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We describe photoluminescent (PL) oxygen sensors based upon phosphorescent dyes adsorbed into
the pores of mesoporous silica particles at submonolayer coverage on a layer-by-layer self-assembled
film. Eight transition metal dyes (four Pt and Pd porphyrin complexes and four ruthenium complexes)
were investigated through monitoring the changes in PL intensity and lifetime upon varying oxygen
pressure. The intensity Sterivolmer (SV) plots were curved. In most systems, the intensity SV plots
match the lifetime SV plots, with deviations seen only at high oxygen pressures where static quenching
may play a role. The curved intensity Stefviolmer plots could be fitted with two phenomenological
models, a two-site model, and a model based on a Freundlich binding isotherm for oxygen. The Gaussian
distribution model was less successful in fitting the data. The most important result to emerge from these
data is that the unquenched lifetime of the dye itself is not a sufficient scaling parameter to reduce all of
the SV plots to a common line. A second scaling parameter was necessary. This parameter, which measures
the capture radius for quenchinBef), times the efficiency of quenching per encounteranged from
0.38 nm for PAOEP and 0.42 for PtTPP to 1.12 for Ru(g@f) and 1.25 for Ru(pheg|Cl; relative to
an assumed value @fRe = 1.0 nm for PtOEP.

Introduction phenanthroline complexé%.1” The most common polymer

atrixes have been silicone polymé&t8§,21”chosen for their

gh oxygen permeability. Our research group has examined

the properties of poly(aminothionylphosphazene)s (PATP)

as useful matrixes for dye-based oxygen sensor applications.
: . : Other polymers that have been examined include polystyrene

polymer films, often as a true solution, but sometimes _ ; . g

adsorbed onto colloidal silica particles dispersed in the film. (PS):"*- poly(vinyl chloride) (PVCY;* cellulose deriva-

These dye-containing films act as sensors because oxyge..(  Papkover p—
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sensors exhibit phosphorescence at ambient tempefature.(11) Mils, A. Sens. Actuators B998 51, 60-68.
. . (12) Mills, A. Sens. Actuators B998 51, 69—76.
The most commonly used dyes for these applications have(13) matsui, K.; Sasaki, K.; Takahashi, Nangmuir1991, 7 (11), 2866-

been transition metal porphyrin derivatives such as platinum 2868. _ _
(14) Castellano, F. N.; Heimer, T. A.; Tandhasetti, M. T.; Meyer, G. J.

Over the past 20 years, scientists have been interested irﬂ?
developing oxygen sensors based upon the principle that !
oxygen is a powerful quencher of the electronically excited
state of dyes. The dyes are normally incorporated into

and palladium porphings? and ruthenium polypyridyl or Chem. Mater1994 6 (7), 10411048,
(15) DellaGuardla, R. A.; Thomas, J. K.Phys. Chen1983 87 (6), 990
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tives (ethylcellulose (EC), cellulose acetate butyrate diffusion of O, molecules in the film. Shock tube (pressure
(CAB)3>1), and poly(methyl methacrylate) (PMMAY. In jump) experiments by the Sullivan grolipat Purdue and
addition, a number of inorganic substrates have beenthe Amao grou@ in Japan have shown that solid substrates
usedts~16 such as the alumina surface of anodized aluminum and the

For dyes dissolved in simple fluid solvents or dissolved Silica surface of commercial thin-layer chromatography plates
in polymer films at temperatures above the glass transition Provide more rapid response to sudden changes in oxygen
temperature of the polymer, we have a good understandingPartial pressure. These experiments emphasize the need for
of the factors that affect the quenching kinetics. The key & better understanding of the factors that affect PL quenching
factors that play a role include the solubility of oxygen and by oxygen for dyes adsorbed to these surfaces.
the diffusion coefficient of oxygen in the host medium, and  Here we report our experiments in which we examine the
the excited state lifetime of the dye. For dyes that are quenching of phosphorescence of a series of different dyes
adsorbed on solid substrates, we have a much pooreradsorbed to a thin-film system which we hope will exhibit
understanding of the factors that affect the quenching processa rapid response to changes in oxygen pressure. The system
There have been relatively few studies. Researchers who haveonsists of micrometer-size particles of nanoporous silica,
examined oxygen quenching for dyes adsorbed to solid attached at a submonolayer coverage to a thin polymer film
substrates such as silica have found that the photoluminesprepared by layer-by-layer self-assembly.
cence (PL) decay profile of the dyes, even in the absence of Mesoporous silica materials have been known since
oxygen, are nonexponential. This result suggests that the dyeg9922° These materials are characterized by a huge surface
occupy a distribution of different sites on the surface, and area, a relatively large pore size, and a large pore volume.
that excited dyes at each type of site have their own We have chosen SBA-15 mesoporous sHies a promising
characteristic decay rate. candidate substrate in which dyes could be bound to the

In addition, one can imagine two distinct mechanisms for surface of the mesopores (around 8 nm in diameter). Because
oxygen molecules in the gas phase to quench the excitedof the high surface-to-volume ratio, we imagined that a
states of dyes adsorbed to a surface. In the Langmuir-Ridealmonolayer of micrometer-sized mesoporous silica particles
mechanism, collisions between @olecules in the gas phase could adsorb sufficient dye to produce a strong PL signal,
with excited dyes on the surface lead to quenching. One canand at the same time provide rapid access to oxygen
think of this process as a kind of ballistic quenching process molecules from the external atmosphere. To produce the thin
because it involves a direct encounter between a moleculefilm structure we desired, we took advantage of the anionic
of O, in the gas phase undergoing a mean-free-path excursiorsurface charge of the silica particles in combination with the
with a dye that is stationary on the substrate on the time properties of thin films produced by the layer-by-layer self-
scale of the collision. In the LangmuiHinshelwood mech-  assembled film (LbLSAF) techniqu&Using LbL assembly,
anism, oxygen molecules adsorb to the surface of thewe produced a thin hard polymer film with a net cationic
substrate and undergo random diffusion on the surface priorcharge. Exposure of this film to a suspension of the
to encountering the excited dye molecule. Here, among themesoporous particles led to single-layer adsorption at sub-
important factors that affect the quenching kinetics are the monolayer coverage. As we describe below, dyes bound to
binding isotherm of the ©molecules, the rate of surface these films have a sufficient PL intensity to allow them to
diffusion, and the residence time of the @olecules onthe  be studied in much the same way as more macroscopic silica
surface. The most detailed experiments to sort out these twoassemblies.
guenching mechanisms have been those from the group of
J. K. Thoma# at Notre Dame, who examined the quenching (26) Krasnansky, R.; Koike, K.; Thomas, J. &. Phys. Chem199Q 94
of the fluorescence by oxygen of two dyes, pyrene and 9,10- (L), 920428, | 0 01 3010, 1044-1049. (b)
diphenylanthracene, with very different singlet excited-state Sakaue, H.; Gregory, J. W.; Sullivan, JAPAA J.2002 40 (6), 1094
lifetimes, adsorbed to the surface of a commercial nonporous = 1098. _ _ _
silica. Their experiments provided strong support for the idea (28) YKa,'\TA‘ggg g"c'i;.Tch“hkrf‘ég'}‘)g ri‘g"?’i‘g;géga" K. Nakakita, K.; Amao,
of preadsorption of @molecules onto the silica surface as (29) (a) Beck, J. S.; Vartuli, J. Curr. Opin. Solid State. Mater. SG996
a key step in the quenching process. They also pointed out 5 02 57.%) KGest €. Lecnen 5 R0 20 Yl
that the adsorption of other molecules onto the silica surface J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.: Schmitt, K. D.;

