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We examined the photoluminescence and susceptibility to quenching by atmospheric oxygen of a series
of phosphorescent dyes dissolved in a eekell “soft-sphere” ionic liquid matrix consisting of a 7 nm
diameter silica core surrounded by a mobile phase consisting of end-grafted flexible chains. While this
medium is macroscopically uniform in composition, it is locally heterogeneous on the nanometer length
scale. Luminescent dyes provide an opportunity for assessing some of the properties of this local
heterogeneity. The PL decay profiles of both platinum ocatethyl porphine (PtOEP) and [RiGtpp)
could be fitted to a simple exponential form over a range of partial oxygen pressures. Taking the behavior
of PtOEP as “normal,” we calculate an oxygen permeability in the liquiBgf= 4 x 1072 mol cm!

s 1 atm!, comparable to that of polgfbutyl thionylphosphazene) (EATP) but smaller than that (18

+ 2 x 1002 mol cnr? st atm! for poly(dimethylsiloxane) (PDMS). The smaller slope of the Stern
Volmer quenching plot for [Ru(dpgCl, could be rationalized in terms of two factors, the known smaller
cross section for quenching by oxygen for this dye coupled with the likelihood that this dye is located
in a more rigid ionic environment characterized by a somewhat smaller local diffusion coefficent for
oxygen.

Introduction chains® The flexible chains deform to fill the space between

) ) ) the dense hard-core particles and impart fluidity to the
In this paper we describe photoluminescence (PL) quench-gystem . The ionic nature of the fluid phase derives from the

Ing experiments folrza series of dyes dissolved in @ novel ¢4 i the flexible chains, each bearing an ionic end group,
type of ionic liquid,-* which we refer to as a soft-sphere 5o aitached to the core via ion-pair interactions. Since the

fluid. This concept for this type of liquid is based on the i hhase is formed by a close-packed array of these-core
idea of an inorganic nanoparticle bearing a corona of flexible g4, structures, we find it useful to refer to the system as a

core—shell soft-sphere fluid. In this way we recognize the
*To whom correspondence should be addressed. E-mail: mwinnik@ i _ H
chemutoronto.ca (MAW ). epg2@cornell.odu (E P G.). ana]ogy as well as the contrast with hard-sphere fluids such
(1) For reviews on the topic of ionic liquid, see (a) Welton,Ghem. as liquid argon.
Rev. 1999 99(8), 2071-2083. (b) Wasserscheid, P.; Keim, Yhgew. Among the many features that make these fluids unique

Chem., Int. Ed200Q 39 (21), 3772-3789;A . Chenr200Q 112 . : X
(21?“392']&3945_ 83) Dﬁpo)nt‘ J. de SOUZQSERVY F. guaref p. A z s the nature of their structure on different length scales.

Chem. Re. 2002 102 (10), 3667-3692. (d) Rogers, R. D.; Seddon, ~ While they are macroscopically uniform in composition,

K. R. Science2003 302 792-793. (e) Seddon, K. RNature Mater. ; 0 ; ;
2003 2 (6), 363-365. (f) Blanchard, L. A.; Hancu, D.. Beckman, £, YPically 10-20% of the volume is occupied by dense

J.; Brennecke, J. MNature1999 399, 28—29. (g) Sheldon, RChem. inorganic nanoparticles, and this fraction of the volume is
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.Angew. Chem , . uang, D; . . . . h

Brezesinski, T.; Smarsly, B. Am. Chem. So2004 126(34), 10534 experience a range of different microenvironments or might
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Chart 1. Schematic Structure of Silica Nanoparticle Based temperature and high local mobility. Poly(dimethylsiloxane)
lonic Liquid (PDMS) is a nonpolar medium, whereas pdlyfutylthionyl
phosphazene) (BATP) is a polar aprotic medium that is

N+
/ N\ i -CHCHCHN*(CoHa:) (CH) ) S
able to dissolve both ionic and neutral dyes.

A- : Counter anion

i N*A- Experimental Section
: A
g N* UV/Vis absorption spectra were obtained using a Lambda 25
UV/Vis Spectrometer (PerkinElmer Instruments) with a conven-
ol tional 1 x 1 cm quartz cuvette for solution samples. Luminescence
. " spectra and intensities were obtained with a SPEX Industries Inc.
A- Fluorolog Il Model SPEX1680 spectrometer. Luminescence decay

A profiles were obtained with a home-built device using the third

o _ . o ~ harmonic (355 nm) of a pulsed Nd:YAG laser (Spectra-Physics
and characterization of this material, as well as its viscoelastic GCR-170) as the excitation source. The laser beam intensity was

properties, are reported elsewhéfhe total organic content  severely attenuated through a High-Energy Variable Attenuator
of the system is 75 wt %, corresponding to ca. 88 vol %. (Newport, Model 935-10) to prevent sample damage and/or dye

Thus ca. 12% of the volume of the liquid is excluded to the photobleaching. A filter BP300-400 was placed in the excitation
dyes and quenchers we dissolve in this system. beam path before the film sample and the emission was passed
In a luminescence quenching experiment, one examinestrough another appropriate filter CO470 placed before the detector

. in order to eliminate scattered excitation light and visible light. The
how the presence of a quencher leads to a decrease in the

