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mong the many phosphorescent

metal complexes, Ir(lll) complexes

have several advantages such as in-
tense phosphorescence with a high quan-
tum yield at room temperature, lumines-
cent colors that can be tuned by modifying
ligand systems, and a relatively long phos-
phorescent lifetime due to the close prox-
imity of the ligand-centered (3LC) and
metal-to-ligand charge transfer 3MLCT) ex-
cited states and the large spin—orbit cou-
pling constant of Ir**, which induce a strong
mixing of the charge-transfer character
into the lowest 3LC excited states."* Ow-
ing to these advantages, Ir(lll) complexes
have been investigated as attractive phos-
phorescent materials for various applica-
tions such as organic light-emitting devices
(OLED),>~"° light-emitting electrochemical
cells (LEC),""'? electrogenerated chemilumi-
nescence (ECL),"*" ' and biological staining
and monitoring systems.'®"2° Although
they possess superior photophysical prop-
erties such as long lifetime, notably large
Stokes shift, high stability, and lower self-
quenching as compared to conventional or-
ganic fluorophores,?' Ir(lll) complexes have
some drawbacks for biological applications
since they are poorly soluble in aqueous so-
lutions and are easily quenched by the oxy-
gen in air, owing to their long lifetime in
the triplet state. By incorporating the Ir(lll)
complexes into a silica matrix to isolate
them from oxygen and other external
quenchers, the quenching process of the
Ir(ll) complexes could be effectively re-
strained and their photophysical, thermal,
and optical stability could be significantly
enhanced as compared to those of the com-
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ABSTRACT The phosphorescent Ir(ll) complexes were modified by allylation and consecutive hydrosilylation,

and covalently incorporated into the silica nanoparticles by hydrolysis and condensation reaction with TEOS. These

nanoparticles showed an excellent photochemical and thermal stability, and a very high luminescent efficiency

due to the blocking of 0, quenching and suppression of energy transfer through the amorphous silica solid

solution. The limited mobility of complexes in the silica matrix also resulted in a decrease in the vibration
relaxation and restrained the nonradiative decay. It is expected that these photostable and very efficient

phosphorescent nanoparticles can be used in various fields ranging from nanobiotechnology to nanoengineering

materials, where long-term stability with the high luminescent efficiency is required. As an example of the use of

excellent photostability, a preliminary test result in which they are used as a color converter in a light emitting

diode (LED) is also discussed.

KEYWORDS: phosphorescent nanoparticles - iridium(lll) complex -
silica nanoparticles - luminescence - photostability - LED color converter

plexes in solution states.?? 2* Moreover,
the use of silica shell as a matrix provides
several other benefits: enhanced dispersibil-
ity in water, biocompatibility, chemical and
mechanical stability, and the possibility of
further functionalization through the modi-
fication of the silica surface.?” Since the lack
of covalent bonding between dyes and ma-
trices imposes a limitation on the amount
of dye molecules that can be incorporated
and since the physisorbed dye molecules
tend to leak out of the particles over time,
the induction of covalent bonding between
the incorporated dye molecules and the
silica matrix by coupling the derivatized
dyes with reactive organosilicon reagents
to form a thiourea linkage has been
suggested.?>?’ Although the thiourea-
linkage formation reaction, which employs
an amino-terminated alkyltrialkoxysilane
compound such as aminopropyltriethoxysi-
lane (APS) and dye molecules that have an
isothiocyanate functional group, is simple
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Scheme 1. Synthetic routes of green (a) and red (b) phosphorescent silica nanoparticles containing Ir(lll) complexes.

and has been well studied as a useful conjugation
method in many applications, it has several drawbacks
in the preparation of stable fluorescent silica nanoparti-
cles. Therefore, the method of direct derivatization of
dye molecules by consecutive allylation and hydrosily-
lation has been developed recently to prepare fluores-
cent silica nanoparticles with excellent photostability
and biocompatibility.?