such as water or alcohols created obstacles for the surface ﬁ_hu,, C. }--gv-;soﬁoni(D- ?-;usgepp%rﬁ, E. gv-(;ig/lgczCﬁir&?S)- B,;
. . . - - Iggins, J. B.; Schlenker, J. . AM. em. S0 y
diffusion of oxygen, leading to a decrease in the quenching  10534-10843 (d) Beck, J. S.; Vartul, J. C.; Kennedy, G. J.; Kresge,

rate. C. T.; Roth, W. J.; Schramm, S. Ehem. Mater1994 6 (10), 1816-
. e . 1821. (e) Vartuli, J. C.; Schmitt, K. D.; Kresge, C. T.; Roth, W. J.;
In recent years, a need has been identified for optical Leonowicz, M. E.; McCullen, S. B.; Hellring, S. D.; Beck, J. S.;

oxygen sensors with very fast response times. These sensors,  Schlenker, J. L; Olson, D. H.; Sheppard, E. @hem. Mater1994

: : 6 (12), 2317-2326.
for example, would be able to monltor.the propagat!on of (30) (a) Zhao, D.. Feng, J.: Huo, Q.. Melosh, N.: Fredrickson, G. H.:
shock waves across the body of an airplane breaking the ° Chmelka, B. F.; Stucky, G. D8ciencel 998 279, 548-552. (b) Zhao,
sound barrier or due to an explosion. One might be interested ~ D-i Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D.Am. Chem.

; . . L Soc.1998 120 (24), 6024-6036. (c) Zhao, D.; Yang, P.; Huo, Q.;
in the propagation Ve|OC|ty.0f the initial shock wave or the Chmelka? B. FF; S)tucky, G. DCuEr.)Opin. Solid Stagte Mater. S(gi.
consequences of the reflection of the shock wave off a variety 1) %9)93 3,h1118812_1. €987 277, 12321237, (b) Groth, T- Lendlel

: e : a) becher, clenc A f . roth, T.; Lendlein,
of surfaces. For PL sensors based on dyes dissolved in liquid™ x Angew. Chem., Ind. E®004 43 (8), 926-928; Angew. Chem.

films, the response time is limited by the rather slow rate of 2004 116 (8), 944-946.
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We report steady-state luminescence experiments andthe detector in order to eliminate scattered excitation light and
pulsed laser experiments to compare the susceptibility tovisible light. The signal was detected by a Hammamatsu 956
quenching of a series of phosphorescent dyes on thisPhotomultiplier tube connected to a Tektronix model 1912 transient
substrate. Our approach to data analysis resembles thafligitizer. The decay trace was then digitalized and transferred to a

described by Carraway et &more than a decade ago, who

studied oxygen quenching of several ruthenium dyes ad-
sorbed into transparent porous silica disks prepared by

compaction of porous commercial fumed silicas. Other

computer for data processing.

Materials. The dyes 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine platinum(ll) (platinum(ll) octaethylporphine; PtOEP),
platinum(Il) meso-tetraphenylporphine (PtTPP), and platinum meso-
tetrakis(pentafluorophenyl)porphine (PtTFPP) were purchased

publications that examine PL quenching experiments for dyes from porphyrin Products, Frontier Scientific Inc. (Logan, UT).

adsorbed to silica may be found in refs-18% and 33-35.

2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine palladium(ll) (pal-

Our experiments involve a different silica substrate and a ladium(ll) octaethylporphine, PAOEP), tris(1,10-phenanthroline)-

larger selection of dyes, with a broad range of different
lifetimes.

ruthenium(ll) dichloride hydrate ([Ru(phefil,), and tris(2,2bi-
pyridyl)ruthenium(ll) dichloride hexahydrate ([Ru(bp}gl,) were

We also note that, at a recent Conference in Ch|na, a poste'purchased from Aldrich. All the above dyeS were used without
was presented describing oxygen PL quenching experimentsfurther purification. Tris(4,7-diphenyl-1,10-phenanthroline)ruthe-

for ruthenium dyes adsorbed into MCM-41, a similar
mesoporous silica, but with smaller pofés.

Experimental Section

Instrumentation. Samples prepared by spin coating employed
a Headway Research, Inc., Model PWM32 spin coater. Nitrogen
sorption T = 77 K) isotherms were obtained with an AUTO-

SORB-1 automated gas adsorption analyzer (Quantachrome Instru

ments). The samples were degassed overnight atQ0Botherms
were evaluated with the Barretfoyner-Halenda (BJH) theo#y
to give the porosities, including the Brunaw@&mmett-Teller
(BET) surface areé pore volume, pore size, and its distributi®n.

Scanning electron microscopy (SEM) images were acquired on an

nium(ll) dichloride ([Ru(dppjICl;) and [Ru(phenphenCH]CI,
(phen= 1,10-phenanthroline, phenGk: 4-methyl-1,10-phenan-
throline) were synthesized in Prof. Manners’ group as previously
described?

Poly(sodium 4-styrenesulfonate) (P98, 70000), poly(allyl-
amine hydrochloride) (PAH, Mw 70000), and polyethyleneimine
(PEI,M,, 750000, 50 wt % solution) were purchased from Aldrich.
1,1,1-Trichloroethane (TCE, 99%6) and methanol (99%) were

obtained from Aldrich. Deionized water>(l0 MQ cm) was

obtained through the treatment of distilled water by a MilliQ Water
System. Oxygen (Research Grade 4.7, 99.997%) and compressed
dry air (impurity HO 10 ppm) were obtained from BOC gas.
Preparation of Mesoporous Silica ParticleSThe SBA-15
mesoporous silica particles were prepared according to a reported

Hitachi S-5200 scanning electron microscope at an accelerationProceduré#2as follows: Pluronic P123 triblock copolymer (4.0

voltage of 10 kV. Mesoporous silica samples were suspended in 9

deionized water, with ultrasonication. One drop of the suspension POroEOz0, )
(30 g) and aqueous HCI (2 M, 120 g) in a polypropylene autoclave

was applied to a 400 mesh carbon-coated copper grid and left t

dry in the air. For the mesoporous silica particles on the LbLSAF ¢

sample, a piece of the slide (ca. 6 mm8 mm) was cut and
attached to the SEM sample holder.

poly(ethylene oxidé-propylene oxides-ethylene oxide), E-
M, = 5800, Aldrich) was added to a mixture of water

and was stirred at 3%C. In general, a clear solution was obtained
in 1 h. Then, tetraethyl orthosilicate (TEOS, Aldrich,19%, 8.5
g) was added to the block copolymer solution under vigorous

Luminescence spectra and intensities were obtained with a SPEXstirring. The mixture was continuously stirred for 5 min. Then the

Industries Inc. Fluorolog II Model SPEX1680 spectrometer.
Luminescence decay profiles were obtained with a home-built
device using the third harmonic (355 nm) of a pulsed Nd:YAG

laser (Spectra-Physics GCR-170) as the excitation source. The lase
beam intensity was severely attenuated through a High-Energy

Variable Attenuator (Newport, Model 935-10) to prevent sample
damage and/or dye photobleaching. A filter BP300-400 was place

in the excitation beam path before the film sample, and the emission

was passed through another appropriate filter (CO470) placed befor

(32) Carraway, E. R.; Demas, J. N.; DeGraff, B. llangmuir 1991 7
(12), 2991-2998.