. . . . Signal was detected by a Hammamatsu 956 photomultiplier tube
PL intensity and PL decay rate for dyes dissolved in the connected to a Tektronix model 1912 transient digitizer. The decay

sample. For fluid systems, quenching normally involves y4ce was then digitalized and transferred to a computer for data
diffusive collisions of the excited dye and quencher, and the processing.

rate constant for quenching is proportional to the dye-  \jaterials. The dyes 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
quenCher mutual diffusion coefficient in the system. When porphine platinum(ll) (platinum(ll) octaethylporphine; PtOEP),
the dye is a large molecule and the quencher is oxygen, theplatinum(ll) mesetetraphenylporphine (PtTPP), and platinomese
oxygen diffusivity is so much larger than that of the dye tetrakis(pentafluorophenyl)porphine (PtTFPP) were purchased from
that quenching is dominated by oxygen diffusion. For simple Porphyrin Products, Frontier Scientific Inc. (Logan, UT). All the
liquids, both the dyes and the quenchers are distributedabove dyes were used without further purification. Tris(4,7-
uniformly in the system. Concentration is a well-defined dipher_1y|-1,10- phenanthroIine)ru_thenium(II_) chloride (dichlorotris-
quantity, and diffusion follows Fick’s laws. Because of rapid (47-diphenyl-1,10- phenanthroline)ruthenium(ll), [Ru(dgp))
reorientation of solvent molecules and fast relaxation of "2s synthesized in Prof. Manners group as previously descPibed.
density fluctuations, dye molecules as solutes experience aPylrene (99-%) was purChasef from Aldrich. o
uniform environment on the time scale of their excited state Tetrahydrofuran (THF, 99%), chloroform (CHGY, 99.8%),

e L. . . . 1,1,1-trichloroethane (TCE, 9%6), and methanol (99%) were
lifetimes. In the ionic fluid described above, some of these " 4 from Aldrich. Deionized water>00 MQ cm) was

concepts may not apply. Both dyes and quenchers maygpiained through the treatment of distilled water by the MilliQ
partition into different microdomains, leading to nonuniform \water System. Oxygen (Research Grade 4.7, 99.997%) and
local concentrations. The hard cores not only exclude volume compressed dry air (impurity 40 10 ppm) were obtained from
from the solutes but also act as obstacles to diffusion. As a BOC gas. Poly(dimethylsiloxane)methyl-terminated (PDMS, gellike
consequence, these types of experiments can provide intersolid, M,, > 500 000, viscosity 2.5¢ 10f cSt) was obtained from
esting information about local features of the structure and Polysciences Inc., Warrington, PA.
dynamics of these coreshell ionic liquids. The silica-based ionic liquid was prepared as described previ-
We use this ionic fluid as a solvent to dissolve a series of 0usly* 3.5 mL of colloidal silica (Ludox-SM, 30 wt % SiQparticle
transition metal complex dyes that undergo phosphorescenceize: 7 nm, pH= 10) were diluted with 20 mL of deionized water.
at ambient temperature in the absence of air or oxygen. From. © (€ suspension, 5 mL of (GB)sSI(CH)aN™(CHs)(CioH21):Cl
. . . . in methanol (40%, Gelest) was added. The white precipitate formed

the spectroscopic properties of the dyes in the medium, we. .

. - . . . immediately was aged for 24 h at room temperature by gently
obtalp some mformatlon_ about their local enwronms—:-nt. By shaking it periodically. Then, the solvent was discarded and the
carrying out a careful series of measurements on the influencesyjig was rinsed three times with water and twice with ethanol.
of the partial pressure of oxygen on the PL intensity and The solid was re-suspended in ethanol, poured into a Petri dish,
luminescence decay rate of the dyes in these solutions, weand dried at 70C. The corresponding sulfonate was prepared by
learn about the oxygen permeabiliBs, of the fluid, and treatirg 1 g of thechloride analogue with 15 mL of a 10% w/v
we learn about the relative susceptibility of the various dyes solution of R(OCHCH,);0(CH;)sSO;"K* (R: Ci3—Cys alkyl
to oxygen quenching in this medium. To help interpret these chain, Aldrich) in water at 70C for 24 h. The solvent was discarded
results, we compare them with the results of quenching @nd the material was washed several times with water and dried at
experiments for these dyes dissolved in two different types 70°

of polymer films, both characterized by a low glass transition ~_ Preparation of Dye-Containing Films. To prepare solutions
of the dyes in the ionic liquid, known amounts of the dye and the

(4) Bourlinos, A. B.; Herrera, R. A.; Chalkias, N.; Jiang, D. D.; Zhang,
Q.; Archer, L. A; Giannelis, E. PAdv. Mater. 2005 17 (2), 324~ (5) Lin, C.-T.; Batcher, W.; Chou, M.; Creutz, C.; Sutin, N. Am. Chem.
237. Soc.1976 98 (21), 6536-6544.
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ionic liquid were dissolved in a common solvent. The platinum equipped with an MKS Baratron 626A 12TAD absolute pressure
dyes were dissolved in tetrahydrofuran (THF, 15 ppm), and the transducer with similar specifications to that used for steady-state
ruthenium dye was dissolved in chloroform (15 ppm). A weighed measurements.

amount of ionic liquid (0.050 g) was then dissolved in 1.0 g of Data Analysis. In fluid solution, luminescence intensities and
each solution. Each of the solutions obtained was cast onto adecay times for quenching by oxygen follow the simple Stern

Corning Micro slide (No. 2947, plain, 3 inx 1 in., thickness: Volmer equatior.

