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We report on an optical oxygen sensor for aqueous media. The phosphorescent signal from the
indicator, K2Mo6Cl14, immobilized in a polymer matrix, is quenched by ground state 3O2.
Continuous measurements ��t=10 s� over 36 h in oxygen atmospheres �0%–21%� were obtained
with a signal to noise ratio better than 150. Photobleaching was not observed over �13 000
measurements. The senor response at 10, 22, and 37 °C water is governed by bimolecular
collisional quenching, as evidenced by a linear fit to the Stern–Volmer equation for dissolved
oxygen in the range 0� �O2��3�10−4. © 2011 American Institute of Physics.
�doi:10.1063/1.3595483�

Quantitative monitoring of dissolved oxygen �DO� in
aqueous media is necessary for a wide range of chemical and
biological processes. These applications require sensitive,
precise, continuous monitoring, without restrictions on the
frequency of measurement or total number of data points.
The measurement process should have no cross sensitivity to
other chemical species in the liquid, be operable in either
flowing or stationary media, and be minimally affected by
changes in environment. Present techniques for direct mea-
surement of DO utilize one of two physical principles,
electrochemistry or luminescence. Electrochemical devices
result in analyte consumption, require a flowing stream and
are intrinsically coupled to the properties of the media such
as ionic species concentration. Common optical indicators
are the Ru �II� complexes1,2 and Pt or Pd porphyrins.1,3–5

Although Ru �II� complexes are widely employed; they
have a strong temperature dependence and suffer from
photobleaching.1 The Pt and Pd porphyrins are significantly
more robust; they require complex synthetic processes to
shield the optical indicator from deleterious interactions with
other constituents in the media.5

The optical and physical properties of molybdenum
chloride clusters are eminently suited for optical detection
of molecular oxygen.6 In solution the clusters exist in the
form �Mo6Cl8�Cl4L2, where L is either a ligand or solvent
molecule. The challenge arises in how to preserve the pho-
tophysical properties of singly solvated monomers in
solution7,8 during the synthesis of a solid state sensing film
where the clusters are dispersed and immobilized in an opti-
cally transparent and oxygen permeable matrix. Absorption
of a UV photon via the broad absorption band �300–400 nm�
promotes the cluster to an excited electronic state with spin
triplet symmetry. Spontaneous emission to the singlet ground
state is spin forbidden, resulting in phosphorescent emission
with a long half-life, �180 �s.7,8 Alternatively the phospho-
rescence can be quenched by a molecule with spin triplet
symmetry, i.e., 3O2. Detection of molecular oxygen involves
monitoring either the emission intensity or lifetime ��� of the
excited state. The specificity of the molybdenum chloride

clusters to molecular oxygen is determined by quantum me-
chanics, a unique property not shared by the organometallic
Ru �II� complexes. The emission band extends from 600 to
900 nm. The phosphorescence lifetime or intensity increases
with decreasing oxygen concentration due to bimolecular
collisional quenching.

From a device perspective the broad absorption and
emission bands, large Stokes shift ��300 nm� and long ex-
cited state lifetime of the molybdenum chloride clusters pro-
vide unique engineering advantages. First, an inexpensive
UV light emitting diode �LED� with a color glass filter is
used as the pump beam, without need for a monochromatic
excitation source. Second, a fast, cost effective Si avalanche
diode with a 600 nm long wavelength filter is used for de-
tection. Third, the phosphorescence or emission lifetime is
readily monitored using phase sensitive techniques, which
can be implemented using a simple phase locked loop
configuration,9 thereby eliminating the need for a bulky op-
tical fluorometer.

