·(X).

The quantum yield (i.e. the number of molecules
formed per absorbed photon) of singlet oxygen produc
tion (WAg) wound be

ker being the rate constant for energy transfer from
sensitizer to ground state molecular oxygen, kx being
the rate constant for decay of the sensitizing excited
state

(I)

Decay of the sensi·
tizing excited ltate
D°(X) of the sen·
litizer to the
ground state D at a
rate determined by
kX, vide below.

Energy transfer
from the sensitizing
excited state DO(X)
to the ground state
molecular oxygen,
(02e~g-» to form
singlet oxygen (02
(1~g» at the rate
determined by k.I,
vide below.

Formation of a sen·
sitizing excited
ltate of the sen·
sitizer, D°(X).

The primary
excitation of the
sensitizer by elec·
tromagnetic radia·
tion (hv).

k.I [02]
4>.1 = kx + k.1 [021

the quantum yield of singlet oxygen formation from
D"(X), i.e. the fraction of D"(X) giving
singlet oxygen,

( kX=_I_,
"x

DO(X)~D

DO ..... D0(X)

4
ing rate constants depend on the viscosity of the matrix
in which the sensitizer is present.

By excitation of a sensitizer, D, having a sensitizing
excited state, D·(X). capable of producing a singlet
oxygen, the generalized reaction scheme leading to
singlet oxygen could be:

TX being the lifetime of the sensitizing excited state),
[02] being the concentration of molecular oxygen in the
matrix containing the sensitizer.

The total yield c/>dIAg) of singlet oxygen lumines·
cence (the number of photons emitted per photon ab
sorbed) at 1270 nm will be 'given by

5,242,835
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Parker et al in U.S. Pat. No. 4,576,173,
Ogilby, P. R. et aI, "The Photosensitized Production

of Singlet Molecular Oxygen (IAg02) in a Solid
Organic Polymer Glass: A Direct Time-resolved
Study", J. Am. Chern. Soc., 109, 1987, pp. 5
4746-4747.

THEORETICAL BACKGROUND OF THE
INVENTION

D~D'
The excitation of oxygen molecules so as to form the 10

excited singlet state or the singlet oxygen, as it is also
termed, cannot be achieved with any significant effi-
ciency by direct absorption of electromagnetic radia
tion. and the oxygen molecules must therefore be ex
cited in another way. Conveniently, excitation of the 15
oxygen molecules is performed by means of a socalled
sensitizer which is a compound or a composition which,
when receiving energy in a suitable form, i.e. electro
magnetic radiation, may be brought into an excited
electronic state (sensitizing excited state) capable of 20
exciting molecular oxygen from the electronic ground
state to the excited singlet state.

The mutual ordering of the electronic states of the
sensitizer and the molecular oxygen can be depicted in
a Jablonski diagram, as illustrated in FIG. 5, where a 25 D0(X) + 02(3~g-)~D + 02(1~g)
few of the lower relevant electronic states are repre-
sented. By absorption of light, the ground state (So) of
the sensitizer may be excited to the first excited singlet
state (SI) or to the second or higher excited singlet state
(S2, S3, ...). These excited singlet states may be deacti· 30
vated to the ground state by non-radiated internal con·
version (as illustrated by wavy arrows) or by fluores-
cence (as illustrated by straight arrows), or they may
undergo socalled intersystem crossing so as to form
excited triplet states (TI, T2, ...), the most common 35
intersystem crossing being illustrated by the wavy
arrow from SI to TI. The excited triplet states may
return to the ground state by phosphorescence (straight
arrow from TI to So) or by non-radiative processes
including quenching. In the present context, the 40
quenching (i.e. the deactivation) ofthe excited sensitizer
by molecular oxygen (wavy arrow from TI to lAg) with
the resulting formation of singlet oxygen is the interest
ing feature and it will therefore be discussed in detail
below. 45

The sensitizer is normally "embedded" in a "matrix"
(although, as explained below, it may also be embedded
in the sample). The term "embedded in" as used in the
present specification and claims is intended to embrace
any appropriate way of containing, locating or spatially 50
fIXing the sensitizer, e.g. by dissolution, solubilization,
adhesion or covalent binding. The "matrix" is typically
an organic solvent or a polymer.

The sensitizer and the molecular oxygen must be in
diffusion contact, (i.e. molecules of the sensitizer and 55
oxygen molecules must be capable of colliding by diffu
sion of at least one of these molecular species) to ensure
the ground state molecular oxygen quenching of the
sensitizing excited states of the sensitizer. When this is
the case, an energy transfer between the sensitizer and 60
the molecular oxygen, i.e. a quenching, may occur,
resulting in the sensitizing excited state of the sensitizer
being deactivated to an electronic state of lower energy,
most commonly the ground state, and singlet oxygen
being formed. 65

The oxygen quenching processes of the sensitizing
excited states have usually been observed to be diffu·
sion-controlled. Hence, the actual values of the quench.



or, expressed differently, half the maximum lumines
cence intensity will be obtained when the equality

(3)

6
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wherein q,}'(t~g) is the intrinsic phosphorescence quan
tum yield of singlet oxygen (i.e. the number of photons
emitted per singlet oxygen molecule) under the actual
conditions. Provided that q,}'(t~g) and q,x are indepen-
dent of the oxygen concentration, the oxygen concen- 5 q,L(I~g) being the total yield of singlet oxygen lumi-
tration dependence of the 127D-nm luminescence is nescence at 1270 nm obtained at oxygen concentration
determined solely by q,et. The assumption that q,}'(l~g) [02],
and q,xare independent of the oxygen concentration is cPmax being the maximum yield of singlet oxygen
probably only strictly valid for cP}'(l~g), for which no luminescence obtainable in the system in question.
evidence of oxygen concentration dependence can be 10 From equation (3) it can be seen that a plot of the
found in the literature. The question whether cPx will singlet oxygen luminescence at 1270 nm, cPL<t~g), vs.
have any oxygen concentration dependence is deter- [02] will be a curve approaching asymptotically the
mined by the chemical composition of the actual sensi- maximum luminescence yield, cPmax.
tizer system. For many potential sensitizers, q,xwill be Under conditions where ket [02]> >kx the value of
the quantum yield of triplet formation cPT(Le. intersys- 15 cPetwill approach unity and the singlet oxygen lumines-
tem crossing from the singlet to the triplet manifold). In cence will approach its maximum value, i.e. the lumi-
such cases, q,x is likely to be dependent on the oxygen nescence intensity will be essentially constant with
concentration, as oxygen-enhanced intersystem cross- varying oxygen concentrations. The oxygen concentra-
ing is a common mechanism for singlet state quenching tion in the matrix corresponding to a luminescence
by oxygeri. This process has actually been observed 20 intensity of half the maximum value (Le. cPet=0.5) will
when tetraphenylporphyrin (H2TPP) is used as a sensi- be given by
tizer (cf. Example 3).

As seen from equation (2) the total yield of singlet
oxygen luminescence, q,L(t~g) is proportional to the
intrinsic phosphorescence quantum yield of singlet oxy- 25
gen, cP}'(l~g). From the equation

x
Y=T+"X

This function is illustrated in FIG. 7.
It will be seen that the luminescence cPL(I~g) ap

proaches q,max asymptotically when the oxygen concen
tration [02] increases. As mentioned above, there is no
particular limit at which the slope of the curve becomes
so sma]] that it is no longer useful for oxygen concentra
tion determination-this depends on the detection sys
tem employed. However, for most practical applica
tions, the system should be so adapted that the maxi-

where k}'(l~g) and T(l~g) are the radiative rate constant 30 is fulfJ.lled. When ket[02] < <kx, the luminescence in-
(number of photons emitted per unit of time) and life- tensity will be very small.
time of singlet oxygen respectively, it is seen that the At moderate differences between ket[02] and kx, the
127D-nm luminescence yield will increase with increas- cPL<l~g) vs. [02] curve will show a useful shape within
ing singlet oxygen lifetime provided that k}'(l~g) is ma- an oxygen concentra~io~ ~ange around and ~cluding
trix-independent. Experimentally, it has been found that 35 [02h· Thus, for each mdIVIdual system, there IS an oxy-
in liquid phases k}'(l ~g) is relatively independent of the gen concentration r.ange in .which the size v~ation of
type of matrix in question, whereas T(l~g) may change cPL<l~g) (the t?tal yield of smglet oxyg~n lummescence
by at least a factor 103when the matrix is changed. The at ~270 nm) ~Ith the oxy.gen conce~~rat~on (the slope of
presence of OH-groups is known to be particularly 40 the cu~e) WIll be suffiCIent for utlhzatI~n of the 1~70-

effective in reducing T(l~g). Consequently, the pre- ~m luml~escence for oxy~~n co~ce~~r.atlo~ determm~-
ferred matrix should not contain OH-groups. tlOn. EVidently, t~e term sufficI~nt m thIS contex~ IS

The oxygen dependence of the total singlet oxygen related to th~ ~ummescencedetectmg sys~e~ used; WIth
luminescence yield at 1270 nm, as given by the expres- a more. sensltI~e syste~, even small vanatlOns can be
sion for cPet (Equation 1), is determined by the three 45 dete~ned WI~h suffiCIent ~ccura~y, where as a.less
parameters ker. kx and [02], defined above. The main senSItIve ~et7ctl~n system WIll reqUIre a larger lumI~es-
factors controlling the magnitude of these parameters e:ence vanatlon m order to secure a useful determma-
are explained below: tlon. . .. .

ket: The rate constant for energy transfer from sensi- On combmmg e~uatlons (3).and (4) It appears that the
tizer to ground state molecular oxygen. For essen- 50 total 1270 nm lummescence Yield may be expressed as
tially all potential sensitizers this process is diffu
sion-controlled. Hence, ket will be proportional to
the sum of the diffusion constants of molecular
oxygen and sensitizer in the matrix concerned.

