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Fiber-optic oxygen sensor using molybdenum chloride cluster
luminescence
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We report on a reflection-mode fiber-optic oxygen sensor based otOthguenching of the red
emission from hexanuclear molybdenum chloride clusters. Measurements of the probe operating in
a 0%—-21% gaseous oxygen environment have been obtained, a range suitable for biological and
automotive applications. The luminescence signal increases with decreasing oxygen concentration
in accordance with theory. We observe clearly resolvable steps in the sensor response for changes
of 0.1% absolute oxygen concentration in the 0%—1.0% range. The response time of the fiber probe
is theoretically predicted to be 1 s. @99 American Institute of Physics.
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The quantitative detection of oxygen is important for 10-2 M. Thus, the clusters are ideal luminescent probes for
industrial, automotive, and medical applications. In these endetection of gaseous oxygen concentrations ranging from
vironments the advantages of fiber-optic chemical sensor8.09% to 90% at 1 atm, an important compositional range for
are that they: can probe remote locations, are immune tmedical and industrial processes.
electrical interference, and may be miniaturized into small, We have developed a molybdenum chloride based fiber
flexible probes. Oxygen quenching of the fluorescence fronsensor by immobilizing the clusters at the end of a silica
organic and organometallic compounds has been used to deptical fiber. Polymer and silica-bound hexanuclear Mo ha-
velop a number of fiber sensofs: However, a drawback of lide clusters have been reported as sensitizers@grgen-
these indicators is that the chromophores often degrade aredation and oxygen detection in liquifs!* however for gas
have a limited operational temperature range. A copper corsensing applications, the polymer matrix needs to have a
taining zeolite probe for oxygen detection at 500 °C is de-high permeability to ensure fast response times. Poly
scribed in Ref. 6. We report here on a fiber-optic oxygen[1-trimethylsilyl-1-propyng¢ (PTMSP has the highest gas
sensor that utilizes the fluorescence from hexanuclear molytermeability coefficient of any known polymér For a 100
denum chloride clusters. pm film the measured permeability implies an oxygen diffu-

The photophysics and physica] properties OfGQZ sion constant of 104 CrT12/S or a diffusion time of 1 s.
and related metal halide compouhdse well suited for oxy- PTMSP’s mechanical properties, environmental stability,
gen sensing schemes. The extended cluster array has a q@&d thermal stability make it an ideal matrix for oxygen
siperovskite structure, composed of an octahedral core ci€NSing schemes. The molybdenum chioride clusters were
molybdenum atoms with eight face bridging chlorides angdispersed in a PTMSP matrix to obtain: Mo-cluster/PTMSP

four axial chlorides, which are shared among neighboringcompOSiteS' We report here on a reflection mode fiber—optic
cluster subunité When dissolved in solution the clusters ex- S€NSOr based on Mo-cluster/PTMSP composites for real time

ist in the form[MogClg]Cl,L, where L is either a solvent (time constant<309 monitoring of oxygen in a 0%-21%

molecule or another ligand. Absorption of UV photonsgaseous environment.

through the broad 300—400 nm absorption band raises the Thellummesce(r)lce propertlna?s of the' Mo-clusf[e.r/'PTMSP
cluster to an excited electronic stdtEmission of red lumi- COMPOSite(1.0x 10 clusters/cm composite were initially

nescence from the excited state is efficiently quenched bﬁ:/haracterlzed by spin coating films onto a quartz slide. Fig-

ground statéO,,® as shown in Fig. 1. Due to the long cluster
lifetime (>100 us) and large Stokes shift> 300 nm), the
luminescence is easily detectable by integrating over the
broad emission band. In addition, simple filtering techniques
are used to separate pump and signal beams. The clusters can
withstand repeated cycling and show no signs of decompo-
sition to temperatures in excess of 600 °C. In solution, the
emission intensity of the clusters has been shawincrease

with decreasing oxygen concentrations ranging from®1o
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ure 1 shows the luminescence spectra of the slidejira 8 -
sealed cuvette flushed with argon afig) laboratory air i ey
(~20% oxygen. The emission spectra of the composite film
has the same line shape as that obtained fromg@Q¥e in 67
methanof:® As previously observetf,immobilization of the
cluster in a polymer matrix does not add nonradiative path-
ways to the lumophore, since the photophysics of interest is l
due to electronic transitions confined to thMogClg]*" 10 20 30
cluster core. The luminescence signal in an argon atmo-  2- - Time (min)
sphere is 5.5 times greater than that in air, demonstrating - -
oxygen quenching of the emission from the Mo-cluster/
PTMSP composite film. 0 T l l
The sensor was fabricated from a commercially avail- 0.00 0.05 0.10 0.15 0.20
able multimode fiber, FT-1.5-UMT from 3M Specialty Op- O, fraction ( balance N, )

tical Fibers, which is designed for UV to visible transmis- . . : .
. . . . FIG. 2. Output signal from Fiber Probe (Inse) Signal as a function of
sion. The large core diamet&r500,um) and high numerical  jine for (@) 0%, (b) 0.10%. (C) 0.20%,(d) 0.30%, () 0.40%, and() 0.61%

aperture(0.39 of the fiber allows for efficient excitation and 0,; the balance gas is N
collection of the luminescence from the clusters immobilized

at the back face of the fiber. The cleaved surface of the ﬁbe(ﬁnvironments is shown in Fig. 2. A commercial ten step gas

was cleaned in a UV-ozone photoreactor for 30 min, anGyiiqer was used to blend 99.999% purity nitrogen gas with
then immediately transferred into a I—]g-atmosphere. drybox.oz/N2 mixtures containing 20.63% or 1.01% oxygen. Note

