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Transition-metal complexes have long been used as oxygen 0.5
sensors in solution, polyme_r fll_m_s, or sol gélSensors based on [R“(4:7'M92P:e")3](‘fpb)2
the Ru(bpyy?** (bpy = 2,2-bipyridine) lumophore that undergoes 041}
efficient quenching via energy transfer to produce singlet oxygen @ [Ru(phen), (tfpb),
have been commercializ&tbr dissolved oxygen (DO) measure- 03}
ments in aqueous solutions. The Ru(kgy)on can also be used \f
as a solid-state sensor by adsorption to the large internal surface <ozl
areas of zeolitic material¢o give composites that allow nearly ® [Ru(bpy),I(BF,),
“solution-like” diffusional oxygen quenching. DO measurements o1l / [Ru(phen), (PF,),
with these systems are complicated by matrix effects: multiple sites T [Rulopy), I(PF,
that are quenched to differing extehtand by decomposition 00I'[.:J(moii“‘p’“’")’](B‘CﬁF’)‘)Z

reactions initiated by the high-energy singlet oxygen produced in 0.00 002 0.04 ] 0.06 0.08
the quenching events. Fraction of Void Space

Our recent work with vapochromic complefesiggested that ~ Figure 1. Graph of Ag/go vs void space for some Ru(pB) salts.
DO measurements could be improved if oxygen molecules could
diffuse in and out of a nanoporous crystalline lumophore with a
significant fraction of void space. The crystallographically imposed
site symmetry contrasts the multiple sites present in amorphous
matrices, a distinct advantage for studies of the quenching processes.
Single-crystal studies could even be envisioned. The careful design
of crystalline matrices (i.e., incorporation of inert fluorous phgses
could also mitigate decomposition modes and increase the solubility
and perhaps the diffusivity of oxygen molecules in crystals of this
type. Figure 2. View down theb-axis showing alternating layers of cations and

To test these ideas, we screehsdveral simple salts of Ru-  anions. The void space channels (red spheres, £3@ARu) run through
(bpy)?* and Ru(phen§+ and three substituted tetraphenyl-borate the cationic layers. Hydrogen atoms are omitted for clarity.
salt$ for solid-state emission quenching by air. Freshly grown 35

crystals were pressed into the surface of a “perfect scatter” Fluorolon

target and the absolute emission quantum yiglth, = 400 nm) 30r

was measured under nitrogen and in air. As expected, all of the 25)

compounds emit in the solid state, but surprisingly, even the simple = 20

salts (CIQ~, PR, and BR~) showed some emission quenching 5 7

in air relative to nitrogen; two of the substituted tetraphenylborate =~ 15t

salts showed much better behavior. 10
These salts show (Figure 1) a monotonic increase in the fraction

quenchedA¢/¢o (defined as: I- (aidPnirogen) With the fraction 05

of void space calculated from X-ray structural d&afghis result 0.0

0.0 0.2 0.4 0.6 0.8 1.0

suggests that void space is important for oxygen quenching in these Oxygen Mole Fraction in Nitrogen

systems, partlcglarly in the case o_f [R.u(phja(mﬂ_)b)z (phen= 1, Figure 3. Stern-Volmer plot of I/l (O) and zo/z (O) vs oxygen mole
10-phenanthroline; tfpb = tetrakis(bis-3,5-trifluoromethylphe-  fraction for [Ru(pheny(tfpb)..

nylborate)) where the channels (Figure 2) could allow oxygen

molecules to freely move in the crystals.

The quenching process(es) in [Ru(phé(tipb), was examined points) (Figure 3) with strictly linearR? = 0.9996) behavior and
further. A gas mixing apparattisonstructed with mass-flow control ~ @ slope of 2.43. A second SV determination nearly a year later
valves was used to produce specific concentrations of oxygen in with the samesample but with a slightly different apparatus gave
nitrogen at atmospheric pressure. Emission intensity data for a slope of 2.41, identical within experimental error. Microscopic
microcrystalline [Ru(pheg)tfpb). were collected and are displayed  examinatiofi of the sample before and after the SV studies showed

as a SternVolmer (SV) plot (o/I vs mole fraction of oxyger® no apparent decomposition or change in crystallinity; long-term
stability tests under continuous illumination in the presence or
[ University of Minnesota. absence of oxygen over a 24 h period showed no change in emission

* University of Washington.
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Time, Seconds Figure 5. Plot of the oxygen saturation level from a PLS model vs that
Figure 4. Plot of Iniroged| VS time for air pressure jump from 2 to 1 atm. ~ Mmeasured by a Clark electrode. Each concentration was measured five times.