0.96-1.06 mm, cut into 0.75 inx 1 in. pieces), which had been

cleaned with THF and acetone. The slide was placed in a covered 1°_7°_ 1+ k[Q] @
container with a small opening in order to slow the solvent [ Ky

evaporation rate. The container was wrapped with aluminum foil
to avoid light and kept at room temperature for 24 h. The dense
film that formed on the glass slide was dried at®&in an oven

wherel andz are, respectively, the luminescence intensity and the
luminescence decay lifetime, and the values superscripted with “0”
at ambient pressure for 24 h, followed by annealing atGander ~ "efer to values in the absence of quencher. [Q] denotes the molar
vacuum (less than 1 Torr) in a vacuum oven for 48 h. After cooling concentration of the qugnch_er. Wh(_an the_ quencher is agas su_ch as
to room temperature, the samples were transferred to a desiccatoPY9en. the concentration in solution will be proportional to its
and stored in the dark. The final film thickness was on the order of Partial pressurego, (Henry’s law). Hence one can write
0.1 mm, and the bulk-averaged dye concentration was about 300 o
ppm (PtOEP, 330 ppm; PtTFPP, 300 ppm; PtTPP, 293 ppm; [Ru- T= 1+ KgyPo, 2)
(dpp)X]Cly, 303 ppm). Although the ionic liquid exhibits liquidlike
behavior, a thin film of this liquid on a solid support like & \yhere the SternVolmer constanKsy contains all of the propor-
microscope slide did not flow over several hours when it was placed (ionajity constants relating the external oxygen pressure to the
vertically. luminescence intensity.

Many experiments have already been reported for the dyes listed Dyes in homogeneous fluid solution normally exhibit simple
above in PDMS and {PATP films. A few additional samples were  gyponential luminescence decays. For some dyes dissolved in

prepared for these experiments as described previéuslyhich polymer matrixes and most dyes adsorbed to solid surfaces such
the dye concentration was ca. 100 ppm and the film thickness was g silica, the luminescence intensity decay profligs are non-
ca. 0.1 mm. exponential. These decay curves can be fitted to a sum of

A solution of pyrene in the ionic liquid was prepared by a exponential terms,
different method. First, we prepared a film of the ionic liquid (from
THF) on a clean quartz disk (round, 1 in. diameter). The film was t
dried as described above and then placed in a sealed polypropylene 1) = zAi ex;{— ;) @)
container that also contained pyrene crystals. The container was ' :

kept at room temperature in the dark over 40 days. Sufficient pyrene yhere A are the normalized preexponential factors for the terms
evaporated and dissolved in the ionic liquid film to give a useful \yith jifetime 7; and the intensity-weighted mean lifetime can be

fluorescence signal. calculated from the fitting parameters as
Phosphorescence Emission and Phosphorescence Decay Mea-

surement. For steady-state PL measurements, an ionic liquid film = zAiTi (4)

was placed in a closed vacuum/pressure chamber and fitted into :

the optical path of the fluorescence spectrometer. The slits for the

excitation monochromator were set at 4 nm and those of the When the SterrVolmer plots are linear, they are amenable to more
emission monochromator were 8 nm. To resolve the fine structure sophisticated interpretation. The relevant mathematical expressions
of pyrene emission, the emission slits were set to be 2 nm. Samplesfor this analysis will be presented in a later section of the paper.
were measured in the reflectance mode with right angle detection,

and the signal intensity was recorded in the S&R (signal and Results

reference) mode in 1.0 nm steps. To ensure the linearity of response, . . . L .
the sample source signal was always kept to less than 1P Pr_Opemes of t_he Dyes in the |O!’1IC quUId. In this )
count s After each change in pressure, the sample was allowed section, we examine the spectroscopic properties of a variety
to equilibrate for 10 min before the next luminescence measurementOf dyes dissolved in the ionic liquid. With the exception of
was carried out. The air/oxygen pressure inside the chamber waspyrene, the dyes chosen for examination are transition metal
controlled over a range from 0 to 1000 Torr through a combination complex dyes that exhibit long-lived (microsecond) emission
of a vacuum pump and a compressed gas line. Gas pressure wagphosphorescence) from excited states with triplet-like
measured by an MKS Baratron 626A 13TAE absolute pressure character. The structure of these dyes is shown in Chart 2.
transducer (1000 Torr with an accuracy0.25% of the reading,  Tq prepare solutions of dyes in this fluid, known weights of
+0.15% of the reading over the range of 10 to 1000 Torr). For gy ang jonic liquid were dissolved in a common volatile
guantitative intensity measurements, data were acquired in the time-