We have previously reported on a reflection mode fiber
optic oxygen gas sensor, using molybdenum chloride indica-
tors, for measurements in the 0%–21% range.6 For aqueous
applications we have developed a unique sensing film com-
posed of K2Mo6Cl14 clusters caged in a hydrophobic, oxygen
permeable polymer matrix.10,11 The salts of the molybdenum
chloride cluster, synthesized at 350 °C,12 are the lumino-
phore of choice due to their optical and thermal stability.
Acetonitrile solutions of K2Mo6Cl14 mixed with a photocur-
able silicone polymer ��acryloxypropyl�-methylsiloxane-
dimethylsiloxane copolymer� are applied on a UV transpar-
ent quartz substrate. UV photo initiation, catalyzed by
benzoin ethyl ether, immobilizes the solvated optical clusters
in the silicone resin, followed by a vacuum bake to evaporate
residual solvents. Optical isolation from ambient light is pro-
vided by a final opaque coating, �vulcanized silicone with
carbon black�. The hydrophobic nature of both the top coat-
ing and the support matrix of the sensing film acts to deter
biofouling. The sensing substrate is mounted in a watertight
sensor head, with the front face in contact with the aqueous
media. A UV transparent polymer fiber bundle is butta�Electronic mail: ghosh@pa.msu.edu.
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coupled to the back of the quartz substrate for reflection
mode optical measurements.

The DO concentration is determined by monitoring the
lifetime of the phosphorescent emission from the K2Mo6Cl14
indicator. For field applications, lifetime monitoring was
chosen in favor of intensity measurements as it is largely
unaffected by stray light which can vary with time, espe-
cially outdoors. A compact phase fluorometer, TauTheta
Model MFPF-100, supplies the excitation source �365 nm
LED with a 10 nm bandpass filter� and detector �Si APD
with a 600 nm long wave pass filter� while a 1 mm diameter
bifurcated fiber bundle couples light into and out off the
sensor head. The emission lifetime was monitored at 5 KHz
with a 0.5 s integration time. Certified O2 mixtures, balance
N2, were bubbled into the vessel at 0.2–0.5 l/min using an
aeration stone to ensure rapid dissolution of O2 in the water.

Continuous sensor measurements over a 36.5 h period
��t=10 s� are shown in Fig. 1. The water temperature was
maintained at 9.6 °C. In order to ascertain the device stabil-
ity the sensor response at the two extremes of oxygen con-
centration, the absence of oxygen �99.999% N2� and labora-
tory air �20.9% O2�, were measured. We obtain lifetimes of
�69.74�0.10� �s and �23.21�0.08� �s in 0 and 21% O2,
respectively, from three complete cycles over �700 min at
both the beginning and end of the 36 h experiment. A quan-
titative measure of the sensor performance is provided in
Table I; the device signal to noise ratio �S /N��150 for ei-
ther low or high oxygen concentrations.

A complete calibration curve was obtained, between 700
and 1400 min �see Fig. 1�, by sequentially bubbling oxygen
mixtures of 4.441%, 10.00%, 16.15%, 21.5%, 26.06%,
21.5%, 16.15%, 10.00%, and 4.441%. The DO concentration
in the water bath was calculated using the Henry’s Law
coefficients.13 The raw lifetime data of Fig. 1 converted to

DO in units of mg/L is given in Fig. 2. As a guide to the eye
the signal levels at 4.4%, 10%, 16%, and 21% are indicated.
Flat, reproducible steps are observed at each oxygen level
with minimal hysteresis while increasing and decreasing the
oxygen concentration. The sensor can resolve absolute
changes in DO of 0.02 mg/L in the 0–2 mg/L range, of 0.03
mg/L in the 2–5 mg/L range, and of 0.05 in the 5–13 mg/L
range. Note that the overall stability of our device is given in
Table I where we compare the sensor lifetime at the begin-
ning and end of the measurement sequence.

Photobleaching of the indicator is a problem frequently
encountered with optically based chemical sensors. It has
been reported for the Pt and Pd porphyrines3,4 and the Ru �II�
organometallic oxygen indicators.2 Photobleaching limits the
total number of measurements possible with a single sensor
film forcing the choice between frequent measurements over
a short period or a sparse data set during a long experiment.
The 	13 000 data points obtained from the K2Mo6Cl14 sens-
ing film given in Fig. 1, show no evidence of photobleach-
ing. Note that the optical transitions of the cluster arise from
states localized in the �Mo6Cl8� core, which has little ligand
character;7 thereby minimizing interactions between the in-
dicator and its environment.