(33) (a) Demas, J. N.; DeGraff, B. A.; Coleman, P.Axal. Chem1999
71, 793A-800A. (b) Demas, J. N.; DeGraff, B. A.; Xu, \Anal. Chem.
1995 67(8), 13771380. (c) Carraway, E. R.; Demas, J. N.; DeGraff,
B. A.; Bacon, J. RAnal. Chem1991 63 (4), 337-342. (d) Carraway,
E. R.; Demas, J. N.; DeGraff, B. Mnal. Chem1991 63 (4), 332~
336.

(34) Wheeler, J.; Thomas, J. B. Phys. Chenil982 86 (23), 4540-4544.

(35) Thomas, J. KAcc. Chem. Red.988 21 (7), 275-280.

(36) Zhang, H.; Sun, Y.; Ye, J.; Bian, H.; Zhang, P.; WangXiangshan
Science Conference on Functional Supramolecular Sys@ina,
2004.

(37) Barrett, E. P.; Joyner, L. G.; Halenda, PJPAm. Chem. Sod.951,
73 (1), 373-380.

(38) Brunauer, S.; Emmett, P. H.; Teller, E.Am. Chem. S0d.938 60
(2), 309-319.

(39) (a) Gregg, S. J.; Sing, K. S. \Wdsorption, Surface Area and Porosity
2nd ed.; Academic Press: London, 1982. (b) Sing, K. S. W.; Everett,
D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.; Roudre, J.;
Siemieniewska, TPure Appl. Chem1985 57 (4), 603-619.

€

homogeneous solution was kept at°8for 20 h without stirring,
followed by aging at 90C for 2 days under quiescent conditions.
The solid product was collected by filtration, washing with water,
and then drying at 140C for 4 h. To remove the surfactant, the
as-synthesized white powder solid was subjected to calcination at
550 °C with air flow for 6 h, in which the temperature ramp is 4

¢ - Nitrogen sorption experiment$ & 77 K) and scanning electron

microscopy (SEM) imaging were employed to characterize the
calcined silica material.

Preparation of Mesoporous Silica Particles on Layer-by-Layer
Self-assembled Films (LbLSARE)orning micro slides (No. 2947,
plain, 3 in.x 1 in., thickness: 0.961.06 mm) were cut into 0.75
in. x 1in. pieces and treated with a mixture of MPH (29 wt %,
Aldrich), H,0O, (30 wt %, Aldrich), and HO (1:1:5) at 70°C for
about 30 min, followed by a thorough rinse with deionized water
and then ultrasonication in deionized water for 15 min. The films
were stored in deionized water. The following solutions were used
for layer-by-layer deposition: PSS solution (10 mM), PAH solution
(10 mM), and PEI solution (10 mM).

Layer-by-layer films were prepared by spin coating. To form
the first layer, the PEI solution (ca. 5 drops, 10 mM) was dropped

(40) Lin, C.-T.; Batcher, W.; Chou, M.; Creutz, C.; Sutin, M. Am. Chem.
Soc.1976 98 (21), 6536-6544.

(41) Kruk, M.; Jaroniec, M.; Ko, C. H.; Ryoo, REhem. Mater200Q 12
(7), 1961-1968.

(42) Sayari, A.; Han, B.-H.; Yang, YJ. Am. Chem. So2004 126 (44),
14348-14349.
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onto a cleaned glass slide, which was placed on the flat surface ofluminescence decay lifetime, and the values superscripted with “0”
the vacuum chuck of the spinner. This solution wetted the glass refer to values in the absence of quencher. [Q] denotes the molar
surface completely. Spinning was initiated and maintained at 4000 concentration of the quencher akglis the rate constant of the
rpm for 15 s. Then, some deionized water (ca. 5 drops) was placedbimolecular quenching reaction. When the quencher is a gas such
on the slide, and it was spun (4000 rpm, 15 s) and allowed to dry. as oxygen, the luminescence intensity will, for simple systems (i.e.,
The washing procedure was repeated once again. To form theliquids, and solids far from saturation), be proportional to the partial
second layer, the PSS solution (ca. 5 drops, 10 mM) was placedpressure of oxygeimo,, Which, in turn, is proportional to the oxygen
on the substrate and spun, followed by two washing steps with concentration. Here one can write
deionized water as described above. Each subsequent layer was
applied in the same series of three steps. This procedure was used f — 14K @)
to form the third layer, using the PAH solution (ca. 5 drops, 10 [ svPo,
mM). Then two additional pairs of layers were deposited by
alternately coating with the solutions containing PSS and PAH with where the SternVolmer constanKsy contains all of the propor-
intermittent washing steps. The top layer of the LbLSAF was tionality constants relating the external oxygen pressure to the
designed to be PAH to impart a cationic charge to the surface. Theluminescence intensity. In our experiments, values of the un-
surface will be attractive to the mesoporous silica particles, due to quenched intensitlf and the unquenched lifetime were obtained
the negative charge of a silica nanoparticle surface. In general, weat the lowest pressure accessible in our system, 0.2 and 0.06 Torr
prepared the LbLSAF with three PSS/PAH bilayers, i.e.,-PEI  using the degassing system in the steady-state and time-resolved
(PSS-PAH);. To form the final layer, an aliquot of the silica  fluorometer, respectively.
particle suspension (ca. 5 drops, ca. 10 mg/mL) was dropped onto  Dyes in homogeneous solutions normally exhibit simple expo-
the LbLSAF, and the slide was spun for 15 s at 4000 rpm, followed nential luminescence decays. For the dyes adsorbed to the silica
by two washing steps with deionized water as described above.surface, almost all of the phosphorescence decays were nonexpo-
After drying in air, the films obtained were further dried in a vacuum nential. The decay profiles were fitted to the general expression
oven (<1 Torr) at 60°C for 2 days.

Dyes were incorporated into the films by dipping them for about 1) = zAi ex;{— l) ©)
5 min into clear solutions of the dyes at a concentration of ca. 1 : T
10~4 M in various solvents. For the platinum dyes, the dyes were

dissolved in 1,1,1-trichloroethane (TCE). [Ru(dg@), was dis- wherel(t) is the luminescence intensity from the dyes in the film
solved in methanol to form a clear solution0~* M). The other at timet under a particular pressure aAdis the pre-exponential
three ruthenium dyes were dissolved in deionized water. The films factor for theith species with a phosphorescence lifetimeFor
were then allowed to dry in the dark overnight. all of the decays reported here two exponential terms were sufficient
Luminescence Intensity and Decay Measurement§or steady- to give a reasonable fit to the data. Intensity-weighted mean decay

state PL measurements, an LbLSAF film was placed in a closed times#°CandZ[at various oxygen partial pressures were calculated
vacuum/pressure chamber and fitted into the optical path of the with the expression

fluorescence spectrometer. The slits for the excitation monochro-

mator were set at 4 nm and those of the emission monochromator = zAiTi (4)
were 8 nm. Samples were measured in the reflectance mode with .

right angle detection, and the signal intensity was recorded in the

S&R (signal and reference) mode in 1.0 nm steps. To ensure thein which the pre-exponentid; factors were normalized, i.€%,; A
|inearity of response, the Samp|e source signa| was a|WayS: 1. Lifetime Stera-Volmer plOtS were obtained from plOtS of
maintained to be less thanx2 10° count s. After each change in ~ (#°lZ0) againstpo,.