[02]: For a given ambient partial pressure of molecu- 55 which is equivalent to the function of
lar oxygen the concentration of molecular oxygen
in the matrix (i.e. the matrix containing the sensi
tizer) will be proportional to the solubility of the
molecular oxygen in the matrix concerned.

kx: The rate constant for decay of the sensitizing 60
excited state (in the absence of oxygen) is largely
determined by the choice of sensitizer. Smaller
effects of matrix and concentration of sensitizer
may occur.

When combining equations (1) and (2) above and 65
assuming that q,}'(l~g) and cPx are independent of the
oxygen concentration it is seen that the total yield of
singlet oxygen luminescence can be expressed as:
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DETAILED DISCLOSURE OF THE INVENTION

7
mum oxygen concentration to be measured using the
system corresponds to a cPL(IAg) of at the most 98% of
cPmax, often preferably a cPL(IAg) of at the most 95% of
cPmax, and most preferably a cPL('Ag) ofat the most 90%
of cPmax. In accordance with this, the maximum oxygen
concentration to be measured should result in a matrix
oxygen concentration of at the most 50.[0211, prefera
bly at the most 20.[0211 and most preferably at the most
lo.[02h. In the following, it will be explained how the
system can be adapted to the oxygen concentration
range to be measured.

8
a wavelength range around 1270 nm, such as at the
wavelength ranges stated above.

As mentioned above, it is known within the art that
the 1270-nm luminescence is highly specific for the

5 excited singlet state of molecular oxygen (M. Kasha,
supra). Thus, in most cases there will be no need to take
into account the part of the luminescence which origi
nates from other components, as the magnitude of this
part has usually been found to be negligible. Also, the

10 noise attributable to the equipment used is usually insig
nificant compared to the singlet oxygen luminescence
signal. In certain cases, however, it may be desirable to
obtain a value of the luminescence characteristic which

The "1270-nm luminescence characteristics" as used is solely attributable to the oxygen content of the sam-
herein refer to any way of characterizing or measuring 15 pIe. In these cases, it may be necessary to correct for the
the 1270-nm luminescence. Conventionally, the 1270- background signal derived from other components as
nm luminescence is characterized by the 1270-nm lumi- well as for the equipment-derived noise. The term
nescence intensity, which is to be understood in its "measuring the 1270-nm luminescence characteristic" is
broadest sense, i.e. the magnitude of the 1270-nm lumi- therefore intended to include measuring the total 1270-
nescence signal obtained during continuous excitation 20 nm luminescence characteristic which is optionally
or, the integrated value of the time-dependent 1270-nm accompanied with or followed by a correction for the
luminescence signal obtained upon pulsed excitation or noise and background signal caused by the light emis-
the first derivative of the decaying part of said time- sion from other components present in the sample.
dependent luminescence signal. However, also other 2S In most cases, the amount of oxygen which is mea-
ways of expressing the luminescence characteristics sured in the present method is stated as a concentration,
such as the amplitude and phase shift between the 1270- e.g. as moles per liter or as a partial pressure, e.g. as
nm luminescence signal and a modulated oxygen excita- mmHg or kPa, or equivalents thereto. As the unit of the
tion means are to be considered to be within the defini- oxygen content is dependent on the unit of the reference
tion of the term "luminescence characteristics". Prefer- 30 which is used to correlate the 1270-nm luminescence
ably, the 1270-nm luminescence intensity obtained dur- intensity with the actual oxygen concentration, this may
ing continuous excitation is measured. be stated in another way. Thus as used herein, the term

The oxygen which is determined by' the method ac- "concentration of molecular oxygen" is intended to
cording to the invention is molecular oxygen, i.e. 02. As mean the content of molecular oxygen stated in any
discussed above, the method of the present invention is 3S convenient manner.
based on the excitation of the oxygen molecules from The 1270-nm luminescence signal obtained with the
the electronic ground state to an excited electronic sample containing the oxygen to be measured is corre-
state, the lAg-state. Oxygen molecules in the lAg-state lated with standard values based on 1270-nm lumines-
are hereinafter and in accordance with conventionally cence signals obtained with reference samples of known
used terms designated singlet oxygen or singlet molecu- 40 oxygen content using the same or an equivalent system
Jar oxygen, and the lAg-state ofthe oxygen molecules is so as to quantify the unknown oxygen content.
referred to as the excited singlet state of molecular As discussed above, singlet oxygen cannot be formed
oxygen. These electronic states are defined by M. with any significant efficiency by direct absorption of
Kasha in "Singlet 02", Vol. I, A. A. Frimer Ed., CRC- electromagnetic radiation, and the oxygen molecules
Press, Boca Raton, 1985, pp. 1-11. 45 must be excited in another way. Conveniently, excita-

In the method of the present invention, the radiative tion of the oxygen molecules is performed by means of
deactivation of singlet oxygen is utilized for determin- a sensitizing agent which has an excited electronic state
ing the concentration of molecular oxygen. The radia- (sensitizing excited state) capable of exciting molecular
tive deactivation corresponds to an emission of light oxygen from the electronic ground state to the excited
with a wavelength of about 1270 nm. In the gas phase SO singlet state, the sensitizing agent being in diffusion
the radiative deactivation of singlet oxygen corresponds contact with the sample.
to the emission of light with a wavelength of 1268.7 nm The sensitizing agent is it is used herein may, in addi-
(M. Kasha, supra). In a condensed phase, the wave- tion to the sensitizer discussed in the Theoretical Back-
length of the light originating from singlet oxygen is ground section above, comprise a quencher capable of
known less accurately but is usually quoted as 1270 nm. 5S reducing the sensitlzing excited state lifetime of the
A typical emission spectrum of singlet oxygen in per- sensitizer. This will be discussed in detail below. In
fluorohexane is shown in FIG. 6. The full-width-at-half- accordance with what has been explained above, the
maximum (FWHM) of the 1270-nm emission spectrum sensitizing agent is preferably embedded in a matrix in
is typically about 30 nm. In relation to the present oxygen-diffusion contact with the sample. Alterna-
method, the width of the acceptable wavelength range 60 tively, the sensitizing agent may be embedded in the
in which the detection is performed may depend on the sample.
desired accuracy of the determination, the size of the The contact between the sensitizing agent and the
background signal, etc. Normally, an acceptable lumi- molecular oxygen in the sample (which may be a fluid,
nescence signal of singlet oxygen is obtained when de- i.e. a gas or a liquid, or a solid) is established through
tecting within a wavelength range of 1270±9O nm, in 6S diffusion. As explained above, oxygen diffusion contact
particular 1270±60 nm, preferably 1270±40 nm, and between the sample and the sensitizing agent is re-
the term "1270-nm luminescence characteristic" as used quired, as oxygen molecules and the excited sensitizing
herein is intended to include luminescence measured at agent must collide to permit the excitation ofthe oxy-



where l/Tx=kxand kQis the rate constant for quench
ing of the sensitizing excited state by Q.

When the sensitizing excited state is the excited trip
let state of the sensitizer, energy transfer quenching
corresponds to the following reaction:

where D and Q represent an electronic state of lower
energy of the sensitizer and the quencher, respectively,
and 3D* and 3Q* represent the excited triplet states of
the sensitizer and the quencher, respectively. This pro
cess will generally be effective if ErtD)> E:r(Q), ErtD)
and E:r(Q) being the triplet energies of sensitizer and
quencher. The modification of the triplet lifetime of
ZnOEP by energy transfer to tetraphenylbutadiene
(TPB) is illustrated in Example lb.

Electron transfer quenching of an excited triplet state
is based on the following reactions:

or
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gen molecules from the ground state to the excited In accordance with what is described above, the
singlet state. system in which the method of the invention is per-

In accordance with this, both the sample containing formed should preferably be so adapted that the maxi-
the molecular oxygen to be determined and the matrix, mum oxygen concentration to be measured using the
if used, must allow oxygen molecules to diffuse therein. 5 system corresponds to a cflL(I~g) of at the most 98% of

Singlet oxygen can be produced by quenching ex- cflmax, often preferably a cflL<l~g) of at the most 95% of
cited singlet states of the sensitizing agent as well as cflmax, or most preferably a cflL<l~g) of at the most 90%
excited triplet states of the sensitizing agent. Excited of cflmax. In the case where the sensitizing agent is em-
triplet states are usually considered to be more efficient bedded in a matrix, this means that the concentration of
for singlet oxygen production than excited singlet 10 oxygen in the sample (the "ambient" concentration seen
states. In both cases, however, the sensitizirrg agent from the point of view of the sensitizing agent in the
must have an energy gap ofat least 0.98 eV between the matrix) sho,!!d be one which results in a concentration
starting electronic states and the fmal electronic states of oxygen in the matrix which gives a luminescence
resulting from the molecular oxygen quenching, as the fulfIlling the criteria stated above. The sensitizing agent-
energy transferred to the molecular oxygen must be of 15 Imatrix system may be adjusted so that this condition is
a magnitude of at least 0.98 eV (the energy of the ex- fulfIlled for a particular range of ambient oxygen con-
cited singlet state of oxygen). centration by varying either side of equality (5). In the

Certain sensitizing agents, e.g. certain porphyrins, are following, these two possibilities:
capable of converting molecular oxygen to superoxide modifying the sensitizing excited state lifetimes, i.e.
(i.e. 02-, the radical anion of oxygen) by an electron 20 adjusting kx, .
transfer mechanism through illumination. Superoxide, adjusting or modifying ke,£02]
which is fairly stable in non-polar organic solvents, is will be discussed separately.
known to be an efficient quencher of singlet oxygen