: L o solvent and then the mixture was cast onto a glass substrate
base scan mode (fixed excitation and emission wavelengths) at one

point per second, for 300 s. Then the average emission intensityalnd allowed to dry. Any remaining solvent was removed

was calculated from these data. This data acquisition techniqueu_nder vacuum_ at_ 60C. The ioniC_ liquid is sufficiently
improves the precision of the intensity measurements, with a typical Viscous that thin films of this material on a flat substrate do

precision of2% except at very high oxygen partial pressures when not flow noticeably over short time periods (several hours)
the residual PL intensity was very weak. A similar vacuum/pressure When the substrate is placed in a vertical position. This
sample chamber was used for the pulsed laser experiments. It wagroperty facilitates making spectroscopic measurements with

(6) Lu, X.; Han, B.-H.; Winnik, M. A.J. Phys. Chem. B003 107 (48), (7) Lakowicz, J. R.Principles of Fluorescence Spectroscoyd ed.;
13349-13356. Kluwer Academic/Plenum Publishers: New York, 1999.
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Chart 2. Molecular Structures of the Phosphorescent Dyes
Employed 1.00
CzHs CzHs O 0.80 -
HsC: 2Hs
Q N 0.60 |-
0
Q2
W al®, -
HeG H y Pyrene@IL
52 2Hs =
CzHs 2Hs O 0.20 F \ L
PtOEP
0.00 |
PtTPP ) .

250 300 350 400 450 500 550 600
Wavelength/nm

- -2+
Figure 1. UV—Vis absorption spectrum of pyrene in the soft-sphere ionic
@ liquid film (Pyrene@IL) and the absorption spectrum of the ionic liquid
OO itself (IL).

1.00 |-

Q
©
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O
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/‘L\
O

©

0.80

PtTFPP [Ru(dpp)s]**

conventional instrumentation. Pyrene is too volatile for its
solutions in the ionic liquid to be prepared in this way. To
prepare pyrene solutions, we placed a film of ionic liquid 0.00
on its substrate in a closed container containing a small L L 1 1 L L
) 360 380 400 420 440 460
amount of pyrene crystals. Over a period of 40 days at
ambient temperature sufficient pyrene sublimed and dissolved Wavelength/nm
in the liquid to give meaningful fluorescence spectra. The Figure 2. The emission spectrum of pyrene in the soft-sphere ionic liquid
concentration of pyrene in the sample (ca< 304 M) was
estimated by a UV absorption measurement using the third peak in the spectrum. Thigl; intensity ratio is a very
extinction coefficient of pyrene in methanol and in THF as useful measure of solvent polarityand for microhetero-
models. geneous systems such as micelles or vesicles provides a
Pyrene was chosen as a solute because its absorption an@easure of the local polarity of the pyrene environniént.
emission spectra are sensitive to its environment. The peakin the spectrum in Figure 2,/I3 = 1.3, suggesting a rather
positions in the absorption spectrum are sensitive to the localpolar environment for the pyrene molecules. This value can
polarizability, and its fluorescence spectrum reports on the be compared to values of 1.87 for water and 0.58 for hexane,
local polarity of its environment. The UWVis absorption and also to a value of 1.35 in methanol, 1.37 in acetic acid,
spectrum of pyrene in the ionic liquid is shown in Figure 1. 1.25in chloroform, and 1.35 in THF. Based on the absorption
The ionic liquid itself shows a strong absorption below 300 and emission spectra of pyrene, we conclude that the pyrene
nm. The characteristic absorption peaks of pyrene are at 275js located in an environment somewhat less polar and more
322, and 338 nm and are consistent with the peaks of thepolarizable than that of a THF solution.
corresponding excitation spectra (emission monitored at 392 The emission and excitation spectra of PtOEP (330 ppm)
nm). Thus the ionic liquid appears to be a normal solvent dissolved in the ionic liquid film are shown in Figure 3A.
for pyrene. The absorption peak positions are red-shifted by These spectra are typical for solutions of this dye, with the
about 4 nm from the corresponding peak positions for pyrene strong absorbance of the Soret band appearing at 383 nm,
in methanol and 2 nm from those of pyrene in THF, and the two bands at 536 and 500 nm due to'Sie— 'S
indicating that the pyrene molecules are located in an (7,7*) transition. The emission appears as expected as a
environment somewhat more polarizable than either solvent.sharp peak centered at 645 nm. The excitation spectra of
The pyrene emission spectrutix(= 338 nm) is shown  PtTFPP and PtTPP in the ionic liquid resemble those of
in Figure 2. At this pyrene concentration, we see peaks only PtOEP, but the band positions of PItTFPP and P{TPP are
from monomer emission, and no excimer can be detected.bathochromically shifted by a few nanometers. The emission
The first peak in its fluorescence spectrum (the (0,0) band) SPectra are similar in shape, with the peak position at 650
is due to a symmetry-forbidden transition, and its intensity "M for PITFPP and 663 nm for PTPP. To put these results

is enhanced by a polar environment, relative to that of the

0.20

Intensity (a.u.)

(9) Dong, D. C.; Winnik, M. APhotochem. Photobiol982 35 (1), 17—
21

(8) AmaxVvalues for pyrene in THF (274, 320, and 336 nm) and in methanol (10) Kélyanasundaram, K.; Thomas, J.JXAm. Chem. Sod977 99 (7),
(272, 318, and 334 nm). 2039-2044.
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Figure 3. The emission and excitation spectra of PtOEP (A) and [Ru-
(dppXICl2 (B) in the soft-sphere ionic liquid film.