pressure, the sample was allowed to equilibrate for 10 min before

the next luminescence measurement was carried out. Gas pressure Results and Discussion

was measured by an MKS Baratron 626A 13TAE absolute pressure . . -
transducer (1000 Torr with an accuracy40.25% of the reading, Preparation of LOLSAF Containing Mesoporous Silica

+£0.15% of the reading over the range of-41000 Torr). For ~ Particles. The SBA-15 mesoporous silica particles obtained
quantitative intensity measurements, data were acquired in the time-2€ relatively monodisperse rods, and caniin length and
base scan mode (fixed excitation and emission wavelengths) at one300 nm in diameter. Figure 1 shows the SEM images of the
point per second, for 300 s. Then the average emission intensitycalcined SBA-15 mesoporous silica particles, in which Figure
was calculated from these data. This data acquisition technique1B was obtained for the selected area in Figure 1A at higher
improves the precision of the intensity measurements, with a typical magnification. The particles possess two-dimensional hex-
precision better thant2% except at very high oxygen partial  agonal mesopores, which are parallel to the axis of the silica

pressures when the residual PL intensity was very weak. A similar 4. Figure 2 shows a typical nitrogen sorption isotherm for
vacuum/pressure sample chamber was used for the pulsed Iasef

. : . he SBA-15 materials, which is similar to that reported
experiments. It was equipped with an MKS Baratron 626A 12TAD : 2041 . P
IR D previously*%4! The condensation processes occur in the
absolute pressure transducer with similar specifications to that used

for steady-state measurements relative pressure range of 0-78.80, and this very narrow
Data Analysis. In fluid solution, luminescence intensities and '@nge indicates that the mesoporous material possesses a very

Volmer equatiorf3 loop is narrow and symmetric, also indicating that the pore
size distribution is narrow. The inset in Figure 2 shows the
° 7° BJH pore size distribution calculated from the adsorption

T=r =1k M i i

) ) ) ] (43) Lakowicz, J. RPrinciples of Fluorescence Spectroscoyd ed.;
wherel andz are, respectively, the luminescence intensity and the Kluwer Academic/Plenum Publishers: New York, 1999.
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Figure 3. Scanning electron microscopy (SEM) images of mesoporous
silica particles deposited on the layer-by-layer self-assembled film.

Chart 1. Schematic Structures of the Polyelectrolytes

wgwg“ﬁ

SOy Na* NHz"CI

PSS PAH

-+ SR particles to a flat substrate, the key feature of these films
iy for us is the ease and reproducibility of preparation. To create

Figure 1. Sca?nlng eleftronhmlgroscorly (SEl\élé)lmage k()/-\) OdeBAh:L?] a negatively charged surface on the glass substrate, the glass
mesoporous sllica partlc es; the bottom Image was obtained at igher
magnification. The scale bar represents (A) 1.0 and (B) 500 nm. slide was treated with an NBH—H,0,—H,O mixture. The

treated glass substrate was then coated with a layer of PEI,

1000 —— which acts as an adhesion promoter for the subsequently
- ooof £ deposited PSS layé?.In the experiments described here,
o> sl Es Des we prepared the LbLSAFs with one layer of PEI and three
g - _3710 Ads Des " bilayers of PSS/PAH. Then, the negatively charged meso-
~ 700 2. porous silica particles were deposited on the positively
& 600 E ) charged PAH layer. The chemical structures of the poly-
@ 500 | € electrolytes are shown in Chart 1. The film formed was
2 L Ads imaged by SEM. From the SEM images (Figure 3) of
g 400 mesoporous silica particles deposited on the LbLSAF, one
> 300} can see that the spin-coating approach leads to a submono-
B 200 L layer coverage of the LbL film by the rodlike silica particles.
'g I The dyes were loaded into the mesoporous silica particles
§ or on the LbLSAF by dipping the dried films into the dye

O 0 oz o2 os o8 10 solution. Chart 2 shows the molecular structures of the dyes

' R lativ lPr r pIp ' ' used in this study. Due to the high interior surface area of

elative Pressure (P/F,) the mesoporous silica particles, and the small size of dye

Figure 2. Nitrogen adsorptiortdesorption isotherms for SBA-15 meso-  molecules as compared to the pore size (ca. 8.9 nm), we
porous silica nanorods; inset: BJH pore size distribution obtained from . . '

the adsorption and desorption branches, respectively (adsorption, solig@sSsume that all but a negligible fraction of the dye molecules

triangles; desorption, open triangles). are bound to the walls of the mesoporous channels. The

amount of dye adsorbed to the silica particles is difficult to
and desorption branches. It confirms the narrow pore size
diStribUtion, in which the peak Wldth at half—helght -iS O-nly (44) (a) Cho, J.; Char, K.; Hong, J.-D.; Lee, K.-Bdv. Mater. 2001, 13
0.8 nm. The BET surface area is 966/g) the pore size is (Rl4t))' 107?}307% (t?') Chiagell'{)I PWA.; JOEaJ&dM' '\% Cazssgz,ng. L;
H oberts, J. B.; Robinson, J. - ang, A. v. Mater.
§3.9 nm (from the adsorpnon branch), and the pore volume (15). 1167-1171. (¢) Lee. 5.-S.. Hong, J.-D.; Kim, C. H.: Kim, K.:
is 1.24 cni/g at the relative pressure of 0.95. Koo, J. P.; Lee, K.-BMacromolecule2001, 34 (16), 5358-5360.
_bv- _ i (d) Chiarelli, P. A.; Johal, M. S.; Holmes, D. J.; Casson, J. L,;
I'_ayer py layer self-assembled films were prepared by the Robinson, J. M.; Wang, H.-LLangmuir2002 18 (1), 168-173. ()
spin-coating methotf The authors of ref 44 have argued Sohn, B.-H.; Kim, T.-H.: Char, KLangmuir 2002 18 (21), 7776
that this approach offers various advantages over the more(45) 27)7ﬁ H.: Papast 6. Kurth. D.Ghem. Mater2003 15
a) Krass, apastavrou, urf em. Mater
common dipping method. Since we are using the LbLS_A_\F (1), 196-203. (b) Liu, S.; Kurth, D. G.; Mowald, H.. Volkmerm, D.
film as an adhesion layer to attach the mesoporous silica  Adv. Mater. 2002 14 (3), 225-228.
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Chart 2. Molecular Structures of the Phosphorescent Dyes

CoHs CoHs C2Hs C2Hs
2Hs  HsC
R
HsCz 2Hs  HsCy
CaHs CaHs
PtOEP PdOEP

. PtTPP
@ @ PtTFPP
CHS 2+ 2+ 2+
ON—Ru—NO
7 @3' G [ T
[Ru(dpp)]* [Ru(phen);(phenCHy)*"  [Ru(phen);I** [Ru(bpy)s]**

quantify. The luminescence intensity increased with time of ~ With one exception, the phosphorescence decay profiles
exposure to the dye solution and with the concentration of of all of the dyes investigated in the mesoporous silica films
the dye in the dipping solution, and the choice of conditions were nonexponential, both in the absence and the presence
reported here was based on obtaining reasonable PL intensiof oxygen. The exception is the decay profile of [Ru(kpy)

ties and PL spectra for the dyes that resembled their spectreCl, in the absence of oxygen, which fits very well to a single

in solution. A number of control experiments were carried exponential form. All of the other decay profiles fit well to
out to support the idea of dye absorption into the silica pores. a sum of two-exponential terms, and for these samples,
For example, if the cationic ruthenium dye were adsorbed intensity-weighted mean lifetimes were calculated (eq 4). The
by dipping directly onto the anionic surface of a similar unquenched mean decay times are also listed in Table 1.
LbLSAF film, the luminescence intensity was too weak to PdOEP has the longest lifetime, ca. 1 ms, whereas the
be quantified. In another set of experiments, we replaced
the mesoporous silica particles with nonporous spherical
silica particles with a diameter of ca. 137 nm. Here too, for i
dyes adsorbed to this substrate, we observed only very Weak_\ 08l
PL intensity in the absence of oxygen. [ excitation emission