F C S J. A e'h S 98 Adiusting kx(Guiraud, H. J. and oote, . ., . m. em. oc. , "
1984 (1976). When superoxide is formed in a singlet 25 The lifetimes llkx of the sensitizing excited states
oxygen-containing sample, it may quench part of the may be modified by adding a quencher which deacti-
singlet oxygen resulting in a 1270-nrn luminescence vates the sensitizing excited state, preferably without
intensity which is too low in relation to the equivalent affecting the primary yield of that state. Thus, as men-
of the true molecular oxygen concentration of the sam- tioned above, the sensitizing agent may comprise a sen-
pIe. Due to the stability of superoxide in organic sol- 30 sitizer having an excited state capable of exciting molec-
vents, even a very slow formation of superoxide may be ular oxygen from the electronic ground state to the
critical in these solvents, as a significant superoxide excited singlet state and a quencher capable of deacti-
concentration may be built up eventually. The sensitiz- vating the sensitizing excited state ofthe sensitizer so as
ing agent is therefore preferably a substance having an to reduce the sensitizing excited state lifetime of the
oxidation potential of the sensitizing excited state which 35 sensitizer, the quencher being in contact with the sensi-
essentially renders the sensitizing agent incapable of tizer. The quencher can deactivate the sensitizing ex-
co~ve~ing mole~ular oxygen .t~ ~uperoxid~. Thus, th~ cited state through energy transfer or electron transfer
~x~datlon potential of the senS!t1ZlDg agent lD the set,tSI- mechanisms. In the presence of a quencher (Q), the
t1ZlDg eXCited state must be higher than the reduction modified lifetime of the .sensitizing excited state (TX')
potential of oxygen in the matrix in question. 40 will be determined by

Accordingly, the reduction potential of oxygen in the
matrix would be valuable as a guideline for the choice
of matrix and sensitizing agent, but this quantity is only
known in very few solvents. In acetonitrile, the reduc
tion potential of oxygen has been reported as -0.82 V 45
vs. saturated calomel electrode (SCE). It is likely that
the reduction potential of oxygen will tend to be lower
than -0.82 V (vs. SCE) in matrices less polar than
acetonitrile and .for practical purposes a sensitizing
agent having an oxidation potential of the sensitizing 50
excited state higher than -0.7 V (vs. SCE) will be
considered to be useful.

An example of the adverse effect of superoxide for
mation is a reduction of the 1270-nrn luminescence sig
nals observed for aerated samples of zinc-octaethylpor- 55
phyrin (ZnOEP) and zinc-tetraphenylporphyrin
(ZnTPP) (cf. Examples la and 2a and FIGS. 8 and 9,
respectively). In accordance with the theoretical expla
nation above, these substances have oxidation potentials

. of their sensitizing excited states which are lower than 60
the estimated reduction potential of oxygen in toluene.
The triplet state oxidation potentials of ZnOEP and
ZnTPP are -1.13 V vs. SCE and -0.88 V vs. SCE,
respectively. For samples containing tetraphenylpor
phyrin (H2TPP) (cf. Example 3 and FIG. 10), no similar 65
signal reduction was observed in accordance with the
higher triplet state oxidation potential of H2TPP
(-0.48 V vs. SCE).
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above-discussed superoxide production, the production
where (0+ Q-) and (0- Q+) are the geminate ion ofsinglet oxygen will be favoured in a non-polar matrix.
pairs formed by electron transfer from or to the sensi- According to the present invention, the sensitizing
tizer triplet state. Electron transfer will be a spontane- excited state of the sensitizing agent is formed from
ous process when Eox-Ered-ET(O)<O, Eox and Ered 5 another electronic state, in most cases the electronic
being the reversible one-electron oxidation and reduc- ground state of the sensitizing agent, by absorption of
tion potentials of the electron donor and electron accep- electromagnetic radiation. Preferably, the wavelength
tor, respectively. As described in Examples lC and 2b of electrom~gneticradiation is less than 1270 nm, more
and 2c, electron transfer quenching of the triplet states preferably m the range of 3~1~ ~m. ~e wave-
of ZnOEP and ZnTPP by duroquinone (OQ) results in 10 I~ngth of the electromagnetic radtation. will conve-
oxygen sensitivities which depend upon the amount of mently be chosen so as to match a regIOn of strong
DQ added. absorpt~o~ by the sensitizing agent in question. Thus,

A general problem with electron transfer quenching the radiation sour~ may be filter~ by one or more
of excited triplet states is interference from quenching filters to filter off light of an undesirable w~velength.
of the excited singlet state. Electron transfer reactions 15 . Examples. o~ useful filters are ftIters which remove
which are exothermic for the excited triplet state will be mfrared radtatlon, e.g. a 2 mm KG5 ftIter ~from. S~h?tt
even more exothermic with the excited singlet state as Glas~erke, ~est. Germany) or ftIte~ which.. mmlln1Ze
the inequality Es (0)>ET(0) is always obeyed for all the direct excitation of the quencher m question, e.g. a
practical purposes, Es (0) being the singlet energy of 2 mm GG385 filter (~rom ~~ott). . ..
the sensitizer. Quenching of the excited.singlet state will 20 The electromagnetic radiation ~fthe ~sl~mg agent

. . f' . may take place from any convement radiation source.
result 10 a reduced yield 0 the tnplet state and hence m Th li ht d . ed f th I t f ad' f
a reduced 127Q-nm luminescence intensity. The situa- e g ebenv h rom

t
~ e ec

h
romtagnde IC r beta Ion

. . h' h h h I I d' h source may co eren or lOCO eren an may con-tlon m w IC t e quenc er so e y eactlvates t e ex- tIn' odul t dId A lsed 'tat'. ed' I d h . I al·· uous, mae or pu se . pu exci Ion
Cit. SlOg et state an not t e tnp et sta~e may ~ arISe. 25 source may prove valuable, as it will allow the. time-
This. proble~ has .be~n encountered m ~ttemptmg t~ dependence ofthe 127Q-nm luminescence intensity to be
modify the tnplet lifetime of H2TPP by usmg benzoqUI- recorded. Kinetic analysis of the time-dependence can
none as a ~uencher (cf..r:xa~pI7 3 and FIG..10): The give separate information about singlet oxygen produc-
most effec!lve way to mmlmlze ~I?gletq~enching mter- ing and depleting processes. Potential interfering sub-
f7rence ~tl~ be to choose senSitIZers.with very short 30 stances (i.e. substances other than oxygen which affect
smglet l~fetlmes, pr7ferably. below ~ ns. Tet:ap~enYl- the 127Q-nm luminescence signal) may either act as
porphynns (H2TPP.s) sUbstltute~ With. bromme m the quenchers of the sensitizing excited state (i.e. decrease
phenyl groups, as disclosed e.g. m QUimby, D. J. a~d the yield but increase the apparent rate of singlet oxy-
~ngo, F. R., J. Am. Chern. Soc. 97, 1975, p. 5111 and m gen production) or of singlet oxygen (i.e. increase the
Kim, J. B., Leonard, J. J. and Longo, F. R., J: A~. 35 rate of singlet oxygen decay) and these mechanisms
Chern. Soc. 94, 1972, p. ~986, m~~ prove v~uable m thiS may be distinguished by kinetic analysis of the time-
respect. They are effective senSitIZers ofsmglet oxygen resolved l27Q-nm luminescence. In IUPAC Commis-
and~hey have reportedly singlet lifetimes which are sion of Photo Chemistry, "Glossary of terms used in
conSiderably below I ns. photochemistry", Parts 1,2 and 3, EPA News/etter, No-

Adjusting ~t[02] 40 vember 1985, March 1986 and July 1986, respectively,
different light sources which are useful in the present

As mentioned above in connection with equations (I) method are mentioned. Among these are laser diodes,
and (2), the oxygen quenching rate constant ~t is pro- gas lasers such as argon ion, cadmium-neon, C02, heli-
portional to the diffusion constant of molecular oxygen um-neon, and a nitrogen laser or solid state lasers such
in the matrix in question and the concentration of mo- 45 as a niodymium (YAG or glass) or a ruby laser and dye
lecular oxygen ([02]) in the matrix is equal to the prod- lasers. Also conventional light-emitting diodes, flash
uct of the solubility of molecular oxygen in the matrix lights or discharge lamps and high pressure mercury
and the ambient partial pressure of oxygen. The quan- lamps, medium pressure mercury lamps, low pressure
tity, ~tl:02] shown in equation (2) will therefore be mercury lamps and antimony-xenon, mercury-xenon,
proportional to the permeability (the product of the SO quartz-iodine, tungsten-halogen, resonance and xenon
diffusion constant and the solubility of molecular oxy- lamps will be useful. This list should not be considered
gen) of the matrix for molecular oxygen. The influence as exhaustive as any source ofelectromagnetic radiation
of the matrix on the lifetime of the sensitizing agent, i.e. of a suitable wavelength range may be utilized.
Ilkx, is usually negligible. Consequently, the oxygen The 127Q-nm luminescence is measured by a detector
sensitivity of a given sensitizing agent may be adjusted 55 having a sufficient sensitivity around 1270 nm. Conve-
to the desired range of oxygen concentrations by select- niently, the luminescence is filtered by one or more
ing a matrix with an appropriate oxygen permeability. filters which are employed to ftIter out light of irrele-
Permeabilities of polymers for oxygen are tabulated in vant wavelengths so as to ensure that only light of the
the literature and these tables will be valuable guidelines desired wavelength (around 1270 nm) reaches the de-
in the choice of a suitable matrix. In Example 4, the 60 tector. Preferably, the filter is an interference filter, e.g.
[02]1 values for various combinations of sensitizing a BP-1270-08Q-B filter manufactured by Spectrogon,
agents and matrices are stated. New Jersey, U.S.A. The detector may be a photomulti-