The ¢, O, andO points are 518, 470, and 400 nm excitation, respectively; Dissolved oxygen (DO) sensing in aqueous media is an important
dashed line is théniroged! infinity value for all data. application for oxygen sensing materi#dg fiber optically coupled
intensity. A second sample was used for many oxygen-sensingPall probé with a thin fim of crystalline [Ru(phen)(tfpb).
experiments for more than a year with no apparent change in deposited on the end was immersed in water saturated with different
responsivity. oxygen/nitrogen mixtures. The percent oxygen saturation from a
Our conjecture that oxygen molecules diffuse in and out of [Ru- Partial least-squares (PLS) model calibrated against a Clark DO
(phen)](tfpb), crystals is supported by lifetime and pressure jump electrode is shown in Figure 5. The close agreement is evident.
experiments. SV quenching determined by emission intensity can N summary, we have shown that crystals of emissive ruthenium
(among other things) be a result of static quenching, diffusional complexes with significant void space are oxygen sensors. [Ru-
quenching, or both. Solid-state emission lifetime measurefhents (Phen}](tfpb), with the partially fluorinated tfpb counterion shows
of [Ru(phen)](tfpb), show that the emission can be fit at all oxygen Simple behavior as a gas phase and aqueous solution oxygen
concentrations for at least 6 half-lives to a single-exponential decay Molecule detector. The linear SV plots for both emission intensity
(r = 640 nsec under pure nitrogen) that is significantly faster ( and emission lifetime measurements and the pressure jump studies
190 nsec) under pure oxygen. The observation of a single- are readily explained by assuming that oxygen molecules enter the
exponential decay suggests that identical emitting sites in one crystal lattice of [Ru(pheg)tfpb). and are able to diffuse internally
crystalline phase produce the emission and the oxygen concentratioryVith an effective diffusion coefficient on the order of 6-10°
is uniform at least throughout the penetration depth of the light. cn/s.
The SV plot for these lifetime data (Figurel3) is linear and shows Acknowledgment. K.R.M. thanks the Center for Process

the sameK,, as the intensity data. The agreementiy for the Analytical Chemistry and the University of Minnesota for support.
two technigues shows that the quenching is dynamic in nature.

Previous studiésof solid-state emission from several Ru(bgy)
salts that vary the RuRu distance suggest that excitonic hopping
of the excited-state to trapped oxygen molecules is too swe (
1014 cné/s) to account for the quenching in solid [Ru(phgn)
(tfpb)z; internal oxygen molecule diffusion was confirmed by

Supporting Information Available: Synthesis and characterization
information; experimental details for emission, lifetime, and pressure
jump experiments; additional references; X-ray crystallographic files
in CIF format. This material is available free of charge via the Internet
at http://pubs.acs.org.

pressure jump experimertts. References
A crystalline sample of [Ru(phesjftfpb), was pressurized with (1) (a) Lin, C.-T.; Sutin, NJ. Phys. Cheml976 80, 97—105. (b) Demas, J.

; ; “ ” N.; DeGraff, B. A.; Coleman, PAnal. Chem1999 71, 793A-800A. (c)
ar ,to ,abOUI 2 amin a prgssure cell tha.t aIIovyed front face Leventis, N.; Elder, I. A.; Rolison, D. R.; Anderson, M. L. Merzbacher,
emission spectra to be acquired as a function of time. At time zero C. I. Chem. Mater1999 11, 2837-2845.

(2) FOXY Fiber Optic Oxygen Sensp@ceanOptics: Dunedin, FL.
the pre.SSl.Jre was allowed to esc_ap@ € 5 ms) back 1o 1 aim and (3) Krenske, D.; Abdo, S.; Van Damme, H.; Cruz, M.; Friplat, 1J.JPhys.
the emission spectra as a function of time were acquired. Plots of Chem.198Q 84, 2447-2457.
Iniroged] VS time are shown in Figure 4. The time fé response, Q) ?;é‘aasv J. N.; DeGraff, B. A.; Wu, WAnal. Chem.1995 67, 1377~
ty2 for 400 nm excitation is<20 ms and the characteristic shape (5) Carraway, E. R.; Demas, J. N.; DeGraff, B. A.; Bacon, JARal. Chem.
of thelyiroged| VSt curve expected for a diffusional process is readily 1991, 63, 337-342.

. . L . (6) (a) Drew, S. M.; Mann, J. E.; Marquardt, B. J.; Mann, K. &ns.
apparenF (fast change at early .tlme.s W|.th a chargctenstlc long tail Actuators, A2004 B97, 307-312. (b) Drew, S. M.; Janzen, D. E.; Mann,
at later times). The apparent diffusion time was increased (at 470 JK R. Aneg- (éhe\TIZIEOZ 74b25‘]47?<2555' (c) %rats, J. V\/S moo’\rﬂe, L. if( R

. _ . anzen, D. E.; Veltkamp, D. J.; Kaganove, S.; Drew, 5. M.; Mann, K. R.
nm, ty, = 120 ms; at 518 nmty, = 2200 mS) by Changlng the Chem. Mater2002 14, 2058—1066.9

excitation to longer wavelengths where the extinction coefficient  (7) 2Ec§t§3|.(ig'1 I%%g_og%. S.; Ozer, M. S.; Aycan, S.; Cetinkaya, TBlanta
is significantly smaller and the penetration depth of the light is (8) See Supporting Information for details.
greater. These measurements are consfsteith an oxygen (9) lkeda, N.; Yoshimura, A.; Tsushima, M.; Ohno,JT Phys. Chem. 200Q

Y. .  10-8 ; ; 104, 6158-6164.

diffusion coefficient on th_e order of 10 1(_T cné/s in the solid. (10) Boyer, W. J.. Xu, W.; Demas, J. Mnal. Chem2004 76, 4374-4378.
Further data analysis is planned to fit these curves to the (11) Xiong, X.; Xiao, D.; Choi, M. M. F.Sens. Actuators, B00§ B117,
characteristic functions previously used by Demas & &l.their 1r2-176.

study of oxygen diffusion in polymer films. JA0681772

J. AM. CHEM. SOC. = VOL. 129, NO. 49, 2007 15093