In this paper, we report a novel synthetic method
for the preparation of phosphorescent silica nanoparti-
cles having Ir(lll) complexes by the direct derivatization
of ligands, and their photostability of phosphorescent
silica nanoparticles which is required for multiple-time
monitoring in order to investigate the differentiation
and/or development of cells. As an example of the use
of excellent photostability of prepared phosphorescent
nanoparticles, a preliminary test result in which they
are used as a color converter in a light emitting diode
(LED) is also discussed.

A‘“ﬁ%\@) VOL.4 = NO.6 = KIM ET AL.

RESULTS AND DISCUSSION

The synthesis of green-emitting Ir(lll) complex (pba-
allyl)Ir(pic) (1; Hpba = 4-(2- pyridyl)benzaldehyde; pic
= picolinic acid; Scheme 1) was started from a dimeric
form of [(pba),IrCl], since it has two reactive aldehyde
groups that can be conveniently converted to a hy-
droxyl group by reduction with NaBH,. After a mono-
meric complex was formed using 2-picolinic acid as an
ancillary ligand, the allylation of hydroxyl groups in the
main ligands was achieved by refluxing with a strong
base of tertiary butoxide in a THF solvent and reacting
it with allyl iodide. The other allyl-functionalized red-
emitting Ir(lll) complex, (pq),lr(pic-allyl) (2; Hpq =
2-phenylquinoline) was prepared from [(pq),IrCl],.
3-Hydroxypicolinic acid was used as an ancillary ligand
because its hydroxyl group could be easily deproto-
nated with Cs,CO; in DMF and reacted with allyl io-
dide. This method in which 3-hydroxypicolinic acid is
used as an ancillary ligand for the allylation could be ex-
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Figure 1. TEM and FE-SEM images of phosphorescent silica nanoparticles: TEM images of (a) NP1 and (c) NP2, and FE-SEM

images of (b) NP1 and (d) NP2.

tended to most Ir(lll) complexes, which promises the
possibility of various color-tuning applications. Com-
plexes 1 and 2, including the intermediates, were char-
acterized by '"H NMR and FAB-MS or MALDI-TOF. From
the allylated complexes, the hydrosilylation reaction
was performed with trimethoxysilane in the presence
of a platinum catalyst. Phosphorescent silica nanoparti-
cles were successfully prepared by the modified Sto-
ber method,? which involves the hydrolysis and con-
densation of tetraethyl orthosilicate (TEOS) and directly
derivatized Ir(lll) complexes in ethanol with NH,OH
and water. The prepared nanoparticles were isolated
and purified by centrifugation and subsequent wash-

ing with ethanol several times. The size and the size dis-
tribution of NP1 and NP2 were characterized by trans-
mission electron microscopy (TEM) and field-emission
scanning electron microscopy (FE-SEM). Both nanopar-
ticles were monodisperse and spherical, and their size
was 52 * 6 and 40 = 10 nm, respectively, in diameter
(Figure 1). The size of the silica nanoparticles could be
controlled in a range of 20 nm to a few hundred nano-
meters by varying the concentrations of TEOS, water,
and ammonia as reported in the literature.?®

The photoluminescence spectra of 1, 2, NP1, and
NP2 are shown in Figure 2, and the photophysical data
are listed in Table 1. Complexes 1 and 2 showed green
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Figure 2. (a) Emission spectra of complexes 1 and 2 in CHCl; and NP1 and NP2 in ethanol at room temperature. (b) Photo-
graphs of the complexes (1 and 2) and the nanoparticles (NP1 and NP2) under natural light (above) and under UV irradia-

tion at 365 nm (below).
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TABLE 1. Photophysical Properties of Ir(lll) Complexes (1
and 2) and Nanoparticles (NP1 and NP2)

name ApL, max (M) rel dp” 71 (ps) 72 (ps)’
Complex 1 559 0.002 132 10.3
NP1 501 0.040 297 10.0
Complex 2 576 0.056 1.48 10.6
NP2 571 0.075 250 10.0

“Values were obtained in ethanol using an inorganic complex, comparing to
[Ru(bpy)s]Cl in water (®p, = 0.028) as a standard.®® “Lifetimes were obtained by
biexponential fit of emission curve. All samples were measured in air-saturated sol-
vent: ethanol in all the quantum yield measurements, ethanol for complex 1and 2
and CHCl; for NP1 and NP2 in life-time measurements.