When choosing between two matrices with equal plier tube (PMT) or a solid state detector such as a
permeability for oxygen, the one with the lowest oxy- diode made from indium gallium arsenide (InGaAs),
gen solubility (and hence the highest diffusion constant) 65 lead sulphide (PbS) or germanium (Ge). Preferably, the
should be preferred, as this will give the fastest response detector is an InGaAs detector, e.g. of the type FID
to changes in oxygen concentrations. In case of compe- 13S13WX obtainable from Fujistu Microelectronics,
tition between singlet oxygen production and the Inc., California.
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Preferred sensitizing agents to be used in the present may also be useful in this respect. The free base porphy-
invention are compounds having i) high-stability rins (e.g. H20EP, H2TPP and H2TFPP) typically have
towards photo-decomposition (including photooxida- fluorescence lifetimes of 10-15 ns. In liquid matrices,
tion) and ii) large optical extinction coefficients. Photo- these compounds will have oxygen-dependent fluores-
chemical stability is desirable in order to produce a 5 cence quantum yields. However, the use of matrices
singlet oxygen measuring system capable of long-term with low oxygen permeabilities (e.g. polymers) will
functioning during continuous illumination. A large reduce the fluorescence quenching by oxygen. There-
optical extinction coefficient is desirable to obtain a fore, intensity correction by sensitizing agent fluores-
!arge optical density ~th a. sh~rt optic~ pa~h length, cence should be possible with all fluorescing porphyrins
I.e..a thin layer ~fmatrix which m turn will gt~e a mea- 10 when matrices of low oxygen permeability are used.
surmg syst~m With a fast response t~ c~anges m o~ygen Among the porphyrin-related compounds a new class
concent~a~lOns. A lower optical extmctlon coeffiCient of ofsynthetic compounds which are structural isomers of
the ~nsltlZer. may of ~urse be coml'l7nsated for by porphyrins, i.e. the porphycenes, are useful. This class is
applymg a higher senSitIZer concentration. However, described by E. Vogel et al. (Angew. Chern. 98 1986
fo~ most practical purposes, ~~cially in co~ection 15 p.262) and these compounds are reportedly vee; stabl~
With p?lymer mat~ces, a sensltlZ:r concent~atlOn ap- towards photooxidation.
p~oac~g the maxImum amount dissolvable m the ma- Other metallo-porphyrins and metallo-phtalocyanins
tnx, will be employed. than the above-mentioned ZnTBP include complexes of

Generally, .useful classes of sensitizers are porphyrin metals selected among Zn(ll), Pd(II), Pt(II), Ru(ll), and
and porphyrm-related compounds such as metal-free 20 05(11)
porphyrin, .metallo-po~hyx:ms, phtalocyanins, metallo- Oth~r potentially useful sensitizers are tris a-diimine
phtalocyamns ~nd ~envatlves thereof. Ex~ples of complexes of transition metals such as Ru(II), 05(11),
useful porphynns Include octaalkylporphyrms, tet- I (III) d Rh(lll) d 'bed b B d
raphenylporphyrin, tetrabenzoporphyrin and substi- ~ ~ UK P t 't~ ~~c~. NY ;'fj2 3~~0~ an
tuted derivatives thereof. In particular, fluorinated (par- 25 emas u,t a en pp lea Ion 0." . .
tially or wholly) derivatives are useful because of their ~ vanety of. dyes such as rose bengal, erythrosln,
stability towards photooxidation. Furthermore, it has eosm, fluorescem, and methylene blue may also be use-
been found that the Zn(II)-complex of tetrabenzopor- fui. . .
phyrin (H2-TBP) has an extinction coefficient close to Polycycbc aromatic compounds such as pyr7ne,
105M-Icm-I at the wavelength of a He-Ne-Iaser. This 30 naphthalene, antru:acene, ?~ decacyclene, or denvatlves
compound (ZnTBP) but also other metallo-complexes thereof are potential senSitIZers.
of H2TBP as well as nuoro-, chloro-, brqmo-, alkyl- and ~s mention~d ~bove, the redu~~i~n of the sensitizing
aryl- such as phenyl-substituted derivatives must there- eXCited sta~e hfetlme of th~ sensltlZmg a¥~n~ may ~ke
fore be considered very attractive candidates for use as place ~y .dlfferent mec~~~sms. The sensitIZing eXCIted
singlet oxygen sensitizers. Further, tetrabenzoporphy- 35 ~tate hfetlme of the sen~ltlZmg agent may be reduced by
rins substituted with tert-butyl-groups and meso-(tet- Intermolecu~ar ~uenchlng such as by e~ergy transfer
raaryl)-tetrabenzoporphyrins which are easily synthe- process, which IS preferab!y an exo~henmc proc~~. ~n
sized have favourable solubility properties. The por- ex~ple of a quencher W~I~~ deactivates the ~nsltlZlng
phyrins and in particular their metallo-complexes may eXCited ~tate of ~he sensitizing agent by this type ~f
therefore be useful as singlet oxygen sensitizers. 40 process IS a substituted polyene, e.g. tetraphenylbutadl-

When the 1270-nm luminescence intensity is used to ~ne. . ..
quantify the concentration of oxygen, the measured The mtermolecular quench~ng .may also mvolve an
signal (Le. the intensity) will be directly proportional to electr~n transfer process, which IS preferably an exo-
the absorbed intensity of the excitation light source. therml,? electron transfer process. Electron acceptors
Therefore, it is desirable to be able to correct the mea- 45 which are capable of oxidizing the sensitizing excited
sured signal for variations in the intensity of the excita- state of the sensitizing agent are quinones such as benzo-
tion light source or in the efficiency of light absorption quinone or duroquinone or substituted quinones, prefer-
by the sensitizing agent system, e.g. in connection with ably halogen-substituted quinones. The intermolecular
bleaching of the sensitizing agent. This can be accom- quenching by an electron transfer process may, how-
plished by using a sensitizing agent which fulfIlls the 50 ever, also take place when the quencher is an electron
following criteria: donor capable of reducing the sensitizing excited state

1) It has fluorescence. of the sensitizing agent.
2) The fluorescence is well separated from 1270 nm. As will be understood from the above discussion, the
3) The fluorescence has a lifetime which is suffi- diffusion contact between the sensitizing agent and the

ciently short to make the fluorescence quantum 55 s.ample may be established by simply adding the sensitiz-
yield independent of oxygen. ing agent to the sample containing the molecular oxy-

With a sensitizing agent having the above-stated gen and dissolving the sensitizing agent in the sample,
properties, the fluorescence intensity of the sensitizing or it may be established by contacting the sample with
agent measured simultaneously with the measurement a matrix in which the sensitizing agent is embedded. If
of the 1270-nm luminescence may give a signal by 60 desired, an oxygen-permeable membrane may be in-
which the 1270-nm luminescence signal can be cor- serted between the sample and the matrix containing the
reeted. sensitizing agent. In particular in connection with mea-

Metallo-porphyrins have typically fluorescence life- surements on samples of biological origin, a membrane
times which are <3 ns. Consequently, the fluorescence separation may be useful in order to avoid possible
quantum yields of these compounds will be essentially 65 interference from compounds other than oxygen and
independent ofoxygen even in liquid matrices. Substitu- may also be useful for long-term continuous monitoring
tion of Br into the phenyl groups of H2TPP reduces the of the oxygen concentration of a flowing sample, e.g. in
fluorescence lifetime considerably, so these compounds vivo monitoring of blood oxygen concentration.



BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be further described with
reference to the drawing, in which

FIG. 1 is an overall diagrammatical and perspective
view of a test bench or set-up embodiment of a system
according to the present invention,
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Of course, if the sensitizing agent per se has physi- ded in a matrix, the sensitizing agent being in diffusion
cal/chemical properties which permit its use without it contact with the sample.
being embedded ina matrix, and without being dis- Preferably, the means for measuring a 127G-nm lumi-
solved in the sample, this is also within the scope of the nescence characteristic ofthe excited oxygen molecules
present invention. 5 comprise a detector, optionally covered by a filter and

As discussed above, the presence ofOH-groups in the being capable of measuring a luminescence characteris-
matrix in which the sensitizing agent is embedded tic at a wavelength of about 1270 nm, the detector op-
should preferably be avoided, as these OH-groups are tionally being connected to an amplifier circuit.
very effective for reducing the lifetime of the· singlet The means for correlating the 127G-nm luminescence
oxygen. As the singlet oxygen lifetime is critical to the 10 characteristic with the concentration of molecular oxy-
measurements as discussed above, useful matrices may gen in the sample may be any suitable signal and data
be selected using the singlet oxygen lifetime in the mao processing and comparison means such as any combina-
trix in question as a guideline. tion ofelectronic converters or amplifiers and computer

Preferably, the matrix comprises an organic solvent or microprocessor means, including data storage means
or a polymer. Examples of potentially suitable organic 15 for storing the standard luminescence/oxygen values
solvents are aromatic solvents such as benzene, toluene, with which the correlation is made. The means for
xyl~e, and similar compounds. Other examp~es.of po- correlating the 127G-nm luminescence characteristic
tentlally useful solvents are acetone, acetomtri1~ and with the concentration of molecular oxygen in the sam-
halogenated solvents such as halogenated aromatic sol· pIe may also simply comprise a standard curve.
vents, e.g. chlorobenzene, bromobepzene and hexa- 20 A suitable device for measuring the concentration of
fluorobenzene, ~d methylenechlonde, chloroform, molecular oxygen in a sample, said device comprising a
carbontetrachlonde, chlorofluorocarbons, e.g. CF11, t" hi h 't' . t . bedd d th
CF113 d t t hI th 1 ma nx m w c a sensl IZlng agen IS em e, e