Table 1. Excitation, Emission Peak Positions, and Unquenched
Average Lifetime of Various Dyes in the lonic Liquid Film

lex.max /lem.max TD /lex.max lem.max
(nm) (nm) (us) (nmp (nmp
PtOEP 383 645 66.0 383 645
PITFPP 393 650 2167 392 649
P{TPP 398 663 54.2
[Ru(dpp}ICl. 462 618 57  ~460 605

aln C4PATP, see ref 6° The unguenched average lifetinmgsd.

Chem. Mater., Vol. 17, No. 15, 200805

Table 2. Comparison of Various Dyes in Two Polymer Films, PDMS
and C4,PATP, and the lonic Liquid Film

ionic liquid C/PATPR PDMS
lifetime  Kgy lifetime Ksv  lifetime Ksv
(us) (Torrd  (us) (Torrl) (us) (Torr?d)
PtOEP 66.0 0.32 102 0.39 B5  1.38
Pt{TFPP 21.7 0.076 66 0.17 333 0.38
PtTPP 542 0.18
[Ru(dpp}ICl2 5.7 0.0084 6.2 0.013

aReference 6° Reference 11.

of oxygen and is easily fitted to a sum of two exponential
terms, giving an unquenched average (mean) lifeti#ie

of 21.7us. A somewhat surprising finding is that the decay
profile for [Ru(dpp}]Cl; (303 ppm) in the ionic liquid can
also be well-fitted to a simple exponential function (with

= 5.7 us). While the decay profile for this dye and other
ionic ruthenium dyes are exponential in fluid media where
solvent relaxation is rapid on the time scale of the excited
state lifetime, the decay profile is strongly nonexponential
in polymer media such as,EATP.

These lifetimes of the dyes examined are presented in
Table 2, and compared to the corresponding lifetimes for
the dyes, where available, in two polymeric media, poly-
(dimethylsiloxane) (PDMS) and£ATP. One sees that, for
PtOEP and PtTFPP, the? values in the ionic liquid are
comparable to those in PDMS, but significantly shorter than
those in GPATP. [Ru(dpp]Cl; is insoluble in PDMS, a
nonpolar medium. In LATP, it has a nonexponential decay
in the absence of Hwith a mean lifetimez°Civery close to
the (exponential) lifetime determined for this dye in the ionic
liquid.

Luminescence Quenching ExperimentsWhen the dye-
containing films described above were placed in a chamber
and equilibrated with a certain partial pressure of oxygen,
Po,, the PL intensity was reduced. fg, was increased, the
PL intensity decreased due to more extensive oxygen
guenching of the excited state. The emission peak at 645
nm for PtOEP in the ionic liquid decreases in intensity but
does not shift or change in shape over the entire pressure
range. This phenomenon is typical for all the dyes investi-

in context, we present each of the peak wavelengths in Tablegated here. If there were dyes in different environments with
1 and for comparison provide the peak wavelengths for the different susceptibility to oxygen quenching, one might

dyes dissolved in the polymer potyputylthionyl phos-
phazene) (GPATP)S It is evident that the excitation and
emission peak positions for PtOEP and PtTFPP JRATP
polymer and in the silica nanoparticle-based ionic liquid film

observe a spectral shift at high oxygen pressures, where the
emission would be dominated by the dyes that were most
difficult to quench.

Intensity Stern-Volmer plots for the four dyes examined

are almost the same, indicating the environments for the dyesin the ionic liquid are presented in Figure 4. The plot focuses

are similar. The emission and excitation spectra of [Ru(dipp)
Cl; (303 ppm) dissolved in the ionic liquid film are shown

on 191 values up to 12, which corresponds to quenching of
>90% of the emission intensity. The plots are linear over

in Figure 3B. The excitation spectrum shows a broad peak the entire pressure range for PtOEP and PtTPP, whereas the
between 400 and 500 nm, which is very similar to that in data for PtTFPP show a downward curvature. While the plot
the GPATP polymer. However, the emission peak is at 618 appears linear for [Ru(dpglLl,, the data also show a slight

nm, which is at a longer wavelength than that isPEBTP
(Table 1).

downward curvature at higher oxygen pressures (in the range
of 400-700 Torr). For these dyes, the Steivolmer

The phosphorescence decay profiles for PtOEP and PtTPRconstants are calculated from the linear portion of the plot

in the ionic liquid film in the absence of oxygen are
exponential with unquenched lifetimeg) of 66.0 and 54.2

in the low oxygen pressure range. TiKg, values are listed
in Table 3. A general feature of these data is that the slopes