(Amax = 548 nm, in CHCIl5) and red (\max = 574 nm, in
CHCI3) emissions in the PL spectra, respectively. The
maximum emission wavelength of NP1 was observed
at ~500 nm, shifting to a higher energy than that of
complex 1, while the intensity of photoluminescence
intensity and the quantum efficiency of NP1 was about
3 times higher than those of complex 1. This could be
explained by the fact that the encapsulated complex 1
in the silica matrix had restricted contact with the oxy-
gen quencher in the system. Furthermore, the limited
mobility of complex 1 in the silica matrix resulted in a
decrease in the vibration relaxation and restrained the
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Figure 3. (a) Decay plot of PL intensity in ethanol at room tempera-
ture; all solutions were degassed by N, bubbling and then left in con-
tact with O, in air. (b) Photobleaching experiment by W-halogen lamp
(200 W, KANDO lite) at an intensity of 757 mW/cm?
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nonradiative decay. The pseudosolid state environ-
ment ensured a separation between neighboring Ir(lll)
complexes and also suppressed energy transfer and
quenching, as reported in the literature.?”2* In the case
of complex 2 and NP2, on the other hand, no signifi-
cant enhancement was observed, probably because
complex 2 already had high phosphorescence quan-
tum efficiency due to its rigid structure with bulky
ligands. A very slight shift to a higher energy in the PL
spectra also suggests that the restriction of mobility in
complex 2 did not appreciably change after its incorpo-
ration in the solid silica matrix. The excited state life-
times of all samples were measured on the time scale
of microseconds, which is the major characteristic of
phosphorescent materials (Table 1). Although the dif-
ferences in lifetime among complexes 1, 2, NP1, and
NP2 were not significant, the 7, values of NP1 and NP2
were about twice as large as those of complexes 1 and
2. It is expected that 7; values are related with O,
quenching, thereby supporting the effect of confine-
ment by the surrounding nonporous silica matrix.

To quantitatively measure the enhancement of the
PL of NP1 and NP2, quenching experiments with oxy-
gen were performed. After each solution of the com-
plexes and nanoparticles was bubbled with N, for 30
min to remove most of the dissolved oxygen, the PL in-
tensities of each solution reached their maximum value.
By removing the caps, the solutions of each sample
were allowed to make contact with oxygen in air, and
their PL intensity was measured over time (Figure 3a).
The PL intensities of complexes 1 and 2 decreased rap-
idly within 10 min to about 40 and 30%, respectively,
of their original intensities, and reached their equilib-
rium values of 34 and 26%, respectively, after 20 min.
The PL intensities of nanoparticles NP1 and NP2, on the
other hand, slightly decreased to about 90% of their
starting maximum values after 20 min, and finally
reached their equilibrium values of 85 and 89%, respec-
tively, after 60 min. This enhanced phosphorescence ef-
ficiency for NP1 and NP2 could have resulted from the
effect of confinement by the surrounding solid silica
matrix, which isolated complexes 1 and 2 from the oxy-
gen quencher molecules. The surfaces of similarly sized
pure silica nanoparticles (~50 nm) were modified with
Ir(lll) complexes 1 and 2 in order to compare the photo-
luminescence quenching of the Ir(lll) complexes when
they are attached to the surface or near the surface, as
pointed out in the literature.?* Surface modified nano-
particles were prepared by refluxing hydrosilylated Ir(lll)
complexes and pure silica nanoparticles in ethanol for
2 days (modified SiO,-1 and modified SiO,-2). Since
Ir(Ill) complexes existed only on the surface of the silica
nanoparticle, they were not protected by the silica ma-
trix and no enhancement of photoluminescence was
observed; the PL intensity of modified SiO,-1 and modi-
fied Si0,-2 decreased to 23 and 31%, respectively, of
their original values within 20 min, which is very simi-
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lar to the values for complexes 1 and 2 themselves (Fig-
ure 3a). In the case of NP1 and NP2, it could be ex-
plained that the slight reduction in PL intensity (11 or
15%, respectively) might result from the Ir(lll) com-
plexes located on the surface, and that most of the
complexes were incorporated inside the silica matrix.