E
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I I' matrix being arranged so as to allow the sensitizing

xamp es 0 po en la y use u po ymers are po yVI- .... . I
nylchloride (PVC) and plasticized PVC, polycarbonate 25 agent to recel~e exc~ta~lon radiation from an ex~erna
silicone copolymers, silicone rubbers, polymethylmeth- elec~r?~agnetlc ra?latlon source ther~?~ fOrming a
acrylate (PMMA), polytetrafluoroethylene (PTFE), sen~ltlzlng el:ctromc state of the sensitIZing ~gent;. a
cellulose acetate, polystryene and polyurethane. r~g1o~ wherein the ~mple whe~ .upder test will be In

The above.stated examples of useful matrix compo- diffUSIon con~c~ With the sensitizing agent so as to
nents are only intended as a guideline and should not be 30 allow for ~xcl~tlon of oxygen molec~l~ of the ~~le
considered to be an exhaustive list to the eXCIted Singlet state by the sensItizing agent m ItS

The oxygen-containing samples' to be analyzed are se~s~tizing ~le~tronic state; a tr~nsmi~sion path for trans-
preferably liquid samples of biological origin, such as mlttmg radlatl(~n from the eXCited. Singlet state oxy~en
blood, having a molecular oxygen concentration which molecules towards 127G-n~ l~mme~ence m~~~ng
is at a physiological level corresponding to oxygen 35 means: Preferably,. the ~~tnx In which the sensitizing
partial pressures in the range of from zero or just above agent IS ~mbedded IS poSitIOned on a support, e.g. a glass
zero, i.e. a few mmHg, to several hundred mmHg, i.e. cover slip.
about 800 mmHg, preferably up to 400 mmHg, more The re~ion where~n. t.he sample will be in diffusion
preferably up to ISO mmHg, most preferably up to 120 contact wl~h the sensl.tlZlng agen~ may~ a surface part
mmHg. Thus, sensitizing agent/matrix combinations 40 of the deVIce accor~lng to the invention ~r may be a
which allow determination of oxygen partial pressures sample acco~odatlng ~ham~r defined In or at the
varying within the entire physiological range will be deVice accordmg to the mventlon. .
preferred. The preferred sensitizing agent/matrix com- For example, the sample accommodating chamber
binations for determination of physiological oxygen may be a cuvette provided with sample inlet means and
partial pressures are those combinations which show 45 sample outlet means as will normally be found in auto-
[02h values of from 10 to 200 mmHg, preferably from mated analyzers. Alternatively, the sample accommo-
20 to 1SO mmH, and in particular from 30 to 120 mmHg. dating chamber may be a cuvette provided with sample

The oxygen-containing sample may also be an oxy- inlet means only, as will normally be seen in disposable
gen-containing has of biological origin. This will occur devices. Other configurations of the sample accommo-
when applying the method according to the invention SO dating chamber will also be conceivable, e.g. the sample
to transcutaneous measurement of oxygen or to mea- accommodating chamber may be an absorbing fibrous
surement of respiration gases. or porous structure arranged adjacent to the matrix or a

A suitable system for determining the concentration structural part defined to the same extent by a body
of molecular oxygen in a sample by the methods of the surface. The latter configuration is contemplated for
present invention may comprise means for exciting 55 devices adapted to non-invasive transcutaneous oxygen
oxygen molecules of the sample from the electronic measurements.
ground state to the excited lAg state (excited singlet In particular in connection with invasive in vivo
state), means for measuring a 127G-nm luminescence oxygen measurements, the region wherein the sample
characteristic of the excited oxygen molecules, and when under test will be in diffusion contact with the
means for correlating said 127G-nm luminescence char- 60 sensitizing agent could well be a surface part of the
acteristic with the concentration ofmolecular oxygen in device.
the sample. Preferably, the means for exciting oxygen
molecules of the sample from the electronic ground
state to the excited lAg state (excited singlet state) com·
prise an electromagnetic radiation source, preferably 65
one wherein the electromagnetic radiation is of a wave
length of less than 1270 nm, preferably in the range of
300-1000 nm, and a sensitizing agent, optionally embed-



as described above.
FIGS. 8, 9 and 10 are diagrammatical views illustrat

ing results obtained in accordance with Examples 1-3 to
be described below. 25
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FIG. 2a is a perspective view ofa first embodiment of in the slots ofthe slotted switches 8. Due to the arrange-
a test cell constituting a component ofthe system shown ment of the slotted switches 8 relative to the chopper
in FIG. 1, disc 7 and the light beam these signals also represent

FIG. 2b is a perspective view of an alternative or light passing/not passing the chopper disc 7. A SU-
second embodiment of a test cell, 5 PRASIL fluorescence cell (Hellma) 9 containing the

FIG. 3 is a detailed and perspective view ofa measur- oxygen-containing sample is irradiated by the light
ing unit comprising the cell shown in FIG. 2a and fur- which has passed the chopper 7. For control purposes,
ther constituting part of the system shown in FIG. 1, light emitted from the sample contained in the fluores-

FIG. 4 is a detailed, perspective and partly exploded cence cell 9 is passed through a light-collecting lens 10
view of the measuring unit shown in FIG. 1, 10 of the same type as the lens 5. The light is then passed

FIG. 5 is a diagrammatical view illustrating specific through a slit 110 of a second emission slit assembly 11
electronic states of a sensitizing agent and of molecular to a concave diffraction grating 12, through a slit lib of
oxygen,.. .. . . the second slit assembly 11 to a concave mirror 13 and

FIG. 6 IS a dlagrammancal vIew of an emiSSIon spec- th'gnal . II ted bed'f h t ulti r
trum of singlet oxygen. 15 4e sfI th IS co
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course of the function apan. .oget e~, t e C?~ponents 10-140 t e ~ystem
20 constitute a light emiSSIon control system servtng the
purpose of measuring the luminescence generated by
the sensitizing agent, which luminescence is used to

20 control the activity of the sensitizing agent. For measur
ing the 1270-nm luminescence of the sample, the lumi
nescence of the sample contained in the fluoroescence
cell 9 is passed through an interference mter 15 of the
type BP-1270-080-B manufactured by Spectrogon hav
ing maximum transmission (73%) at 1265 nm and a

DETAILED DESCRIPTION OF THE full-width-at-half-maximum (FWHM) of 80 nm. The
DRAWINGS resulting luminescence is detected by an InGaAs diode

In FIG. 1 a test bench embodiment of a system ac- 16, the diode being of the type Fujistu 13S13WX and
cording to the present invention is shown designated 30 contained in an aluminum container. The diode signal is
the reference numeral 20 in its entirety. The system 20 transferred to a third input of the amplifier circuit 17
shown in FIG. 1 is employed in Examples 1-3 described constituting a lock-in amplifier (10 mV/pA), which
below. An essential part of system 20 is a Shimadzu correlates the measuring signals received from the In-
spectrofluorophotometer RF540 (obtainable from Shi- GaAs diode 16 with the electrical signals received from
madzu Corp., Kyoto, Japan). The Shimadzu RF540 35 the slotted switches 8 so as to obtain a luminescence
comprises an excitation part, an emission part and a signal which is the difference between the luminescence
sample compartment part. In FIG. 1 components 1-5 signals of the irradiated sample and the non-irradiated
are usual components of the excitation part of the Shi- sample, respectively. The signal is transferred to a re-
madzu RF540 and components 10-13 are the usual com- co(der 18 of the type Radiometer REC80.
ponents of the emission part of Shimadzu RF540. Com- 40 FIG. 2a illustrates in greater detail the SUPRASIL
ponents 6-9 and 14-19 have been provided for the pur- fluorescence cell 9 shown in FIG. 1, which cell contains
pose of the present invention, components 6-9 and the oxygen-containing sample to be measured. The
15-16,19 being located in the sample compartment part fluorescence cell 9 is a modification of a Hellma stan-
of Shimadzu RF540. The system 20 will now be de- dard fluorescence cell of the type 101QS* (5 X5 mm),
scribed in further detail. 45 the standard cell constituting a bottom part 29 of the

An excitation source 1 which includes alSO W xenon fluorescence cell 9. For the purpose of the present in-
arc, emits light, which is expanded by an ellipsoidal vention, the bottom part 29 has been provided with inlet
mirror of the excitation source 1. The light is passed to and outlet tubes 25 and 26, respectively. Through the
a concave mirror 2 and further to a concave diffraction inlet tube 25, a solution of the sensitizing agent, i.e. a
grating 4 through a slit 3a of a first slit assembly 3 and 50 sensitizer optionally in admixture with a quencher, in an'
back through a slit 3b of the first slit assembly 3. To- appropriate matrix, is supplied to the interior of the cell
gether, the first slit assembly 3 and the diffraction grat- 9 in a sufficient amount so as to ensure that the solution
ing 4 constitute a monochromator of an off-plane type. ruls the bottom part 29 and at least part of the outlet
From the monochromator, the light is passed through a tube 26. The inlet and outlet tubes 25 and 26, respec-
pair of light-collecting lenses 5. The collected light is 55 tively, are closed with glass stoppers 27 and 28, respec-
then passed through a pair of ruters 6, the flfst ruter tively. The gas containing the molecular oxygen to be
being a 2 mm KG5 (Schott) ruter which mters out measured is bubbled through the sensitizing agent con-
infrared radiation from the light, and the second ruter taining solution through the inlet tube 25, while the
being a 2 mm GG 385 (Schott) mter which ruters out glass stopper 28 is removed so as to avoid a build-up of
ultraviolet radiation. From the ruters 6, The light passes 60 pressure in the cell 9. After the solution containing the
through a chopper disc 7, adjacent to which two slotted sensitizing agent has been saturated with gas, the glass
optical switches OPB804 (from TRW Corporation, stopper 28 is placed in the outlet tube 26 and subse-
Texas, U.S.A.) 8 are arranged, which slotted optical quently the glass stopper 27 is placed in the inlet tube
switches are connected to two inputs of an amplifier 25, after which the sample-containing cell is subjected
circuit 17. The chopper disc 7 is rotated by means of an 65 to irradiation.
electromotor 19. The amplifier circuit 17 receives elec- FIG. 2b illustrates an alternative test cell which may
trical signals from the slotted switches 8, which signals used in a test bench corresponding to the test bench
represent the presence or absence of the chopper disc 7 illustrated in FIG. 1. The test cell is arranged in a solid



METHODS

EXAMPLES

All experiments were performed at room tempera
ture. Solutions were prepared and handled at subdued
light, and they were stored in the dark at room tempera
ture.