DO monitoring occurs over a range of temperatures,
shown in Fig. 3 is the response of a single sensor film in
9.65, 21.6, and 37.1 °C water. The measured lifetime is plot-
ted as a function of molar oxygen concentration, �O2�, to
show the linearity of the response at all three temperatures.
The quenching of a luminophore by a simple bimolecular
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FIG. 1. Optical DO sensor signal �lifetime� over 36 h �
 t=10s� in 10 °C
water. The sensor was cycled between N2, �O2�0.001�, �=70 �s, and
laboratory air �20.9% O2�, �=23 �s, for three complete cycles at the begin-
ning and end of the measurement period. From 700 to 1400 min oxygen gas,
4.4%, 10%, 16%, 21%, 26%, 21%, 16%, 10%, and 4.4%, was bubbled into
the water. For the 36 h period the sensor signal is repeatable, does not show
signs of hysteresis and there is no evidence of photobleaching for 	13 000
measurements.

TABLE I. Statistics on the DO sensor performance at the extremes of oxy-
gen concentration over 36 h at 10 °C �see Fig. 1�.

No. of cycles
Lifetime

��s� Signal/noise

N2 ��0.001% O2� 6 69.74�0.10 175
Laboratory air �20.9% O2� 6 23.21�0.08 150
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FIG. 2. DO concentration at 10 °C from the data in Fig. 2. As a guide to the
eye lines are drawn at 26, 21.5, 20.9, 16, 10, and 4.4% O2. Minimal hyster-
esis is observed between data points taken for increasing vs decreasing
oxygen concentrations.
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FIG. 3. �Color online� DO sensor performance at 9.6, 22, and 37 °C as a
function of molar oxygen concentration. The data were fit to the Stern–
Volmer equation, without including the point at �O2�=0. The suitability of
the sensing material for DO monitoring at industrial and biologically rel-
evant temperatures are demonstrated by the linearity of the fit.
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collisional process can be modeled with the linear Stern–
Volmer equation14

�0/� = 1 + KSV�O2� , �1�

where �0 and � are the emission lifetimes in the absence and
presence of the quencher respectively, KSV is the overall dy-
namic quenching constant and �O2� was determined from
thermodynamics as previously described. At each tempera-
ture �0 was determined experimentally using 99.999% N2.
The least-squares fit to the data at 10, 22, and 37 °C is given
by the dotted, dashed and solid lines in Fig. 3 where the
measurement at �O2�=0, or �0 is not included in the fit to
avoid double counting. The fitting parameters and measured
�0 are tabulated in Table II.

At all three temperatures we obtain a good fit to the
linear Stern–Volmer equation with an intercept of one. The
statistics of the intercept and slope �KSV� given in Table II,
demonstrate that the optical properties of the K2Mo6Cl14
cluster trapped in its support matrix are not adversely af-
fected by the external environment. The room temperature
oxygen quenching rate constant for solvated �Mo6Cl8�Cl6

2−

ions in acetone7,8 is 6300 M−1, which compares well with
the value of KSV for our solid state sensing film in water. The
natural or unquenched lifetime of metal-halide clusters has a
negative temperature coefficient,15 consistent with our data.
Caging the K2Mo6Cl14 cluster in a photocured silicone poly-
mer preserves the essential photophysics of the singly sol-
vated monomer.

We have developed an optical technique based on the
phosphorescence quenching of molybdenum chloride clus-
ters by 3O2, to monitor DO in aqueous media. Continuous
real-time data is possible with our reflection mode fiber optic
sensor as photobleaching was not observed for 	13 000
measurements. In accordance with theory the device re-
sponse is linear over the 10–37 °C temperature range. Our
cost effective DO sensor is well suited for continuous envi-
ronmental water monitoring, fermentation process control,
aquaculture and biomedical applications.
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TABLE II. Photophysical parameters and fit to the Stern–Volmer equation
from Fig. 3. �0 is independently measured. The intercept of 1 and linearity of
the fit shows that bimolecular collisions dominate the oxygen quenching
process with minimum indicator/matrix interactions.

Temperature
�°C� Intercept

KSV

�M−1�
�0

��s�

9.65 1.09�0.05 5900�250 69.7
21.6 1.13�0.06 7400�300 65.4
37.1 1.05�0.01 9195�85 46.0
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