The excellent photostability of NP1 and NP2 was
confirmed by photobleaching experiments. All the
sample solutions were exposed to UV light from a
W-halogen lamp, and the PL intensities were mea-
sured over time in order to compare their photodegra-
dation (photobleaching) kinetics. Even though the Ir(lll)
complexes have very good photostability, as has been
reported,®’ compared to well-known organic fluores-
cent molecules such as rhodamine B and fluorecein, as
shown in Figure 3b, NP1 and NP2 wherein the Ir(lll)
complexes are embedded in the SiO, matrix show even
better photostability after continuous irradiation by UV
light for 4 h. The normalized PL intensities of NP1 and
NP2 maintained an almost constant value of 88 and
97% of their starting intensities, respectively, after 4 h
of continuous irradiation, while those of Ir(lll) com-
plexes 1 and 2 decreased to ~83% and those of
rhodamine B and fluorecein molecules dropped to
10—30% of their original intensities. These results for
the dye molecules were consistent with those in previ-
ous reports.2®32 In addition to the enhancement of PL
intensity and excellent photostability, NP1 and NP2
also exhibited good thermal stability. When NP1 was
heated in a furnace at 120 °C for 18 h and then further
heated at 200 °C for 1 h, only slight changes in phos-
phorescent intensity were observed, even though some
nanoparticles were aggregated during the heat treat-
ment. At a high temperature of over 300 °C, however,
the PL intensity began to decrease with time (Figure
4a).

For a quantitative analysis of the amount of Ir(lll)
complexes incorporated in the silica matrix, a calibra-
tion curve was prepared for PL intensity versus concen-
tration for complexes 1 and 2. It was assumed that the
absorption and emission coefficients were the same ir-
respective of whether the Ir(lll) complexes were dis-
solved in ethanol or in a supernatant solution (mostly
ethanol and some water and ammonia). By measuring
the differences in PL intensity between the solution, be-
fore the start of the SiO, formation, and the superna-
tant, after the collection of the generated SiO,, the
amount of incorporated Ir(lll) complexes could be calcu-
lated. The weight ratio of the complexes incorporated
in silica nanoparticles was increased as the amount of
the hydrosilylated Ir(lll) complexes was increased in
starting reaction mixtures. The weight ratio of the Ir(lll)
complex could be increased to 26 wt % in our experi-
ments. When more Ir(lll) complexes were used, how-
ever, the size control of the generated silica particles
was affected, thereby resulting in a wider distribution.

www.acsnano.org
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Figure 4. (a) Thermal stability of NP1 (A, reference; B, 120 °C; C, 200 °C;
D, 300 °C). The concentration was 1.68 mg/mL in ethanol. Inset: photos
under UV irradiation at 365 nm. (b) Plot of physisorption isotherms of N,

at 77 Kon NP1.

On the basis of the stable phosphorescence of NP1
and NP2 in the quenching experiments, we postulated
that the incorporated Ir(lll) complexes are effectively
protected from contact with oxygen and other quench-
ers because silica nanoparticles prepared by the St6-
ber method are usually assumed to have nonporous
amorphous form. To confirm the porosity of the pre-
pared silica nanoparticles, the surface area was mea-
sured by nitrogen adsorption isotherms and the BET
equation. The BET surface area of NP1 was measured
as 49.6 m?/g and the Langmuir surface area was calcu-
lated as 67.8 m?/g; it was thus determined that the type
of physisorption isotherms of NP1 was type-Il, which is
a normal form of isotherm for a nonporous or
macroporous adsorbent (Figure 4b).3* It was then con-
cluded that NP1 must be nonporous in order to protect
the Ir(lll) complexes with suitable environment from ex-
ternal perturbations.

Since phosphorescent Ir(lll) complexes that are pre-
pared by direct modification and that are chemically
embedded in the solid silica matrix possess excellent
photostability and present no photobleaching prob-
lems, the phosphorescent silica nanoparticles NP1 and
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Figure 5. (a) Emission spectra of NP1—polymer nanocomposite thin films depending on the NP1 contents. Inset: photos of
NP1 —polymer nanocomposite films on quartz under natural light (above) and UV irradiation (below). (b) Emission spectra of
NP1 —polymer and NP2—polymer nanocomposites on UV-LED devices. Inset: photos of NP1—polymer (middle) and

NP2—polymer (below) nanocomposites on the devices.