In Examples 1,2 and 3, the samples to be investigated
was contained in the SXS mm SUPRASIL fluores
cence cell (Hellma), illustrated in FIG. 2a.

The principles of sample excitation and the detection
of the resulting luminescence are illustrated in FIG. 1.

EXAMPLE I

The use of zinc-octaethylporphin (ZnOEP) as a sensi
tizer for the formation of a singlet oxygen

The following experiments were carried out to dem
onstrate the utility of ZnOPE as a sensitizer for the
formation of singlet oxygen and to demonstrate the
possibility of modifying the sensitizing excited state
lifetime of ZnOPE by suitable quenchers so as to obtain
a lifetime which is in a range affording a sufficient size
variation over the oxygen concentration range to be
measured,
la) ZnOEP

ZnOEP was dissolved in toluene so as to obtain a
solution having a concentration of 2.3 X 1O-4M
ZnOEP. The solution was placed in the SUPRASIL
fluorescence cell illustrated in FIG. 20 and OvAr gas
mixtures of different oxygen concentrations were bub
bled through the cell as described in connection with
FIG.2a. In this way, the ZnOEP solution was saturated
with the gas. The excitation and the measuring of the
127Q.nm luminescence was carried out as illustrated in

20
FIG. 6 illustrates the spectrum obtained from the matrix
employed in the absence of oxygen.

The invention will now be further described by
means of the following examples.
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sample holder 204-26836-01 manufactured by Shimadzu
Corp., Kyoto, Japan. A circular cylindrical body 30 is
equipped with inner bores 31 and 32, respectively,
which inner bores are connected to an inlet tube 33 and
an outlet tube 34, respectively. The circular cylindrical 5
body 30 is equipped with a protruding ring 36 having an
outer or male thread and being equipped with an O-ring All chemicals, if not otherwise stated, were used as
37. A fixation ring 38 is equipped with an inner or fe- received without further purification.
male thread 39 matching the outer or male thread of the Sensitizers and quench~rs .
ring 36. A probe 35, being an HF-etched 19 mm diame- 10 TetraJ?henylporphynn (H2TPP); ~c-tetraphenyl-

ter microscope glass slip (from Chance Propper Ltd., ~rphynn (ZnTPP), ~taethylporphynn (H20E~) and
Wesley, England) on one of the surfaces of which a zmc-oc~thylporphynn (ZnOEP) were supplted by
mixture ofa matrix component and a sensitizing agent is Porphynn. Products, Utah, U~A.
cast, is placed between the circular cylindrical body 30 ~uroqumone and benz~UJ?one from Fluk~ ,,:ere
and the fixation ring 38 and then subjected to illumina- 15 purifi~ before use by sUblimatl~>n and recrystallizatl~n,
tion through a through-hole 41 of the flXation ring 38. r~~t1vely. Tetraphenylbutadlene (TPB) was of scm-
The oxygen-containing sample to be investigated is tillatl~>n grade.
passed through the inlet tube 33 and further through the Matnx components .
inner bore 31 so as to accommodate the space defmed Toluene (Uvasol) was IUpplted.by Merck, PVC:: of the
by a blind hole 40 of the circular cylindrical body 30 20 type BREO~ SIIO/lO was supplted by BP-Keml, poly-
and the probe 35 resulting in diffusion contact between ~nate silicone of the !ype L.R. TM 3320 was sup-
the sam Ie and the probe 35. An e uilibrium between plted from General J?lectnc, polyurethane of the type

p q . . Desmopan was supplted by Bayer and cellulose acetate
the oxygen content of the oxygen-contammg sample f th I . 't d d' . 't t
and the oxygen content of the matrix will be estab- 0 ~ ow VlSCOSl y an me lum VISCOSI y ype was
I· h d Th I . d t f th t t II th h 25 supplted by Serva. Tetrahydrofuran (THF) (p.a.) wasIS e. e samp e IS passe ou 0 e es ce roug r db M k d tabil' d h' ..
th' bo 32 d th tI t t be 34 Th fl f th supp Ie y erc an s lZers an ot er lmpuntles

e mner re.. an elou e. u th . bee 305w
0 bee were removed by passing the tetrahydrofuran through a

oxy~en-contal~mg sa~p e passmg e pro may column packed with basic alumina.
contlnuou.s or mtermlttent. .. . Oxygen source

FIG. 3.11lustrates the measunng un~t of the schemat~c 30 The oxygen to be measured was in the form ofOvAr
presentation of the test bench e~bodl~ent. as shown m gas mixtures (from Strandmollen Industrigas A/S, Den-
FIG; 1. The fluorescence ce1l91s received m a recess 59 mark). The actual concentration of oxygen was deter-
of a black block 50 made from DELRIN. The sample mined from the solubility of 02 at I atm.
contained in the fluorescence cell? is irradiated t~ough The term "aerated sample" means samples saturated
a channel 51 of the block SO, which channel 51 IS cov- 35 with ambient atmospheric air.
ered by the above-described chopper disc 7. In FIG. 3,
the above-described components 8, 15, 16, 19 are also
shown. Through a multicore cable 60, the signal ob
tained by the diode 16 is transmitted to the amplifier
circuit 17 (not shown). 40

FIG. 4 illustrates the measuring unit also illustrated in
FIGS. 1 and 3. In FIG. 4, the 127Q.nm sensitive diode
16 is exploded so that a diode part 160 and a container
part 16b are shown. The fluorescence cell 9 has been
pulled out. Through an opening 70 in the black block 45
SO, luminescence of the sensitizing agent in the sample is
emitted. In FIG. 4, the above-described components 7,
8, 15, 16, 19, 60 are also shown.

FIG. 5 illustrates the relationship between relevant
electronic states of a sensitizing agent and an oxygen SO
molecule, respectively, with regard to the energy con
tent of each of these states. So. SI and S2 designate the
ground state, the first excited singlet state and the sec
ond excited singlet state of the sensitizing agent, respec
tively. Correspondingly, TI and T2 designate the first 55
excited triplet state and the second excited triplet state
of the sensitizing agent, respectively. Radiative transi
tions between the individual electronic states are indio
cated by straight arrows and non-radiative transitions
are indicated by wavy arrows. The electronic ground 60
state and the excited singlet state of the oxygen mole
cule are designated 3~g_ and lAg, respectively.

The upper part of FIG. 6 illustrates a typical I27Q.nm
emission spectrum obtained from an irradiated sensitiz
er-containing matrix in the presence of oxygen. The 65
wavelengths at which the emission is measured are
indicated in nm on the X-axis. The emission intensity of
the sample is indicated in the Y-axis. The lower part of



EXAMPLE 3

The use of tetraphenylporphin (H2TPP) as a sensitizer
for the formation of singlet oxygen

Experiments analogous to the experiments of Exam
ples 1 and 2 were performed using H2TPP as a sensi·
tizer. A solution of SAX 1O-4M H2TPP in toluene was
saturated with 01/Ar gas mixtures of the oxygen con·
centrations stated in Example 1. Contrary to what was
observed for the ZnOEP and ZnTPP solutions of Ex
amples la and 2a, respectively, no reduction in the lumi
nescence signal from the aerated sample was observed.
In accordance with what has been stated above, this
means that formation of superoxide is avoided. The fact
that no superoxide is formed corresponds well to the
above theoretical energy considerations, as the triplet
state oxidation potential ofH2TPP is -0.48 V vs. SeE
and thus higher than the presumed reduction potential
of oxygen in the matrix.

The 127D-nm luminescence signals obtained are de·
picted in the upper curve of FIG. 10. As can be seen
from the upper curve of FIG. 10, the oxygen sensitivity
is high, as the maximum 127D-nm luminescence signal is
already nearly obtained at an oxygen concentration of
1%.

By addition of benzoquinone in a concentration of
LOX 1O-2M to the H2TPP toluene solution, it was at
tempted to reduce the oxygen sensitivity. As can be
seen from the lower curve of FIG. 10, this oxygen
sensitivity reduction was not obtained. What was ob
tained by the addition of benzoquinone was a decrease
in the 1270·nm luminescence intensity, but no signifi
cant effect of the oxygen sensitivity.