PTMSP adheres poorly to the silica fiber. To improvey, o+ yithin the 6 Hz measurement bandwidth the standard
adhesion we devised a two-layer scheme for depositingeiation is less than 2% of the signal. In the inset to Fig. 2
the Mo-cluster/PTMSP composite onto the optical fibery,e sensor is shown cleanly switching between well defined
by first using a thin “primer” layer of polj(1-trimethylsilyl-  pjateaus corresponding to 0%, 0.10%, 0.20%, 0.30%, 0.40%,
1-propyng-co-(1-(4-azidobutyldimethylsilyl-1-propyn8] 44 0.61% @, the balance gas isNThe data demonstrate
(PTMSP-N, azide content 296 After dip coating the fi-  hat the sensor can clearly resolve changes of 0.1% absolute
ber tip with a 1 wt %solution of PTMSP—Nin toluene, the  oxygen concentration in the 0%—1% range, changes of 0.5%
primer layer was dried and cross linked at 250 °C for 8 hs. Agpsolute oxygen concentration in the 1%-4% range, and
transparent bead~100 um) of the Mo-cluster/PTMSP changes of 1% absolute oxygen concentration in the 4%-—
composite was then applied by dipping the primed fiber tip1096 range. Autofluorescence, which is less than 4% of the
into a 2 wt% coating solution. The coating solution was jntegrated signal from 590 to 880 nm, has been subtracted
prepared by dissolving M@, in acetonitrile and removing  from all the data. This low autofluorescence level from such
the solvent to give a yellow oil, presumably 3 |ong fiber length suggests that the sensor could be used in
[MoeClg]Cly(CH,CN),.*> Known amounts of the oil were probing remote locations. From the inset to Fig. 2, we find
added to tetrahydrofuran solutions of PTMSP to obtain thehat an upper bound to the sensor switching time is 30 s. This
desired concentrations for dip coating. The composite beag not the intrinsic response time of the sensor but an upper
was first allowed to dry overnight, and was then further driedimit set by the response time of the gas mixing system. We
under vacuum at ambient temperature for 1 h. Compositegstimate a lower bound to the sensor response time to be 1 s
prepared by this protocol were mechanically stable and adrom the oxygen permeability of PTMSP and a film thick-
hered well to the fiber end. ness of 10Qum.

The fiber sensor was pumped by a 325 nm HeCd gas In liquid environments the quenching of the cluster lu-
laser. The reflected luminescence was collected at the fromhinescence by oxygen has been shbwnobey the Stern—
end of the fiber with a Hamamatsu R955 photomultipliervolmer equation in the range 16<[0,]<102M
tube (PMT). Separation of the signal and pump beams was
accomplished using a 45° long wave pdk8VP) dichroic
beamsplitter and a 590 nm LWP filter. The PMT therefore _
integrates all the luminescent photons in a 590-880 nmgO 0.8
bandwidth. The output power from the sensor was deter-z
mined by multiplying the luminescence line shajfég. 1) g 0.6
with the spectral responsivity of the PMT. The sensor wasg
exposed to controlled environments with varying oxygeng 0.4
concentrations by enclosing the last 5 cm of the fiber in a5
flow through cell. g 0.2

Data from two different 1.5 m long fiber sensors Fiber Z
Probe 1 and Fiber Probe 2, 2:930° and 1.3 10 0.0 ——— ] e
clusters/cri composite respectively, are shown in Figs. 2 10* 10° 2
and 3. The input pump power for all the measurements is 0.5 0,M]
mW, which corresponds to a power density of 9 mWiem FIG. 3. Normalized output signal from Fiber Prob¢l) and Fiber Probe 2
the fiber. The response of Fiber Probe 1 to 0%—21% oxygerx). Solid line is a least squares fit to E) with k,7o=1550.
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lg=(1+ quo[oz])—l, (1)  autofluorescence from the sensor allows for the use of long
fiber lengths to probe remote locations. We envision that the
%Ilowing changes in sensor design will improve its perfor-

mance. First, we have demonstrated that the 0.5 mW pump
ower for the fiber probe can be provided a UV lamp,

ereby enabling development of a completely portable
enchtop fiber optic oxygen sensor. Second, the cluster lu-

wherel andl, are the luminescence intensity in the presenc
and absence of oxygen of concentratipd,]|, k, is the
guenching rate constant, ang is the luminescence lifetime
in the absence of oxygen. In Fig. 3 we demonstrate that th
Stern—Volmer relationship is also valid for clusters in a solidb

state PTMSP polymer matrix. The normalized Iummescenc?ﬂinescence can withstand repeated cycling and is largely

mtensnyl/llo is shown for the two fiber sensors, where |deali pervious to varying environmental conditions. The present
gas behavior at room temperature has been assumed to Qrﬁj

i th | ion. In the ab ¢ ‘obe is thermally stable to 200 °C, limited by the polymer
tain the molar oxygen concentration. In t € absence ot OX¥ratrix. Since M@Cl,, is synthesizetlat 1000 °C, immobili-
gen, or a pure Blenvironment, the sensor signal is 7.40 and

5 10 nW for Fiber Probes 1 and 2 tivelv. Note th tthzation of the clusters in a porous sol—gel matrix will enable
L0 MIVIor FIberFrobes 1 and 2, respectively. Note tha %xygen sensing in gaseous environments at elevated tem-

error bars, which are smaller than the symbols, have beegy oy res as well as liquid environments with varying salin-
omitted for clarity. From our lifetime measurements of solid ity and pH
state composite films and previous measurements of the clus- '
ters in solutiot’® we estimate that for our fiber sensors  This work was supported by the MRSEC program of the
50us<79<180us and 2x10°M 's '<k,<3x10'M~!  National Science Foundation Award No. DMR-9809688.
s L. A least squares fit of the data in Fig. 3 yielbgr,
=1550, consistent with our estimates. In addition, although
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