NP2 are expected to be biocompatible, as has been re-
ported.? They could therefore be used as efficient lumi-
nescent tagging reagents for biological experiments in
which multiple-time monitoring to investigate the dif-
ferentiation and/or development of cells is required.
With such great photostability and high phospho-
rescent efficiency, an interesting application of NP1
and NP2 could be as a color converter material in LED
display devices. We conducted a preliminary test that
was designed to explore this possibility. First, the phos-
phorescent silica nanoparticles were mixed with a poly-
vinyl alcohol (PVA, average M,, = 13k) binder to fabri-
cate nanocomposite thin films. NP1—PVA
nanocomposite thin films with various levels of NP1
content were fabricated on quartz substrates by the
spin-coating method, and their PL spectra were mea-
sured. As the NP1 content was increased, the actual
thickness of the spin-coated thin film increased to a
maximum value of around a few micrometers in the
case of 30 wt % composite film. However, the thick-
ness tended to decrease as the NP1 content was fur-
ther increased, probably due to the low viscosity of the
composite solution as the relative amount of PVA pro-
gressively decreased. The actual thickness of the 50 wt

A“t%\&) VOL.4 = NO.6 = KIM ET AL.

% composite film was around 80 nm, which corre-
sponds to mono- or bilayers of nanoparticles. It was
clearly observed that the PL intensities increased as a
function of the wt% of NP1 (Figure 5a) when the inten-
sities were normalized with the film thickness. As ex-
pected, by increasing the NP1 content while decreas-
ing the film thickness, a more closely packed
arrangement of NP1 could be achieved to give a higher
phosphorescent intensity per unit thickness of the film.
This would be critical to the fabrication of color con-
verter layers onto the top of UV-LEDs; when nanoparti-
cles are used, because of their small size, the absorption
cross section of the composite film tends to be small and
the color conversion efficiency is not sufficiently high.
Composite films with 50 wt % of NP1 and NP2 were
coated onto the UV-LEDs, and the complete shift of
their emission wavelengths from UV to a green and or-
ange color, respectively, was observed (Figure 5b). The
color-converted LEDs exhibited an appropriately bright
and intense emission, which corresponded to the emis-
sion spectra of NP1 and NP2 (Figure 2a). More impor-
tantly, as observed in the color-converted emission
spectra, the UV emission from the original light source
was absorbed almost completely by NP1 and NP2. This
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is critical for the color conversion from UV-LED, and
the closely packed arrangement of phosphorescent
silica nanoparticles in composite films can produce this
excellent result. It is expected, therefore, that phospho-
rescent silica nanoparticles having excellent photosta-
bility could be used as an important color-converting
material in full-color LED displays, since UV-LEDs with

a phosphor mixture system provide an excellent color
rendering index (CRI) value for white light or suitable
applications.3*

CONCLUSIONS
In summary, we have demonstrated that phospho-
rescent Ir(lll) complexes can be directly derivatized with

METHODS

All solvents and reagents were commercially available and
used without further purification unless otherwise noted. 'H
NMR spectra were recorded on Bruker Avance DPX-300 instru-
ments and mass spectra were obtained using MALDI-TOF
(matrix-assisted laser desorption ionization time-of-flight,
Voyager-DETM STR Biospectrometry Workstation). High-
resolution masses (HRMS) were measured by FAB (fast atom
bombardment) MS using a JEOL JMS-AX505WA. The silica nano-
particles were characterized by a transmission electron micro-
scope (TEM; Hitachi, H-7600) and a field emission scanning elec-
tron microscope (FE-SEM; Hitachi, S-4300). The size of the
nanoparticles was analyzed by ImageJ program, which is freely
available from NIH webpage (http://rsbweb.nih.gov/ij/).
UV—visible spectra were measured on a Scinco 2100 spectro-
photometer, and the photoluminescent spectra were measured
by a Jasco FP-750 spectrofluorometer. [Ru(bpy)s]Cl, was used as
reference (®p. = 0.028 in air-saturated water).>° The lifetimes
were measured by TCSPC (time correlated single photon count-
ing spectrometer, Edinburgh), and the surface area analyzer used
was Micrometric’'s ASAP (accelerated surface area and porosime-
try analyzer) 2010 model.