EXAMPLE 2

The use of zinc-tetraphenylporphin (ZnTPP) as a sensi- 60
tizer for the formation of singlet oxygen
2a) ZnTPP

Experiments corresponding to the experiments of
Example I, but using ZnTPP instead of ZnOEP, were
carried out. A solution of 3.4X 1O-4M ZnTPP in tolu- 65
ene was subjected to 01/Ar gas mixtures of the oxygen
concentrations stated in Example 1. The resulting 1270
nm luminescence signals are depicted in the upper curve
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FIG. 1. The oxygen concentration of the 01/Ar gas of FIG. 9. It is seen that the oxygen sensitivity is even
mixtures employed were 0% 1%, 10%, 20.9% (the higher than the oxygen sensitivity obtained with the
inherent 02 concentration of atmospheric air), and ZnOEP solution of Example la, Le. the maximum lumi-
100%, respectively. The 127D-nm luminescence signals nescence signal is obtained at an oxygen concentration
(in pA) corresponding to the varying oxygen concen- 5 as low as 0.1 %. The reduced 127D-nm luminescence
trations which were obtained in the experiments are signal obtained from-an aerated sample (20.9% 02) is
depicted in the upper curve of FIG. 8. As can be seen lower than expected, and as with ZnOEP in Example
from this curve, the 127D-nm luminescence signal is la, it is presumed that this lower signal is due to super-
saturated at an oxygen concentration corresponding to oxide formation.
about 1% 02, indicating a very high oxygen sensitivity. 10 2b) ZnTPP in admixture with 1.9X 1O-3M duroqui-
It may also be seen that the 127D-nm luminesc"ence sig- none
nal obtained from the aerated sample (20.9% 02) is Duroquinone was added to the ZnTPP solution to
lower than what would be expected from the magnitude obtain a .final concentration of duroquinone of
of the other signals. As discussed above, this phenome- 1.9X 1O-3M. The resulting solution was subjected to
Don is presumed to be due to superoxide formation. 15 01/Ar gas mixtures of the oxygen concentrations stated
Ib) ZnOEP in admixture with tetraphenylbutadiene in Example la and the resulting 127D-nm luminescence

To decrease the oxygen sensitivity of the ZnOEP signals are depicted in the middle curve of FIG. 9. It is
solution and thus make this solution useful for determin- seen that. the oxygen sensitivity is reduced by addition
ing higher concentrations of oxygen, the sensitizing of duroquinone which makes the solution useful for
excited state lifetime of ZnOEP was reduced by addi- 20 measuring oxygen in concentrations within a range of
tion oftetraphenylbutadiene. The 2.3X 1O-4M ZnOEP 0-760 mmHg, corresponding to 0-100%
solution was saturated with tetraphenylbutadiene and 2c) ZnTPP in admixture with 9.6X 1O-3M duroquinone
then diluted to obtain a ZnOEP solution half-saturated The effect of increasing the concentration of duroqui.
with tetraphenylbutadiene. The tetraphenylbutadiene- none was investigated. A. solution having a final con-
containing solution was then saturated with 01/Ar gas 25 centration ofduroquinone of 9.6 X 10-3M was prepared
mixtures of the same oxygen concentrations as stated and the solution was used for measuring oxygen of the
above. The resulting 127D-nm luminescence signals (in concentrations stated in Example 1. The resulting 127D-
pA) are depicted in the middle curve of FIG. 8. It is nm luminescence signals are depicted in the lower
seen that the oxygen sensitivity is reduced, i.e. the 1270· curve of FIG. 9 and it is seen that the effect of increas-
nm luminescence signal increases with increasing oxy- 30 ing the duroquinone concentration is that the oxygen
gen concentrations within the total concentration sensitivity is further reduced, and the magnitude of the
range. Thus, the addition of tetraphenylbutadiene re- 127D-nm luminescence signals is also reduced. Thus, by
duces the lifetime of the singlet oxygen sensitizing ex- varying the duroquinone concentration in the ZnTPP
cited state of ZnOEP and it is possible to employ the solution, it is possible.to adjust the oxygen sensitivity
ZnOEP/tetraphenylbutadiene sensitizing agent to mea· 35 range to the particular measuring purpose.
sure oxygen concentrations in a range of about 0-760
mmHg, corresponding to 0-100%
Ie) ZnOEP in admixture with duroquinone

The effect of using duroquinone as a quencher for the
sensitizing excited state of ZnOEP was investigated. 40
Duroquinone was added to the ZnOEP toluene solution
to obtain a total concentration of duroquinone of
1.1 X 10-2M. The above-mentioned 021Ar gas mixtures
were employed and the resulting 1270-nm luminescence
signals (in pA) are depicted in the lower curve of FIG. 45
8. It is seen that the oxygen sensitivity is further reduced
as compared to the pure ZnOEP solution and the
ZnOEP solution half-saturated with tetraphenylbutadi·
ene.

Consequently, the ZnOEP/duroquinone sensitizing 50
agent may be employed to measure oxygen concentra
tions in the range 0-760 mmHg, corresponding to
0-100% 02. The actual sensitivity will depend on the
concentration of duroquinoneas illustrated in Examples
2b and 2c below where ZnTPP has been used as a sensi- 55
tizer and subjected to quenching by different concentra·
tions of duroquinone.
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TABLE I-continued
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667

652 -460

511

556 672

542

Ambient oxygen concentrations (mmHg) at 50% quenching ([02l!)
POLYMER (literature values
of 02-permeability in barrer)

Cellu
lose

acetate
(0.68)

POR
PHYRIN

PtTPP
T < 100p.s
PdlFPP
T> IOOOp.s
PtlFPP
T < 100 p.s

I Ilarrer ~ 10- 10 mJ(STP) • =,.2;"", . cm2 • cmHg.
T c the oensitiziDg exciled ...., lifetime.
NB: Only the Oz permeability val.... or pvc Md ceIIulooe acetate are lUted as
reliable Oz permeability vaI_ or poIycarboGale/1iIicone Md polyurethane are
·lID8vai1a1>le.

<8

Poly
ure·

thane

-8

Poly
carbonate/

silicone

-61

PVC
(0.045)

700525

POR·
PHYRIN

PdTPP
T>800/Ls

Suitable sensitizing agent/matrix systems
As discussed above, the oxygen permeability of the

matrix and the sensitizing excited state lifetime of the 5
sensitizing agent determine the usefulness of a given
sensitizing agent/matrix system with regard to particu
lar molecular oxygen measurements.

In the present example, the phosphorescence inten
sity variation of the sensitizer phosphorescence has 10
been used for establishing [02h values of varying sensi
tizing agent/matrix systems. As discussed above, the
[02h value is the oxygen concentration at which 50%
of the maximum luminescence yield, cPmax, is obtained
and is also the oxygen concentration at which a 50% 15
quenching of the sensitizing excited states of the sensi
tizer is obtained. Consequently, the [02] value resulting
in SO% quenching of the sensitizer phosphoresence (i.e.
the phosphorescence of the sensitizing excited states of The [02h values of 8 mmHg and 61 mmHg, obtained
the sensitizer) will be identical to the [02h value of the 20 for PdTPP in polycarbonate/silicone and PVC, respec-
127D-nm singlet oxygen luminescence. tively, may be compared with the [02h values of

Various combinations of sensitizers and matrices PdTPP in toluene of less than I.S mmHg. When com-
were. investigated with regard to their efficiency of paring the results of the experiments in which PVC (of
oxygen quenching. Pd(II)- and Pt(II)-complexes of a lower oxygen permeability) and cellulose acetate (of a
porphyrins were chosen because these complexes have 25 higher oxygen permeability) have been tested, it is seen
strong phosphorescence at room temperature. The that the matrix of the lower oxygen permeability (pVC)
phosphorescence quenching of palladiumtetraphenyl- results in the highest [02h values and generally the
porphin (PdTPP), platinum-tetraphenylporphin oxygen permeability of the matrix is a critical parameter
(PtTPP) and their fluore-substituted derivatives palladi- of the efficiency of oxygen quenching for a given sensi-
um(II)-tetra-(pentafluorophenyl)-porphyrin (PdTFPP) 30 tizer. Further, it is seen from the results of Table I that
and platinum(II)-tetra-(pentafluorophenyl)-porphyrin the sensitizing excited state lifetime of the sensitizer is
(PtTFPP) by oxygen was investigated. The matrices critical, i.e. sensitizers of the shorter sensitizing excited
used were PVC, polycarbonate/silicone, polyurethane state lifetimes (PtTPP and PtTFPP) result in higher
and cellulose acetate. [02h values, whereas sensitizers of longer sensitizing

The concentration of sensitizer in the matrix was in 35 excited state lifetimes result in lower [02h values.
each case about 2 mg of sensitizer per 100 mg of matrix. Based on the fact that the sensitizing excited state
The matrix component was mixed with the sensitizer in lifetimes (in this case the triplet state lifetimes) of
question and 100 mg of the resulting mixture was dis- PdTPP and ofPdTFPP at room temperature are typical
solved in 10 ml purified tetrahydrofuran (THF). The for porphyrins and Zn(II)-complexes of porphyrins and
resulting solution was cast onto the surface of a hydro- 40 based on the results stated in Table I, it is contemplated
gen-fluoride-etched circular 19 mm diameter micro- that octaethylporphyrin (H20EP), tetraphenylporphy-
scope glass cover slip supplied by Chance Propper Ltd. rin (H2TPP), tetra(pentafluorophenyl)-porphyrin
This microscope glass cover slip carrying the sen- (H2TFPP), tetrabenzoporphyrin (H2TBP), alkyl- and
sitizer/matrix will in the following be termed the probe. aryl-substituted tetrabenzoporphyrins and the Zn(lI)-
The probe was placed in the test set-up of FIG. 2b 45 complexes of these may advantageously be employed in
through which oxygen-containing fluids (i.e. liquid and combination with a matrix constituted of PVC as the
gases) of varying oxygen concentrations were passed. above-stated results indicate that the quantum yield of
The probe was excited by a spectrofluorophotometer of singlet oxygen formation (cPet) will be O.S for oxygen
the type Shimadzu RFS40, the spectrofluorophotome- concentrations of about 38 mmHg.
ter used in Examples 1-3. The light of the spectro- 50 Likewise, tetraphenylporphyrins substituted with
fluorophotometer filtered by a filter of the type GG 385 bromine and metal complexes thereofare expected to be
was at a wavelength of hex and the resulting phospho- useful when using e.g. cellulose acetate as matrix. Fur-
rescence intensity was measured at a wavelength of hem. thermore, it will be understood that the results of Table
Each of the wavelengths hex and hem, which have been I will also be useful as a guideline for selection of sen-
used for the porphyrin in question, is specified in Table 55 sitizer/matrix systems for use in the luminescence
I below. The ambient oxygen concentrations corre- quenching methods of the prior art.
sponding to 50% phosphorescence quenching ([02h) I claim:
are stated in Table I below. 1. A method of determining the concentration of

TABLE I ground state molecular oxygen in a test sample, said
_--: ...;..;.,;;..;;;;;;;;.,~ 60 method comprising:

Ambient oxygen concentrations (mmHg) at SO% quenching ([0211) (a) exciting oxygen molecules of the test sample from
POLYMER (literature values the electronic ground state to the excited It:.g state
of 02-permeability in barrer) (excited singlet state), .