Properties of the Dyes Adsorbed to the Films.The E’ 06f
emission and excitation spectra of PtOEP deposited on the:'?
mesoporous silica film are shown in Figure 4A. The 2 041
excitation spectrum shows two bands, 535 and 499 nm, due&

to the'Sy — 1S, (or,7*) transition, as well as the Soret band = 0.2
at 381 nm. The excitation spectra of PtTFPP and PtTPP on

the mesoporous silica film resemble those of PtOEP, butthe ~ 00 _, ; . . . : . .

1.0 - PtOEP A

band positions of PtTFPP and PtTPP are bathochromically 350 400 450 500 550 600 650 700 750
shifted by a few nanometers. The bathochromic shift of Wavelength/nm

PtTPP is somewhat larger, and the peak at 540 nm has a

much smaller intensity relative to that of the peak at 510 [

nm. The emission peak of PtOEP is at 646 nm. The 1'0_ B [Ru(phen)3]CI2
corresponding emission peak of PtTFPP is at 649 nm, while 41

that of PtTPP is at 661 nm. These spectra are very similar — [ excitation emission

to the corresponding spectra of these dyes in simple solutions. =3 g6l

We list the key peak positions in Table 1 and compare these &

values to those of the dyes in a polar aprotic polymer solution -? 04l

(poly(n-butylaminothionylphosphazene),FRATP)Z> in which 2 |
these dyes are believed to be molecularly dissolved. 8 g2l

The emission and excitation spectra of the four ruthenium- =
(1) complex dyes [Ru(dpp)Cl,, [Ru(phenphenCH)]Cl,, e
[Ru(phen)]Cl,, and [Ru(bpyj]Cl; in the mesoporous silica 300 350 400 450 500 550 600 650 700 750 800 850
film are very similar. The emission and excitation spectra Wavelength/nm

of [Ru_(phen}]CIz ar?_ shown ir_‘ Figu_re 4B, and the corre- Figure 4. Emission and excitation spectra of dyes in the mesoporous silica
sponding peak positions are listed in Table 1. particles on the LbLSAF: (A) PtOEP and (B) [Ru(phg@)..
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Table 1. Excitation, Emission Peak Positions, and the Unquenched 16.0

Average Lifetimes of Various Dyes in the Mesoporous Silica r

Particles 14.0 i

Aexmax Aemmax [@°3 Tom b oReft 120+

(m) (M) (@) @s) P (hm) 100

PdOEP 393 664 1000 687 0.94 0.38 -

PtOEP 381 646 844 813 0.66 10 o~ 80F

PITFPP 391 649 71.2 70.3 0.28 0.42 - 60-—

PtTPP 400 661 77.6 743 0.72 045 -

[Ru(dpp}]Cl.* 465 603 756  7.11 0.48 0.90 a0k

[Ru(phenphenCH)]CI, 452 591 3.75 3.33 0.75 0.88 F

[Ru(phen}]Cl» 451 586 299 267 0.73 1.25 20r
[Ru(bpy)}]Cl2 452 600 140 140 0.14 112 0.0 [ . . .

a2The unquenched mean lifetime calculated via ef Bhe unquenched 0 50 100 130

Gaussian lifetime o, = 0) calculated as described in ref 26, and the Oxygen Pressure/Torr

corresponding distribution parameferc Peak maxima in g?°ATP: PtOEP,

Aex 383 NM,Aem 645 nm; PtTFPPex 392 nm,Aem 649 nm; [Ru(dppCl2,
Aex 460 nm,lem 605 nm. Data from ref 25. a0l
12
: PtTFPP
10F = 3.0
- . - -~
3 o08f = s
8 [ o* =
g N x 20
> 06 =
= [ o=
2o.f
g o4 = 10k
o [
Eoz’. ‘: | PR NS N N R U RS RS R
[ - . 0 100 200 300 400 500 600 700 800 900
0.0f Oxygen Pressure/Torr
’ ('; ' 2'0 ' 4'0 ' 6'0 ' 810 : 1(')0 ' 150 ' 1:10 ’ 1('50 ' 1;;0 Figure 6. Intensity Stern-Volmer plots for four porphyrin dyes (A) and

four ruthenium dyes (B: [Ru(dpgCl2, open triangles; [Ru(phesphenCH]-
Oxygen Pressure/Torr Cl,, open squares; [Ru(phe]gl,, solid circles; [Ru(bpygCl,, solid squares)

Figure 5. Variation in the PL intensities of PtTFPP in the mesoporous N the mesoporous silica particles.

silica particles at various oxygen pressures.

0.5
platinum(ll) dyes have lifetimes of tens of microseconds, “@v‘lﬁiﬂ:@‘”
o : 04f o T .

and the lifetimes of the ruthenium(ll) dyes are only several — AL
microseconds. [Ru(bpyCl, has the shortest lifetime in the 'g 03l
absence of @ only 1.40us. on

Phosphorescence Quenching Experimentn the pres- = 02}
ence of increasing partial pressure of oxygen, the PL intensity é
of the dyes decreases. An example is shown in Figure 5 for ‘i:., 01Ff
PtTFPP in the mesoporous silica film. Error bars are also
included in the figure. It is evident that the relative error is 0.0
very small (<2%). The degree of change varies from dye to o 50 700 150 200
dye, and not unexpectedly, the longer the unquenched Oxygen Pressure/Torr
lifetime of the dye, the greater the extent of quenching for _ . .

. Figure 7. Intensity Stern-Volmer plots scaled by the reciprocal un-

a given value ofoo,. quenched lifetime® for different dyes in the mesoporous silica.

These data were then plotted against oxygen pressure
according to eq 2. These Sterkolmer (SV) plots for the lifetimes, 9,10-diphenyl anthracene and pyrene, adsorbed to

platinum and palladium porphine dyes are presented in Figurethe surface of silica. Even though the individual PL decays
6A, and corresponding plots for the ruthenium dyes are were nonexponential, th&/l values, normalized by the
presented in Figure 6B. All of the plots exhibit a downward difference in mean lifetime, fell on a common plot. We carry
curvature, especially in the lower range of oxygen pressures.out a similar exercise in Figure 7, where we plde/}) —

This type of curvature has been seen previously for oxygen 1)/iz°Cagainst oxygen partial pressure. We see that that this
quenching of dyes adsorbed to a fumed silica, and the originrenormalization of the data brings the plots closer together,
of the curvature has been attributed to a distribution of but that significant differences remain. This is a topic we
environments on the surface of the sili@aDespite the Wil return to later in the paper.