us, respectively. The corresponding decay profile for PtTFPP increase in the order of the® values of each dye. This is
(300 ppm) in the ionic liquid is nonexponential in the absence consistent with the simple prediction of eq 1. If the
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Figure 4. The intensity Sterrr\VVolmer plots for different dyes in the soft-
sphere ionic liquid film: PtOEP, solid square; PtTPP, open circle; PtTFPP, 6.0
solid triangle; [Ru(dpp)Cl», solid circle.
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Figure 5. Modified intensity Stera-Volmer plots{[(I%/1) — 1]/z° vs po,} 7.0
for different dyes in the soft-sphere ionic liquid film: PtOEP, solid squares; D: [Ru(dpp).IC!
PtTPP, open circles; PtTFPP, solid triangles; [Ru(glad), solid circles. 60l PPLICT, intensity
Table 3. Stern—Volmer Constants for Various Dyes in the lonic 50
Liguid Film from Intensity and Decay Profile Measurement
intensity measurement lifetime measurement 40+
Ksv Ksv 30T lifetime
r (TorrY) intercept r (Torr'Y) intercept \
PtOEP 1.0000 0.32 0.989 0.9994 0.27 0.995 201
PtTFPP 0.9995 0.074 1.021 0.9984 0.060 1.009
PtTPP 0.9999 0.19 0.958 0.9984 0.098 0.981 10} . . . . . . . .
[Ru(dpp);]Clg 0.9994 0.0084 1.010 0.9994 0.011 1.003 0 100 200 300 400 500 600 700

. . Oxygen Pressure/Torr
unquenched lifetime were the only important factor, replot- Figure 6. The intensity and lifetime Sterr\Volmer plots of PtOEP (A),

ting the data as (&7)[(1°/I) — 1] vs po, would reduce all of  pTEpp (B), PETPP (C), and [Ru(dplgl2 (D) in the soft-sphere ionic liquid
the data to a common line. As the plot in Figure 5 indicates, film.

there is a reduction in the discrepancies between the plots,
but differences remain.

PL decay measurements provide another measure of the”’s' < '/'J¢ _ o
susceptibility of the dyes to oxygen quenching. Decay |ntr|n3|_c lifetimes or d|fferer_|t oxygen diffusivitie's.
profiles for each dye at a series of oxygen partial pressures N Figure 6 we present lifetime Sterivolmer plots of

are presented in Figure S1 in the Supporting Information. A the datain Figure S1. Thui’ these Stevolmer plgts were
common feature of these decay traces is that there is anconstructed with values a#°l#[for PtTFPP and®/G(for

enhancement in curvature in the semilogarithmic plots at the other three dyes. The lifetime SV plots for [Ru(djp)

elevated oxygen pressure. For PtOEP and [Rugipp) the Cl; and PtTFPP are Iinear.for thg pressures examined and
decays are nearly exponential, and the curvature appears onl¢/0Sely track that for the intensity data. For PtOEP, the
as a weak tail. For PtTPP, the decays are exponential at lo ifetime SV plot is linear and tracks that for the intensity
oxygen pressures but become more curved as this pressure —

is increased. For PtTFPP, the decays are nonexponential ovet? igi;(;igg?”ners' 1., Winnik, M. AMacromolecules2001, 34 (6),

the entire range of pressures. Nonexponential decays at finitg12) Hartman, P.; Trettnak, Wanal. Chem 1996 68 (15), 2615-2620.

oxygen pressure are an indication that the dyes are distributed
Qver arange of different environments, either with different
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data up tor®/[z0~ 5, but then begins to deviate from the Volmer analysis of oxygen quenching data allows one to
intensity data and curves downward. For PtTPP, the lifetime calculate the permeability of the polymer to oxygen. This
SV plot is rather unusual, showing an upward curvature that connection arises in the following way: Luminescence
is very difficult to explain.Ksy values were calculated from  quenching by oxygen is a diffusion-controlled process. Thus,
the slopes of the SV plots in the low-pressure regime. Thesethe second-order quenching rate constgr(see eq 1) can

values are presented in Table 3. be set equal to the diffusion-controlled rate constagt
According to the theory of diffusion-controlled reactions,
Discussion
Kaitt = 470RNAD (5)