Cellu-
lose (b) measuring a 127D-nm luminescence characteristic

acetate 65 of the excited oxygen molecules in the test sample,
(0.68) (c) quantitatively correlating the measured 127D-nm

<8 luminescence characteristic with standard values
determined on the basis of a positive quantitative
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correlation between (i) 127o.nm luminescence sig- 16. A method according to claim 12 wherein the
nals of excited oxygen molecules in reference sam- matrix comprises a polymer.
pies having known, pre-selected concentrations of 17. A inethod according to claim 12 wherein the
ground state molecular oxygen and (ii) the concen- sensitizing agent and the matrix in which it is present are
trations of ground state molecular oxygen in the 5 selected so as to affect the excited state lifetime of the
reference samples, and sensitizing agent and the oxygen permeability of the

(d) quantifying the content of ground state molecular matrix to thereby obtain a luminescence characteristic
oxygen in the test sample on the basis of the quanti- of a sufficient size variation over the ground state oxy-
tative correlation of the measured 127o.nm lumi- gen concentration range to be measured.
nescence characteristic with the standard values. 10 18. A method according to claim 17 wherein the

2. A method according to claim 1 wherein the 1270. sensitizing agent and the matrix in which it is present are
nm luminescence characteristic is the 127o.nm lumines- adapted to a particular maximum ambient oxygen con-
cence intensity. centration to be measured so that a matrix oxygen con·

3. A method according to claim 1 wherein the excita- centration of at the most SO. [02]1 will be obtained on
tion of the ground state oxygen molecules is performed 15 contacting the matrix with a sample of the particular
by means of a sensitizing agent having an excited elec- maximum ambient ground state oxygen concentration.
tronic state (sensitizing excited state) capable of exciting 19. A method according to claim 18 wherein a matrix
molecular oxygen from the electronic ground state to oxygen concentration of at the most 20 • [0211 is ob-
the excited singlet state, the sensitizing agent being in tained.
diffusion contact with the sample. 20 20. A method according to claim 18 wherein a matrix

4. A method according to claim 3 wherein the energy oxygen concentration of at the most 10 • [02h is ob-
of the excited state of the sensitizing agent is higher than tained.
0.98 eV. 21. A method according to claim 3 wherein the ex-

5. A method according to claim 3 wherein the sensi· cited state of the sensitizing agent is formed from an-
tizing agent comprises a sensitizer having an excited 25 other electronic state of the sensitizing agent by absorp-
state capable of exciting molecular oxygen from the tion of electromagnetic radiation.
electronic ground state to the excited singlet state and a 22. A method according to claim 21 wherein the
quencher capable of deactivating the excited state of the electromagnetic radiation is ofa wavelength ofless than
sensitizer so as to reduce the excited state lifetime of the 1270 nm.
sensitizer, the quencher being in diffusion contact with 30 23. A method according to claim 22 wherein the
the sensitizer. • electromagnetic radiation is of a wavelength in the

6. A method according to claim 3 wherein the sensi- range of 300-1000 nm.
tizing excited state of the sensitizing agent is the excited 24. A method according to claim 22 wherein the
triplet state. sensitizing agent is selected from transition metal com-

7. A method according to claim 3 wherein the diffu- 35 plexes.
sion contact between the sensitizing agent and the sam- 25. A method according to claim 24 wherein the
pie is established at an interface between the sensitizing sensitizing agent is selected from the group consisting of
agent and the sample. complexes of Zn(II), Pd(II), Pt(II), Ru(lI) and 08(11).

8. A method according to claim 3 wherein the oxida- 26. A method of determining the concentration of
tion potential of the excited state of the sensitizing agent 40 ground state molecular oxygen in a test sample which is
is of a size which essentially renders the sensitizing a .fluid sample of biological origin having a molecular
agent incapable of converting molecular oxygen to the oxygen concentration at a physiological level, said
superoxide. method comprising:

9. A method according to claim 8 wherein the oxida- (a) exc.iting oxygen molecules of the test sample from
tion potential of the excited state of the seijsitizing agent 45 the electronic ground state to the excited 1Ag state
is higher than -0.7 V versus saturated Calomel Elec- (excited singlet state),
trode. (b) measuring a 127o.nm luminescence characteristic

10. A method according to claim 3 wherein the sensi- of the excited oxygen molecules in the test sample,
tizing agent is selected from the group consisting of (c) quantitatively correlating the measured 127o.nm
porphyrins and porphyrin-related compounds. 50 luminescence characteristic with standard values

11. A method according to claim 10 wherein the determined on the basis of a positive quantitative
sensitizing agent is selected from the group consisting of correlation between (i) 127o.nm luminescence sig-
metal-free porphyrins, metallo-porphyrins, phtalocya- nals of excited oxygen molecules in reference sam-
nins, metaIlo-phtalocyanins and derivatives thereof. pies having known, pre-selected concentrations of

12. A method according to claim 3 wherein the sensi- 55 ground state molecular oxygen and (ii) the concen-
tizing agent is embedded in a matrix. trations of ground state molecular oxygen in the

13. A method according to claim 12 wherein the reference samples, and
matrix comprises an organic solvent. (d) quantifying the content of ground state molecular

14. A method according to claim 12 wherein the oxygen in the test sample on the basis of the quanti-
matrix in which the sensitizing agent is embedded is free 60 tative correlation of the measured 127o.nm lumi-
ofOH-groups so as to maximize the luminescence inten- nescence characteristic with the standard values.
sity of excited singlet oxygen. 27. A method according to claim 26 wherein the fluid

15. A method according to claim 12 wherein the sample of biological origin is blood. .
diffusion contact between the sensitizing agent and the 28. A method according to claim 26 wherein the fluid
sample is established through a membrane which sepa- 65 sample is an oxygen-containing gas of biological origin.
rates said matrix containing the sensitizing agent and the 29. A system for determining the concentration of
sample containing the ground state molecular oxygen to ground state molecular oxygen in a test sample, said
be measured. system comprising:
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(a) means for exCiting oxygen molecules of the test 34. A system according to claim 29 wherein the elec-
sample from the electronic ground state to the tromagnetic radiation is of a wavelength of less than
excited I~g state (excited singlet state), said means 1270 nm.
comprising an electromagnetic radiation source 35. A system according to claim 34 wherein the elec-
and a sensitizing agent. said sensitizing agent being 5 tromagnetic radiation is ofa wave length in the range of
in diffusion contact with the sample. 300-1000 nm.

(b) means for measuring a 127D-nm luminescence 36. A system according to claim 29 wherein the
characteristic of the excited oxygen molecules in means for measuring a 127D-nm luminescence charac-
the test sample, and· teristic of the excited oxygen molecules comprises a

(c) means for quantifying the content of ground state 10 detector being capable of measuring said luminescence
molecular oxygen in the test sample based on a characteristic at a wavelength of about 1270 nm.
quantitative correlation of the measured 127D-nm 37. A system according to claim 36, wherein said
luminescence characteristic with standard values detector is covered by a fJlter.
determined on the basis of a positive quantitative 38. A system according to claim 36 wherein said
correlation between (i) 127D-nm luminescence sig- 15 detector is connected to an amplifier circuit.
nals of excited oxygen molecules in reference sam- 39. A system according to claim 29 wherein the sensi-
pIes having known, pre-selected concentrations of tizing agent is embedded in a matrix.
ground state molecular oxygen and (ii) the concen- 40. A system according to claim 39 wherein the sensi-
trations of ground state molecular oxygen in the tizing agent and the matrix in which it is present are
reference samples. 20 selected so as to affect the excited state lifetime of the

30. A system according to claim 29 wherein the sensi- sensitizing agent and the oxygen permeability of the
tiring agent is embedded in a matrix, the matrix being an matrix to thereby obtain a luminescence characteristic
organic solvent. of a sufficient size variation over the ground state oxy-

31. A system according to claim 29 wherein said gen concentration range to be measured.
means for quantifying comprises a signal or data pro- 25 41. A system according to claim 39 wherein the diffu-
cessing means. sion contact between the sensitizing agent and the sam-

32. A system according to claim 29 wherein the sensi- pie is established through a membrane which separates
tizing agent has an excited electronic state capable of said matrix containing the sensitizing agent and the
exciting molecular oxygen from the electronic ground sample containing the ground state molecular oxygen to
state to the excited singlet state. 30 be measured.

33. A system according to claim 32 wherein the sensi- 42. A system according to claim 39 wherein the ma-
tizing agent has an excited electronic state, the energy trix is a polymer which is free of OH groups.
of which is higher than 0.98 eV. • • • • •
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