Synthesis of [CN,IrCl],. Cyclometalated iridium(lll) p.-chloro-
bridged dimers of general formula C"\NIr(u-Cl),IrC" "N, were syn-
thesized by the method reported by Nonoyama,** which in-
volves refluxing IrCls - nH,O (STREM) with 2—2.5 equiv of
cyclometalating ligand (C"N = 4-(2-pyridyl)benzoaldehyde;
pba, 2-phenylquinoline; pq) in a 3:1 mixture of 2-ethoxyethanol
(Aldrich Sigma) and water. [(pba—OH),IrCl], was prepared by re-
ducing the [(pba),IrCl], complex using excess sodium borohy-
dride with anhydrous ethanol.

(pba—OH),lr(pic). The chloro-bridged dimer [(pba—OH),IrCl],
complex (0.2 mmol), 0.5 mmol of picolinic acid (pic), and excess
potassium carbonate were refluxed in 2-ethoxyethanol for 12 h.
The colored precipitate was filtered off; washed with water, eth-
anol, ether, and hexane; and dissolved in dichloromethane. The
crude product was purified by flash chromatography (silica/
dichloromethane) or recrystallization to give a yellow powder af-
ter solvent evaporation and drying. (Yield 86%) 'H NMR (300
MHz, DMSO-dg, 3) = 8.47 (d, TH), 8.19—8.06 (m, 4H), 7.93 (t, TH),
7.91 (t, 1H), 7.77 (d, 1H), 7.73 (d, TH), 7.64 (d, TH), 7.59 (m, T1H),
7.52 (d, TH), 7.34 (t, TH), 7.18 (t, TH), 6.86 (t, 2H), 6.24 (s, TH), 6.06
(s, TH), 4.88 (t, TH), 4.81 (t, 1H), 4.25 (d, 2H), 4.13 (d, 2H). FAB-
MS: calculated for C3oH,4IrN3O4 M 683.1396; observed for M*
683.1398.

(pba-allyl),Ir(pic), complex 1. (pba—OH),Ir(pic) complex (0.2
mmol) was dissolved in anhydrous THF, and excess potassium
tert-butoxide was added. After 30 min, 2 mL of allyl iodide was
added, and then refluxed for 12 h under N,. After cooling down
at room temperature, the reaction mixture was carefully
quenched by the slow addition of ice water. The solvent was re-
moved under reduced pressure, and the residue was extracted
with dichloromethane and water. The organic phase was dried
over magnesium sulfate and removed under reduced pressure.

www.acsnano.org

trialkoxysilane and successfully incorporated into silica
nanoparticles. Since the Ir(lll) complexes incorporated
within the solid silica matrix could be effectively iso-
lated from quencher molecules and sterically confined,
a very strong phosphorescence was observed in the so-
lution even in air, and excellent photostability and ther-
mal stability were obtained. It is expected that these
photostable and very efficient phosphorescent nano-
particles can be used in various fields ranging from
nanobiotechnology (imaging, targeting, and sensing)
to nanoengineering materials (LED color converter,
photonics, and optoelectronics), where long-term sta-
bility with high luminescent efficiency is required.

The crude product was purified by recrystallization to give a yel-
low powder. (Yield 95%) "H NMR (300 MHz, DMSO-d,, 8) = 8.49
(d, TH), 8.20 (d, 2H), 8.13 (d, 2H), 7.92 (m, 2H), 7.76 (dd, 2H), 7.52
(t,2H), 7.33 (t, 1H), 7.22 (t, TH), 7.20 (t, TH), 6.79 (t, 2H), 6.24 (s, 1H),
6.05 (s, 1H), 5.74 (m, 2H), 5.09 (d, 4H), 4.23 (s, 2H), 4.19 (s, 2H),
3.81 (t, 4H). FAB-MS: calculated for C3sH3,IrN3O4 M* 763.2022; ob-
served for M* 763.2024.