According to eq 1, for PL quenching in homogeneous fluid
media one expects superimposed lines for the plot§/bf  where No is Avogadro’s number an®y, is the mutual
andt®/r against quencher concentration. For these types ofdiffusion of the dye and the quenchéd( = Dgye + Do,).
systems, one sometimes observes linear plot&/ofs [Q], Since the dye molecules are much larger and less mobile
but an upward curvature of th#l plot at elevated quencher than the oxygen molecules in the medium, one can to a good
concentrations. This type of behavior is easy to explain in approximation setD,, = Do, Re is the characteristic
terms of two competing quenching processdgnamic encounter radius of the dye, anddescribes the fraction of
quenching which involves dye and quencher diffusion dye-quencher encounters that result in quenching. In prin-
following dye excitation, andtatic quenchingln the latter ciple, the value ofx for oxygen quenching of triplet states
process, some dye molecules are so close to quenchers thas 1/9 since that is the fraction of random encounters between
they are quenched instantaneously after photoexcitation.triplet oxygen and the dye triplet that lead to the dye in its
Thus, these dyes do not contribute to the measured lifetime,singlet ground state. In reality, for dense systems, multiple
but they do contribute to the decrease in luminescencecollisions between the dye and the quencher within a solvent
intensity. cage increase the quenching probability per diffusive en-
In the experiments reported here,i©the quencher. While  counter. The lifetime of the encounter pair increasePas
the molar concentration of Oin the ionic liquid is not decreases. Within the context of this model, if one can vary
known, we expect, based on Henry’s law, thag][®@ill be Dn (i.e., by varying viscosity through a change in temper-
proportional topo,. When we examine the data in Figure 6, ature), then in the limit oD, — 0, o — 1, Rer approaches
we find that for [Ru(dpp)Cl, and po, < 60 Torr (/I < the true encounter radius. In actual practice, it is more
1.5) that the two plots can be fitted by the same line. We common to assume a value faRe; and use this value for
find a similar situation for PtOEP fquo, < 10 Torr (%I < further analysis of the data.
3). For PtTFPP, the intensity and lifetime data are very Since [Q] = S,po,, and the oxygen permeabilifyo, =
similar, but only at low extents of quenchintf/{ < 1.5). Do,So,, €d 1 can be rewritten as
Here we have less confidence in the data because, even at .
these onv oxygen pressures, 'the dye Qecgy is not e?(ponentlal, 10 ('_ _ ) — 470R_ NP Po (6)
suggesting that the dyes are in a distribution of environments o\ 22
with different lifetimes. At higher oxygen pressures, devia-
tions are found. In this range of pressures, for the three PtWith this expression, the slopes of the Stekfolmer plots
dyes, ther®/z plots lie below thel®/I plots, suggesting that ~ can be interpreted in terms of the oxygen permeability of
static quenching plays a role in these experiments. What isthe medium if a reasonable approximation éd®er can be
unusual about these experiments is that the intensity plotsmade. We have previously reported oxygen-quenching
are linear over the entire range of pressures, whereas theexperiments for PtOEP in PDMS and,RATP polymer
lifetime plots show deviations. Carraway et al. described the films. We could obtain reasonable values &, in these
kinetics of oxygen quenching of [Ru(bQW (bpy = media with the aSSUmption thaReff = 1.0 nm. For films
bipyridyl) adsorbed on porous silica disksHere the  Of [Ru(dpp}]Clz in C4PATP, the slope was smaller. Since
intensity Stera-Volmer plot exhibited a smaller curvature Po, is a property of the medium and not the dye, these results
than the mean lifetime SterVolmer plot. We have seen  could be understood only dRert were smaller (0.50 nm)
this type of phenomenon previously in the case of silica for the ruthenium dyé.
nanoparticles dispersed in polymer matrixes such as PBMS. ~ To pursue this analysis, we treat the quenching of PtOEP
It is tempting to associate this phenomenon with either dye and [Ru(dppjIClz as “normal” since the PL decay profiles
adsorption or oxygen adsorption onto the silica nanoparticlesare exponential at low values pé,, and use the data in the
present in the system. pressure range where th¥l and °/t plots overlap. From
Quenching and Oxygen Permeability in the Medium. ~ €d 4, assuming a value ofRer = 1.0 nm for PtOEP, we
The permeabilityP of a medium to a gas is the product of CcalculatePo, = 4 x 1072 mol cn* s™* atm™. The same
its diffusion coefficientD times its solubilityS, whereS s analysis gave an appardfy, value from the ruthenium dye
the proportionality constant (Henry’s law constant) between Which is about one-third the magnitude obtained from the
the partial pressure of the gas and its molar concentration inPtOEP data. As we stated in the previous paragraph, oxygen
the medium. For dyes dissolved in polymers films, a Stern permeability is a property of the medium, and the two data
sets can be reconcileddRe; = 0.30 nm for [Ru(dppjCl>.

(13) Carraway, E. R.; Demas, J. N.; DeGraff, B. llangmuir 1991 7 It is satisfying to see that PtOEP and [Ru(dj®). behave
(12), 2991-2998. in a similar way in the ionic liquid and in the polar aprotic
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C,PATP matrix, even if the value aiR.s deduced for the  polymeric media such ass2ATP, ionic dyes commonly
ruthenium dye in the ionic liquid is somewhat smaller than exhibit nonexponential decays. We often attribute this
that in the polymer film. observation to a combination of two factors, slow relaxation
A Heterogeneous Medium.The ionic liquid consists of ~ processes in the medium coupled with a distribution of
cells derived from soft spheres consisting of a hard silica counterion arrangements around each dye. In the ionic liquid,
core surrounded by a corona of flexible chains that representthe [Ru(dppj]** cation can interact with the surfactant-like
about 90 vol % of the dense medium. The corona itself is R—EQ,—OSQ;~ component of the solvent. We imagine that
heterogeneous, consisting of an ionic shell separated fromthe dye is selectively dissolved in the ionic corona that
the silica surface by a three-carbon spacer. Outside of thissurrounds each of the dense silica cores, and that all of the
layer is the external phase consisting of both PEG chainsdyes experience a similar microenvironment. This environ-
and alkyl tails. Strong Coulombic and ion-pair interactions ment is different from that probed by PtOEP or pyrene.
ensure that the-OSQ;~ groups of the alkyl PEG sulfate are We have to keep in mind that another consequence of the
in close proximity to the tetraalkylammonium groups co- heterogeneous nature of the ionic fluid may be that the
valently attached by the short space to the silica surface. concentration and diffusivity of oxygen are different in the
Dyes dissolved in this medium seek their own preferred Various microdomains. The low value aRe deduced for
environment. From thé,/I5 ratio of pyrene emission, we the ruthenium dye in the ionic liquid may be a consequence
learn that pyrene prefers a polyether-like environment Of @ssuming thaPo, is everywhere uniform. If, in contrast,
contributed by the PEG chains. None of the dyes behave asVe @ssume thatReq is an intrinsic property of the dye, we
though they were strongly adsorbed to the silica nanospherescould then infer thato, is lower in the ionic domains
For example, we have shown that, in PDMS containing silica Surrounding the silica nanoparticles than it is in the hydro-
nanoparticles treated to render them dispersible in organiccarbon and PEG-rich fluid regions between the core particles.
media, the absorption and emission spectra of PtOEP are
strongly perturbed over that in PDMS itself, indicating that Summary