curvature, one expects (cf., eq 1) that the main difference in  In Figure 8, we show the PL decay curves for PtOEP for
the sensitivity to quenching of the different dyes is the a series of experiments at increasimg values. All of the
unquenched PL lifetime. For example, the Thomas group semilogarithmic decay plots are curved, but are easily fitted
(Krasnansky et & compared the sensitivity to oxygen to a sum of two exponential terms. The decay rate of the
quenching of two fluorescent dyes with very different excited state is substantially enhanced in the presence of
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from a commercial porous fumed silica powder (Cab-O-Sil

1.000 | PtOEP M-5, Cabot Corp., surface area 20@/gibefore pressing,
2 \ 190 n¥/g in the disk itself), whereas the latter (Krasnansky
2 et al?®) examined a fumed silica (Cab-O-Sil HS-5) consisting
.2 of 8 um diameter particles with a surface area of 32%gn
< 0100} It is likely that the surfaces of these silica samples are
2 E somewhat different. From the comment in Carraway €&t al.
= that their ruthenium dye decay profiles “could all be
&’ accurately reproduced with a sum of three or four exponential

o010l terms,” we infer that the dyes on the surface of the fumed

' ' ' L L silica had a much broader distribution of decays than we
0.00 100.00  200.00  300.00  400.00  500.00 . p

) find for our mesoporous silica sample, where there were only

Timelusec slight deviations from an exponential fit, and two exponential

Figure 8. Semilogarithmic plots of phosphorescence decay profiles of terms were always sufficient to reproduce the decays.

PtOEP in mesoporous silica particles at various oxygen pressures. Because of a difference in data analysis strategy of the

12.0 Thomas group, a direct comparison with their fluorescence
PtOEP decay profiles is more difficult, but the shape of these decay
100F Intensity -+ profiles in the absence of oxygen seem more consistent with
°E 80k _ 1 the nearly exponential profiles that we find for our-sgkl
- Lifetime mesoporous silica samples.
O 6o} Phenomenological Model§he Demas group employed
e a phenomenological approach to data analysis. They inter-
N 40r preted the intensity SV data for oxygen quenching of
°\‘;’ ol ruthenium dyes on a silica surface in terms of the simple
' two-site model proposed by Demas and DeGtafbr
00 microheterogeneous systems.
(I) &I') 1I0 1I5 2IO 2IS 3I0 35 |0 1
Oxygen Pressure/Torr TS, 1-1, ®)
LS empaen S o feme Sinvemer plos of T Koo, T 1T K,

increasing oxygen partial pressure. The PL decay curves for 1 Nis modelis formulated in terms of two classes of binding
all of the dyes examined were similar in shape and showed Sit€S: €ach with its own SV constakev: and Ksv2 and
increased decay rates in the presence of increasing oxygerractionsfy andf; (fz = 1 — f,) of the dye present at each
pressure. The quenched PL decay rates for [Rugipl) site. .T.he data in Figure 6 f'lt very ngl to thls model, and
[Ru(phenphenCH)ICl,, and [Ru(phen]Cl, became too the fitting parameters obtalned_are |IS'Fed in Table 2_. The
rapid for accurate data collection with our instrumentation, fundamental assumption associated with this model is that
and thus the only decay profiles measured for these dyes't @ndfz are properties of the dyes and sites to which they
were those in the absence of oxygen. are b_o.u.nd, whereas Fhe SV cqnstants are a measure of their
sensitivity to quenching. In this respect, it is interesting to
note that thd; values, representing the sites more sensitive
to quenching, are similar in magnitude for the four porphyrin
dyes and range from 0.83 to 0.89. The situation is not quite
so simple for the ruthenium dyes, and hérealues range
from 0.39 for [Ru(bpyj]Cl; to 0.61 for [Ru(dppiCl..

This approach to data analysis assumes that surface

In Figure 9, we compare plots for PtOEP @fli[z(Jand
I/l againstpo,. These plots are coincident over the entire
low-pressure range. At higher pressures (hergfor> 30
Torr), the lifetime ratios fall below the intensity data. Similar
results were obtained for the other platinum and palladium
dyes and for [Ru(dppg)Cl,. We obtained nearly coincident
plots @°lzCandI®/l againsipo, for low to moderate extents

of quenching, and at higher oxygen pressures, the Iifetimed'ﬁus'on_bclnc foxygrj]en boung_ to the surfaCE of tf;e silica is
ratio data exhibited a greater curvature, and the data pointsreSIOOnSI e for the quenching process. The surface concen-

were below the intensity ratio points. For completeness, we ration of guencher [Q}s depends on the external oxygen

present additional plots in the Supporting Information that pressure through the ad_sorpnqn isotherm. Ca_rra\./\{ay?é.t al.
accompanies this paper measured the oxygen binding isotherm to their silica disks,

Interpreting the Phosphorescence Quenching Experi- but for the low fractional surface coverageaccessible in
ments. The experimental observation of nonexponential their expgrlments, they could not distinguish a S|mple
decays of dyes adsorbed to the silica surface points to a!_angmuw isotherm (eq 6) from the_more general Freundlich
distribution of dye environments. This type of phenomenon |sot:1herm (ﬁ?hn' In the _Langmuw isotheriflis related to
has been seen previously in experiments from the DemasPe- through the expression
group and by the Thomas group. The two groups examined [Q] bpo
somewhat different silica samples. The former (Carraway g = —cads b2
et al3?) examined transparent disks prepared in a KBr press [Qlmax 1+ b,

(6)
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Table 2. Comparison of Stern-Volmer Constants for Various Dyes in the Mesoporous Silica Particles on the LbLSAF Obtained from the
Nonlinear Fitting Employing Different Models, i.e., Demas-DeGraff Two-Site Model and Freundlich Isotherm Model

Demas-DeGraff two-site model Freundlich isotherm model
f1 Ksyvy/Torr 1 Ksvo/Torr 1 Va Ksy 1/ 22
PdOEP 0.89 6.37 0.16 0.0119 3.41 0.67 0.0397
PtOEP 0.87 0.63 0.017 0.00344 0.70 0.67 0.0117
PtTFPP 0.87 0.20 0.0060 0.00042 0.30 0.69 0.0123
PtTPP 0.83 0.29 0.012 0.00071 0.34 0.70 0.00459
[Ru(dpp}ICl2 0.61 0.054 0.0040 0.0008 0.064 0.71 0.0006
[Ru(phenphenCH})]Cl, 0.58 0.025 0.00065 0.00073 0.063 0.54 0.00138
[Ru(phen}]Cl, 0.50 0.036 0.00095 0.00134 0.059 0.55 0.00115
[Ru(bpy}ICl» 0.39 0.016 0.00076 0.00062 0.021 0.63 0.00019

where [Qlnaxis the maximum surface concentration (presum-  The Gaussian Distribution ModelKrasnansky et al.
ably a monolayer) andis related to the adsorbate adsorption invoked the idea of a Gaussian distribution of unquenched
energy. The Langmuir model assumes that all binding sites decay rates to interpret the nonexponential PL decay traces
have the same hinding energy. The Freundlich model takesof 9,10-diphenylanthracene and pyrene adsorbed to flica.
into account a distribution of sites with different binding This model has two fitting parameters, a Gaussian mean

energies, leading to an expression of the form decay rate (If,) and the width of the distributionyj. In
fitting their experiments, they found that bgttand the mean
6=a Pozlm ) decay rate increased with increasing oxygen pressure. They

carried out experiments over a wide range of temperatures
(—92 to 18°C) and showed that the SV slopes had much
steeper slopes at lower temperature. They plotted their data
against the bulk molar oxygen concentration, relatepsto
via the ideal gas law, and attributed the enhanced quenching
at lower temperature to enhanced oxygen adsorption to the
silica surface. On this basis, they ruled out a quenching
mechanism involving direct collision of gaseous @ol-
ecules with excited dyes on the silica surface.