(pq),Ir(pic—OH). The chloro-bridged dimer, [(pq),IrCl]l, com-
plex (0.2 mmol), 0.5 mmol of 3-hydroxy picolinic acid (pic—OH),
and excess potassium carbonate were dissolved in
2-ethoxyethanol and refluxed for 12 h. After cooling down at
room temperature, the solvent was evaporated under reduced
pressure and dissolved in dichloromethane. The organic phase
was washed with water and dried over magnesium sulfate, and
the solvent was removed under reduced pressure. The crude
product was purified by recrystallization to give a red powder.
(Yield 86%) "H NMR (300 MHz, DMSO-ds, 8) = 13.48 (s, 1H), 8.58
(d, TH), 8.51—8.46 (m, 4H), 8.20 (d, 1H), 8.06—8.01 (m, 3H), 7.53 (d,
2H), 7.42 (m, 3H), 7.35 (d, TH), 7.24 (d, 1H), 7.07 (t, 1TH), 6.97 (t,
1H), 6.73 (t, 1H)), 6.63 (d, 2H), 6.14 (d, 1H). MALDI-TOF: calcu-
lated for C3gHo4IrN3O, M™ 739.1447; observed for M+ 738.829.

(pq),Ir(pic-allyl), complex 2. (pq),lIr(pic—OH) complex (0.3 mmol)
and Cs,CO; (1.8 mmol) were dissolved in anhydrous DMF. After
30 min, 2 mL of allyl iodide was added and then refluxed for 12 h
under N,. After being cooled down at room temperature, the sol-
vent was removed under reduced pressure, and the residue
was extracted with dichloromethane and water and then
washed with brine. The organic phase was dried over magne-
sium sulfate and the solvent was removed under reduced pres-
sure; the crude product was purified by recrystallization to give a
red powder. (Yield 95%) 'H NMR (300 MHz, DMSO-de, ) = 8.56
(d, 1H), 8.49 (d, 1H), 8.46 (m, 3H), 8.20 (d, 1H), 8.03 (t, 2H), 7.96 (d,
1H), 7.52—7.41 (m, 6H), 7.29 (d, 1H), 7.04 (t, 2H), 6.93 (t, TH),
6.70 (t, TH), 6.61 (t, 2H) 6.05 (d, TH), 5.77 (m, 1H), 5.25 (d, 1H),
5.05 (d, TH), 4.42 (d, 2H). MALDI-TOF: calculated for CsgHasIrN;O3
M* 779.1760; observed for M* 778.763.

Hydrosilylation of the Allylated Ir(lll) Complexes (1, 2). The hydrosily-
lation procedure was carried out in a similar way.* A total of
0.2 mmol of complex 1 (2) was dissolved in anhydrous metha-
nol, and 0.5 mL of trimethoxysilane and 10 wt % platinum on ac-
tivated carbon were added and refluxed overnight under N,. Af-
ter cooling down at room temperature, the catalyst was removed
by filtration with a Celite pad in a glovebox. Excess trimethoxysi-
lane and solvent were dried in vacuo with heat.

(pba-Si(OMe)s),Ir(pic). (Yield 76%) 'H NMR (300 MHz, DMSO-dj,
d) = 8.55 (d, 1H), 8.53 (d, 2H), 8.25 (d, 2H), 7.97 (m, 2H), 7.84
(dd, 2H), 7.57 (t, 2H), 7.40 (t, TH), 7.24 (t, 1H), 6.88 (t, TH), 6.82 (t,
2H), 6.30 (s, TH), 6.11 (s, TH), 4.20 (dd, 4H), 3.37 (s, 18H), 3.24 (d,
4H), 1.42 (m, 4H), 0.81 (m, 4H).