the dye is strongly adsorbed to the silica particles. Under \ye examined the photoluminescent properties of a series
these conditions, its PL decay profile is strongly nonexpo- ¢ phosphorescent dyes dissolved in a essell “soft-
nential. In contrast, the excitation and emission spectra of sphere” ionic liquid matrix consistingf@ 7 nm diameter
PtOEP in GPATP containing the same silica nanoparticles ijjica core surrounded by a mobile phase consisting of end-
are nearly unaffected, and the decay profile remains expo-grafted flexible chains. While this medium is macroscopically
nential. The polar aprotic medium is a much better solvent yniform in composition, it is locally heterogeneous on the
for the dye, and the dye prefers to remain in the fluid nanometer length scale. Luminescent dyes provide an op-
medium. In this sense, PtOEP in the ionic liquid resembles portunity for assessing some of the properties of this local
that in GPATP, suggesting that it resides in PEG-rich neterogeneity.
domains of the fluid. The dyes employed were platinum porphyrin complexes
The nonexponential decay of PtTFPP, even in the absencgPtOEP, PtTPP, and PtTFPP) and a ruthenium tris-phenan-
of oxygen, suggests that this dye is distributed among throline complex ([Ru(dpp)Cl,). None of the dyes exhibited
domains that impart a different characteristic lifetime to the strong spectral shifts that would be anticipated if the dyes
decay. We observe no substantial band broadening in thenad adsorbed strongly to the silica nanoparticles present
PL spectrum that would suggest dye aggregation ac-within each cell of the fluid. Other evidence indicated that
companying extensive adsorption to silica. In contrast, the some of the dyes (e.g., [Ru(dp}l,) were localized
results for PtTPP are difficult to understand. The lumines- selectively within individual domains in the fluid phase, and
cence decays are largely exponential, not only in the absencehe nonexponential PL decays of PtTFPP, even in the absence
of oxygen but even at modest oxygen pressure. In this of oxygen, suggest that this dye is located in a distribution
respect, this dye resembles PtOEP. On the other hand, botfof different environments characterized by different intrinsic
the intensity and the lifetime SterfvVolmer plots for this PL lifetimes.
dye exhibit an upward curvature. While one can discern this  The phosphorescence-quenching behavior of these dyes
curvature by eye in the data in Figures 5 and 6, another was investigated through monitoring the changes in phos-
clearer indication of the curvature is the magnitude of the phorescence emission intensity and lifetime upon varying
intercept to a linear fit through these data. As one can see inthe external oxygen pressure. At low to modest oxygen
Table 3, the other 3 dyes have intercepts very close to 1.0partial pressures, the intensity and lifetime Stevtolmer
for both the intensity and the lifetime SterWolmer plots,  plots were superimposable and linear. The sole exception
whereas for PtTPP, the intercepts are significantly smaller. was PtTPP, in which both plots exhibited an unusual upward
Perhaps the most interesting aspect of the lifetime mea-curvature that is very difficult to explain. The PL decay
surements is the nature of the data obtained for [Ru@ipp) profiles of both PtOEP and [Ru(dp}gl, could be fitted to
Cl,. Its PL decays can be fitted rather well to a single- a simple exponential form over a range of partial oxygen
exponential term over the entire range of oxygen pressures.pressures. Taking the behavior of PtOEP as “normal”, we
In solution in low-viscosity solvents, this dye exhibits an calculate an oxygen permeability in the liquidRd, = 4 x
exponential decay over a wide range of quencher concentra-10-*> mol cmvt st atmr?, comparable to that of £ATP
tions. Solvent relaxation is rapid, and all the dyes experience (3.9 = 0.4 x 10 *> mol cmmt st atm1) but smaller than
the same average environment during their lifetime. In that (18 £ 2 x 107*2 mol cnT? st atnr?) for the high
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oxygen permeability polymer PDMS3.The smaller slope  program, for their support of this research. The Cornell authors
of the Stera-Volmer quenching plot for [Ru(dpglCl. could gratefully acknowledge the support by AFOSR, the Cornell
be rationalized in terms of two factors, the known smaller Center for Materials Research (CCMR) and ONR.

cross section for quenching by oxygen for this dye coupled

with the likelihood that this dye is located in a more rigid ~ Supporting Information Available: The phosphorescence

ionic environment characterized by a somewhat smaller local decay profiles of PtOEP, PtTFPP, PtTPP, and [Ru(g@p)in the
diffusion coefficent for oxygen. soft-sphere ionic liquid film at various oxygen pressures (PDF).
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