To pursue their analysis further, they measured oxygen
o " " adsorption isotherm_s at four temperatures ranging fr98
T 1+ Ky [OalmaPo, = 1+ KgyPo, (8) to —47 °C. Qver this temperature range, _fo_r their sample,

the adsorption followed a simple Langmuir isotherm. They

extrapolated these data to higher temperatures in order to

and the constants[Os]max FOr the results reported by the estimate the amount of oxygen bound and the mean residence
time of an oxygen molecule on the silica surface. With these

Demas group, a similar expression based on the Langmuir ! i
group b g data, they were able to show that their experiments at all

isotherm of oxygen adsorption and a single Steviolmer ¢ ‘ istent with hi i
constant could not accommodate the curvature seen in the-cMPErAUres wWere consistent with a quenching rate expres-

1/1 plots (cf., Figure 8 in ref 32) at low oxygen pressures. sion of the form
We see similar curvature in our data in Figure 7. Not 1 1
surprisingly, our data also can be fitted very well to eq 8, . o + ki[Oglags 9)
and the fitting parameters we obtained for each dye are Tm
presented in Table 2. As the chi-squared values in Table 2
indicate, we obtain a very similar quality of fit of our data
to eq 8 and to the two-site model, eq 5. The excellence o
fit by itself, however, should not be taken as a proof that
either model properly identifies the underlying mechanism
of the quenching process in our experiments.

Carraway et a¥? also commented that they could not fit
their data to a Langmuir surface diffusion model in which

for gas—solid adsorption. Here represents a series of
constants and is an empirical parameter.

These authors describe their attempts to fit their intensity
SV plots to a number of different models. In addition to the
two-site model (eq 5) cited above, the other model that fit
their data involved diffusional quenching by adsorbed oxygen
in which oxygen adsorption followed the Freundlich iso-
therm. In the corresponding SV relationship,

Ksy is a fitting parameter that represents the produd{sf

where 1¢;, is the Gaussian mean decay rate for the dye in
¢ the absence of oxygen aklis the second-order quenching
rate constant. Plots &, against oxygen surface concentra-
tion, calculated from the Langmuir binding isotherm, were
linear and increased with temperature. This result shows that
the steeper SV slopes at low temperature were due to an
enhanced oxygen surface concentration and not a funda-

they assume a Gaussian distribution of lifetime sites, with Mental change in quenching mechanism. The calculated
each site quenched with the same bimolecular rate constantA'TN€Nius activation energy fdg, was close in magnitude
This Gaussian model was originally proposed by Albery et 1© the binding energy of oxygen on the surface of the silica.
al.% and, as we see in the following paragraphs, it was One of the most interesting aspects of their paper concerns

applied very effectively by the Thomas group to oxygen the nature of oxygen diffusion responsible fc_)r quepching.
fluorescence quenching experiments for dyes adsorbed to! "€y commented that, from a steady-state point of view, the
Cab-O-Sil HS-5 silica particles. amount of oxygen adsorbed on the silica surface in the range

where quenching occurs is quite low; at ambient tempera-
(46) Albery, W. J.; Bartlett, P. N.; Wilde, C. P.; Darwent, J. R.Am. tures, the surface quencher concentration even approaches
Chem. Soc1985 107 (7), 1854-1858. the surface probe concentration. They also concluded that
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the mean residence time that a given oxygen molecule resides Variation in Capture Radius for the Different Dyels

on the surface is quite short, anywhere from a few picosec- this section, we return to the data in Figure 7 and address
onds to several hundred picoseconds depending on thehe question of why scaling the data by the lifetime of the
temperature. These short residence times would not bedye is not sufficient to reduce the quenching data to a
expected to yield the observed dynamic type of quenching common line. To proceed, we introduce for comparison
if the oxygen molecules initially present on the surface at purposes the results of oxygen quenching experiments for
the moment of probe excitation were completely responsible these same dyes dissolved in a polymer film consisting of
for the quenching of the probe’s excited st&t their view, C,PATP. One feature that these experiments have in common
the dye molecules on the surface are relatively immobile. with oxygen quenching experiments for dyes adsorbed to
Oxygen molecules from the atmosphere rapidly diffuse onto the silica surface is that, on the time scale of the excited
and depart from the surface so that the number of times anstate lifetime, the dyes remain relatively immobile and
adsorbed oxygen is replaced at some other arbitrary surfaceluenching is dependent on oxygen diffusion. The polymer
location by an oxygen from the gas phase is great during film acts as a viscous liquid, and for diffusion-controlled
the lifetime of the probe. The random displacement is crucial guenching in three dimensions, the diffusion-controlled rate
in describing the apparent surface migration distance incurredconstantc can be written as

during the lifetime of the dye’s excited state. k= 4=7TNA0LReffDoz (10)

We also fitted our decay curves to the Gaussian lifetime

distribution model. Not having measured oxygen isotherm HereN, is Avogadro’s numbemo, is the oxygen diffusion
data, we do not attempt as deep an analysis of our data agoefficient in the polymerRe is the effective interaction
that reported by Krasnansky et’dWe prefer to make more  gjistance between the excited dye and quencher at which
general comments about differences in the two approachesguenching takes place, and describes the fraction of
to treating data. In Table 1, we present valuespfindy encounters that lead to quenching.

for each of the dyes we examined. With the exception of Under these circumstances, one can write the Stern
PdOEP, the Gaussian-weighted average lifetimes and thevolmer equation as

intensity weighted average lifetimes (eq 4) are similar in .

magnitude, but the Gaussian lifetime is always smaller. These Y A

mean lifetimes represent different averages over the decay TO(I ) B MaREﬁNAPOZpOZ (11)
rate distribution. We also note that thevalues forpo, = 0

are different for the different dyes, and there is no particular HerePo, is the oxygen permeability, equal to the product of
pattern that can be associated with molecular structure. ThisPo, and the Henry’s Law constarf, relating the molar
situation is different from that reported by Krasnansky et 0Xygen concentration in the film to the external oxygen
al. 26 who reported very similar values & 0.49) for both ~ Pressure ([g = S, po,). In reality, because of multiple
pyrene and diphenylanthracene fluorescence at 18 and 1g0llisions, the magnitude aiRer varies with factors such
°C, respectively. In their experiments, values increased ~ &S tgm.perature that affect diffusion rates in the system. In
gradually with increasing oxygen partial pressure, whereas € limit of Do, = 0, a. — 1, andRet approaches the true
our results in fitting data to this model were not so simple. ¢@pture radius. In more practical terms, a valueoBg can

For the interested reader, we provide plots for PtOEP, P& determined (as for PtOEP in poly(dimethylsiloxane),
PtTEPP, PtTPP, PdOEP, and [Ru(dj@), of L/zm andy PDMS). where the permeab|I|'Fy of the polymer to. oxygen is
VS po, in Figure S1 of the Supporting Information ac- known independently. In treating oxygen quenching data for

companying this article. For the Pt dyes, values of the fitting Pt(l)EP in P_DEAS an(;ISﬂ?ATP at 23°C, we have used the
parametety increase rapidly over a very small range-&® value oRe = 1.0 nm:

Torr) of low oxygen pressures. This indicates that the spread q Exag?_?t'olrf] ofeq 11t |tr)1d|catefsf_tr_1at,tfor al_serles of d'errim
of the lifetime distribution increases, and possibly that not YEs, ltseft may not be a sutlicient scaling parameter to

all sites are being quenched with the same efficiency. In :ﬁd.uceReall thle datlac;o a(ljcfomr;ondllne :f theddyes Q|fferf|n
contrast,y values for the ruthenium dyes show substantial o O eff VAIUES. Indeed, Tor [Ru(dpgCl2 and a series o

latinum porphine dyes in £ATP, we found that differ-
scatter, and no clear pattern emerges from the data as ) ;
. . . ences in slope of the linear Sterlolmer plots could not
function of increasing oxygen pressure.

be accounted for exclusively on the basis of differences in
In addition, plots ofry/7m (i.e., Gaussian mean lifetimes)  the unquenched lifetime. The data could be accommodated
are steeper than corresponding plot&#illzL) whereas the  only in terms of differences in the quenching efficiency of
latter, as we have seen in Figure 9, correspond rather wellthe excited state of these dyes with oxygen as expressed by
to plots of1%1. In the Supporting Information, we provide gR.. In this way we determined a value @Re = 0.5 nm
individual plots of19/I, [z°l)#[] and 7y /tm, for each of the  for [Ru(dpp}]Cl, and 0.65 nm for PtTFPP in this matfX.
dyes for which we obtained PL decay profiles as a function  This idea can be extended to the case of oxygen quenching
of oxygen pressure (see Figure S2). Overall, we concludefor dyes adsorbed to the surface of mesoporous silica by
that the PL decay profile fitting parameters from the Gaussian seeking values ofiR.¢ that operate as scaling factors along
distribution model exhibit substantially more scatter and a the y-axis to bring the various quenching curves into
less self-consistent variation with increasing oxygen pressureproximity. In this instance, the parameteg, in eq 11 no
than the more phenomenological models described abovelonger refers to the traditional “permeability” of a material
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o~ 030 sions, the interaction between oxygen and the excited
g o2k A P ruthenium dye is less efficient in deactivating the excited
< f e state than for PtOEP. The corresponding values for quenching
% 020} [Ru(dpp)]Cl, ) / on the silica surface indicate that, on a locally flat surface,
o: s ::?f:P w. e these differences largely disappear.
w 015 #0145
n:% [ ptTPP // POEP
S 0.10f A7 o0 Summary
E 0.05
F<'~ 0.05¢ oool ¢ PaoEp We prepared a sample of mesoporous silica containing a
= I 0 25 50 narrow distribution of pore sizes with a mean pore diameter
< 0.00F Oxygen Pressure/Torr e
= . of 9 nm and a surface area of 96(%/qn The silica was

prepared in the form of short rods of similar size, caumi
in length and 300 nm in diameter. Sensor films were prepared
by adsorbing these particles at submonolayer coverage on a

o~ 05
'€ B [Ru(bpy),ICI thin polymer film with a positively charged surface prepared
£ oaf [Ru(dpp),]CI, by the layer-by-layer method. When these films were dipped
‘n into solutions of various dyes and the solvent was allowed
3 . .
= o3f to evaporate, the dyes became incorporated into the pores
°“§= [Ru(phen),ICl, of the mesoporous silica particles. While dyes adsorbed to
o 02f [Ru(phen),phenCH_ICI, the layer-by-layer film itself had very weak photolumines-
§ cence intensity, dyes incorporated into the mesoporous silica-
= 01 coated polymer films had an intense fluorescence that was
< p;t::PP easily detected.
°E 0.0 The phosphorescent dyes employed were platinum and

palladium porphines (PtOEP, PAOEP, PtTPP, and PtTFPP)
and ruthenium complexes ([Ru(dgi®)l, [Ru(phen)phenCH]-

Figure 10. Scaled intensity SterAVolmer plots (eq 11). The scaling Clz, [Ru(pherj]Clz, and [Ru(bpyjIClz). The phosphorescence-

parameter employed is the reciprocal of the prodeeRe. Values ofoRet quenChm_g behavior was mvestlga'Fed _by mpnltorlng t_he
for each dye were selected relative to an assumed value of 1.0 nm for PtOEPChanges in phosphorescence emission intensity and lifetime

to optimize superposition of the curves. Individual valuesiBfs for each upon varving the oxvaen pressure. The PL emission intensi-
dye are presented in Table 1. (A) Scaled plots for [Ru(ggy (filled .p rying . .yg P " . .
triangles), PtOEP (open inverted triangles), PtTFPP (filled circles), ptTpp ties and decay lifetimes decrease with an increase in oxygen

(open diamonds). The inset compares data for PAOEP (open circles) with partial pressure. The quenching sensitivity increases with the

that for PtOEP. (B). A corresponding plot at higher pressures that includes unquenched lifetime of the dye Overall. the data for these

data for the four ruthenium dyes. ) ! :
phosphorescent dyes resembled those described by the
Demas group for ruthenium dyes adsorbed to transparent

to oxygen, but rather represents all of the proportionality diSks prepared by compression molding of porous fumed

constants exceptRe connecting the measurable parameters Silica particles. The data did not fit as well to the Gaussian
on the left-hand side of the equation to the external oxygen Model used so effectively by the Thomas group to describe
pressure. fluorescence quenching by oxygen on the surface of some-

In Figure 10 we show that, at low oxygen pressure, the what differe_nt _silica particles._Ou_r interests are more related
quenching data for all of the dyes will fit a common curve t© the fupcnonmg of.these thin f!lms as sensors rather t.h.an
if one plots [(/1) — 1]/(ctRei7°) VS po,, Where thexRey values the detailed quenchmg mgchamsm py oxygen on the silica
are taken relative to an assumed value of 1.0 nm for PtogpSurface. In future publications, we will report the results of
as the best scaling factors for curve superposition. [Ru(ghen) experimgnts that de;cribe the rate of response of these sensors
Cl, shows a pronounced downward deviation from the master {0 & rapid change in oxygen pressure. .
curve for po, values above 40 Torr, and the structurally ~ One interesting mechanistic aspect about the quenching
related [Ru(phegphenCH)ICl, shows a similar effect for ~ Process to emerge fr_om our data is that the intensity and
po, > 100 Torr. The best fitiRe; values are presented in lifetime data we obtained for the dlfferer_wt dyd¥/I( t%7)
Table 1. One sees thatRes values range from 0.38 for cannot be scaled to a common curve using the unquenched
PAOEP, 0.42 for PtTEPP, and 0.45 for PtTPP to 0.95 for dye lifetime z° as the sole scaling parameter. A common
[Ru(dpp}|Cl, and 1.12 for [Ru(phephenCH)]Cl,. Lower curve can be obtained if we assume that the different dyes
values ofoR. for PtTEPP and PtTPP are consistent with Nave different quenching probabilities per encounter with
steric effects associated with the four phenyl substituents on©XYgen as expressed by values:y. Based on an assumed
the porphyrin ring decreasing the quenching efficiency per value ofaRet = 1.0 nm, corresponding values inferred for
encounter, but this effect will not explain the low quenching the other dyes were 0.9 nm for [Ru(dgi)2, 0.42 for P{TPP,
per encounter for PAOEP. The main surprise in the data is@nd 0.45 for P{TFPP.
that the value oftR« for [Ru(dpp}]Cl; is so similar to that
of PtOEP. In GPATP films, this value is half that of PtOEP Acknowledgment. The authors thank NSERC Canada and
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