(pq)Ir(pic-Si(OMe)y). (Yield 99%) 'H NMR (300 MHz, DMSO-ds,
d) = 8.56 (d, TH), 8.41 (d, 1H), 8.39 (m, 3H), 8.22 (d, TH), 7.90 (t,
2H), 7.85 (d, TH), 7.43—7.34 (m, 6H), 7.21 (d, TH), 6.96 (t, 2H), 6.85
(t, TH), 6.53 (t, TH), 6.47 (t, 2H) 5.98 (d, TH), 3.77 (s, 2H), 3.25 (s,
9H), 1.31 (m, 2H), 0.75 (m, 2H).
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Synthesis of Phosphorescent Silica Nanoparticles. A total of 0.1 mmol
of the hydrosilylated iridium(lll) complexes and 2.0 mL of tetra-
ethyl orthosilicate (TEOS) were dissolved in 118 mL of dried eth-
anol, and 2.5 mL of ammonia and 2.5 mL of water were added
while stirring at 400 rpm. After being stirred for 1 day, the irid-
ium(lll) complexes that encapsulated the silica nanoparticles
were isolated by centrifugation at 15 000 rpm and the superna-
tant was disposed of. The isolated products were washed with
and redispersed in ethanol. The washing and redispersion were
repeated for three times. Finally, the nanoparticle solution was
centrifuged at 4000 rpm to remove some aggregated particles.
The purified silica nanoparticles were dispersed in the desired
solvents such as ethanol, water, and a buffer.

Quantification of the Encapsulated Ir(1ll) Complexes in Silica
Nanoparticles. A total of 0.8 mL of tetraethyl orthosilicate (TEOS)
and various molar ratios of hydrosilylated Ir(lll) complexes were
mixed in 47.2 mL of dried ethanol, 1.0 mL of ammonia, and 1.0
mL of water. We calculated the amount of the remaining Ir(lll)
complexes in the supernatant by using a calibration curve, thus,
comparing the differences before and after the reaction. The
amount of Ir(lll) complexes in SiO, was also determined. The en-
capsulated Ir(lll) complexes and the weight ratio of iridium(lll)
complexes and silica nanoparticles increased as the amount of
Ir(lll) complexes at the start was increased. The weight ratio of
the Ir(lll) complex could be increased to 26 wt % in our experi-
ment; when more iridium(lll) complexes were used, the size con-
trol of the generated silica particles was affected, thereby result-
ing in a wider distribution.

Thermal Stability Test. The solid-form NP1 was isolated by cen-
trifugation at 18 000 rpm for 30 min, and the supernatant was
discarded. The isolated silica nanoparticles were dried in air for
1 day. A total of 8.4 mg of solid NP1 was heated in a furnace to
120 °C for 18 h (B), and then further heated to 200 °C (C), and 300
°C for 1 h in furnace (D). They were then redispersed in 5 mL of
ethanol with sonication for 5 h.

Porosity Measurement of NP1. The sample (solid-form NP1) was
dried at 100 °C for 24 h in a furnace and at 200 °C for 3 h less
than 20 mmTorr before measurement in order to clean the sur-
face of the sample. Nitrogen was used as the analytical gas. It
took about 7—12 h to complete an adsorption—desorption iso-
therm at 77 K. The surface area was determined on the basis of
the amount of gas adsorbed at a given pressure. This value was
observed to be different from that calculated by the BET
(Brunauer—Emmett—Teller) and Langmuir equations. The Lang-
muir equation could be used for surfaces covered with a single
layer of gas; the BET equation, on the other hand, could be ap-
plied to multilayer models.

Preparation of Nanocomposite Thin Films and Coating on UV-LED
Devices. Various amounts of polyvinyl alcohol (average M,, =
13k, 567 mg for 10 wt %, 252 mg for 20 wt %, 147 mg for 30 wt
%, 94.5 mg for 40 wt %, and 63 mg for 50 wt %) were dissolved in
3 mL of NP1 water solution (21 mg/mL) and the mixtures were
sonicated for 1 h. They were then fabricated on quartz substrates
by spin-casting at 2000 rpm for 30 s. Ultraviolet LEDs were pur-
chased from Seoul Optodevice Co., Ltd. (Part No. P8D236), and
the polymer thin film was coated on the lens (silicone resin) of
LEDs by solvent casting.
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